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Abstract We investigate a model problem for optimal resource management. The
problem is a stochastic control problem of mean-field type. We compare an Hamilton-
Jacobi-Bellman fixed point algorithm to a Steepest Descent method issued from cal-
culus of variations.

For mean-field type control problems, stochastic dynamic programming requires
adaptation. The problem is reformulated as a distributed control problem by using
the Fokker-Planck equation for the probability distribution of the stochastic process;
then, an extended Bellman’s principle is derived by a different argument than the one
used by PL. Lions. Both algorithms are compared numerically.

Keywords Stochastic control - mean-field game - Hamilton-Jacobi-Bellman
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1 Introduction

Stochastic control has been studied extensively over the past five decades [[1,12,131/4]
S|, and yet there is a renewed interest in economy and finance due to mean-field
games [6,/7,8l9]]. Mean-field games give rise to mean-field type stochastic control
problems [[10] which involve not only the Markov process of the state of the system,
some statistics of the process like means and variance, in the cost function or in the
stochastic differential equation (SDE). For these problems, optimality conditions are
derived either by stochastic calculus of variation [11] or by stochastic dynamic pro-
gramming [12,[13]] and justified in the quadratic case by classical arguments [14L15]],
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but not so classical one in the general case for the fundamental reason that Bellman’s
principle does not apply in its original form [[12//16].

Several authors have generalized Dynamic Programming using Wasserstein dis-
tance to define derivatives with respect to measures. Others have studied the existence
of a conceptual HIB equation [16l[17]. These results certainly overlap and precede our
analysis but our point of view is different : it is pragmatic, so we sacrifice mathemat-
ical rigor to explicit expressions, and numerical, as we wish to compare solutions
obtained by HIB to standard optimal control by calculus of variations. We have not
tried to specify regularity of data for existence and differentiability of solutions. The
results are stated formally only but with an intuitive feeling that they could be justi-
fied later with appropriate assumptions as in e.g. [18./19] if the behavior at infinity of
the solution of the HIB equation is known, which is a major riddle.

Before proceeding further, note that a direct simulation of the problem with the
stochastic differential equation approximated by Monte-Carlo is too costly and not
competitive with the methods that we pursue below. Indeed, the cost function of the
optimization problem involves means of stochastic quantities and Monte-Carlo meth-
ods would require large numbers of evaluations of the SDE, embedded in forward-
backward time loops. Faced with the same problem, Garnier et al. [7] and Chan et al.
[20] came to the same conclusion.

In this article, pursuing a preliminary study published in [21], we apply the dy-
namic programming argument to the value functional as in [22], but instead of using
the probability measure of the stochastic process, we use its probability density func-
tion (PDF). Hence, though less general, the mathematical argument will be simpler.
Of course this is at the cost of several regularity assumptions, such as the existence
of a regular PDF at all times. However, our analysis here is strongly motivated by the
numerical solutions of these control problems, and hence assuming regularity is not
a real practical limitation.

Once the problem is reformulated with the Fokker-Planck equation [1,123]], it be-
comes a somewhat standard exercise to find the optimality necessary conditions by a
calculus of variations. So this article begins likewise in Section E} Then, in Section
[ a similar result is obtained by using dynamic programming, and the connection
with the previous approach and with stochastic dynamic programming is established.
In Section [5]a problem introduced in [24]] involving profit-optimizing oil producers
is defined and studied for existence and optimality, and two algorithms are proposed
together with a semi-analytical method based on a Riccati solution. The paper ends
with a numerical Section which implements the three methods and compare them.

2 The Problem

Consider a stochastic differential system of d-equations
dX,:u(X,,t)dl‘—FG(Xt,t,u(X,,t))dVV,, te [O,T], (1)

where u takes values in RY, ¢ in R?** and W, is a k-vector of independent Brownian
motions. Assumptions for which a strong solution is known to exist once the distri-
bution of Xy is known to be in L2 N L™ are given in [23] (see also [26], Proposition 4
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which applies when 667 is uniformly positive definite:

we L2(0.T] L (R)", o €L (o.TLL] +Lo(R)",
V-ueL'(]0,T[,L*(RY)),
2
and with &(x,t) := o (x,t,u(x,1)):
6 Lo (OTLIE )™, T e POOTLE TR @)

Then the PDF of X; satisfies
p € L=(0,T[,L*(RY)NL=(RY)) nL*(J0, T[,H' (R?)), 6" Vp € L*(]0,T[,L*(R?))
and is the unique solution of the Fokker-Planck equation,

dhp+V-(up) = V?: (30667 p) =0, pli—o = po(x), “

Conversely, with )(3), there is a unique solution to (@) which is the PDF of a
Markov process which satisfies ().

Remark 2.1 The assumption 667 > 0 can be replaced by assuming the conditions
for u — %V -(667) rather than u, but it implies some regularity on the second deriva-
tives of u.

Consider the stochastic optimization problem

5161;221 J(u) :=Jo(u) (5)

subject to () with py given, and

Jf(u) = /ETE[I:I(Xfatvu(Xl’t)vp(Xtat)vE[il(XtvtaM(Xht))})]dt+E[G<X77E[8(XT)])]
(6)

where 7, g, H, G are C! functions taking values in R",R* R and R, respectively.
Assume also that H and G are bounded from below and

Uy = {u verifies @) : u(x,r) € ¥ Vx,t} for some ¥; C R,

As a first approach to solve such problems, Andersson et al. [11] proposed to use a
Stochastic Calculus of Variations; the necessary optimality conditions is a forward-
backward stochastic differential system, which is numerically very hard because the
backward volatility for the adjoint equation is one of the unknowns [[11,27]].

A second approach is to use Stochastic Dynamic Programming (SDP), but an
important adaptation needs to be made. Usually SDP uses the remaining cost function

V(t,x) = Jleli?zh(u) subject to (I), with X; = x.



4 Mathieu Lauriere, Olivier Pironneau® Communicated by Nizar Touzi

The Bellman equation is derived by saying that u,,¢ > 7 is a solution only if, together
with (I)) and X; = x,

T+67 -
V(T,X) = minue%d E[ / I:I(Xt»[v”(Xtat)7P(Xt»t)vE[h(Xtvta ”(Xtvt))})dt
T
+V(1+61,XT+5T)}.

However, the above is not true unless 2 = 0, g = 0; as in [22]], one has to work with

V(t;p:()) = ;2/12}1 Jz(u) subject to (T), with p; given,
d
where V is a pointwise function of 7 € [0, 7] and has functional dependence on pz(-),
i.e., depends on {x — p;(x), Vx € R¢}.

A third approach is to work with the deterministic version of the problem. With
sufficient regularity (see [28]] for weaker assumptions), with the Fokker-Planck partial
differential equation for p(x,#) := p,(x); the problem is equivalent to the deterministic
distributed control problem,

minJ:/OT/Rdﬁ(x,t,u(x,t),p(x,t),x(;))p(x,t)dxdt+/RdG(x,g)p(x,T)dx,

UEXy

where 2(1) i= [ h(r.tu(er).p(x.0)p(en)de, &= [ g(0p(r.T)ds
and g,p + V- (up) = V?: (1p) =0, pli=o = po(x), (7)

where ;; = %Zk 00 and V2 is the d x d matrix operator of element 0, ;. The
notation A : B stands for ):;{ =1 A;;jB;j and V - u stands for ):?:1 ;.

Remark 2.2 Note that the problem is equivalent to the Stochastic control problem
only if pg is in P, the set of positive real-valued functions with measure 1. However,
the deterministic control problem still makes sense even if it is not the case and p €
L2([0,T],H"(R%)) only. We will use this in the proof of Proposition 4.3]

Remark 2.3 Existence of solutions for @) or (7) requires more assumptions on 4,1, G
and g to make sure that J is lower semi-continuous with respect to # in a norm such
as Lz([07T],H 1(Rd)) which implies and %, closed. However since there is no
term containing a gradient of « in J, a Tikhonov regularization seems to be needed
for these problems to be well posed.

3 Calculus of Variations

Deriving optimality conditions by calculus of variations is fairly standard, as we shall
show in this section.

Proposition 3.1 A control u is optimal for @) only if forVt €]0,T[, Vv € ¥,

/Rd (ﬁ;+ﬁ;/Rdﬁ;dex+Vp*—u;:vzp*) (v—u)pdx >0 ®)
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with 9,p* +uVp* +u : V2 *:—[I:I;)p—i—ﬁ—i—(ﬁ;)p—i—ﬁ)/ Hypdx], (9)
RrRd
* U
P|T—g/RdG§P|de+G7
where H H. A, K I and G,

wHp Hy iy ¢ are partial derivative in the classical sense.

Proof Recall that (7) is in Q =] — oo, +00[¢ x]0, T]. The Fokker-Planck equation
being set in P, it contains the “boundary condition” V¢ €]0, T, limjy_,. p(x,?) = 0.

Consider an admissible variation Adu, i.e. u+ Adu € %, for all A € [0,1]. Such
a variation induces a variation A8p of p given by

Sp LV - (up + pSu-+Adudp) —V?: (up + W.u(p +15p)) =0,  (10)

with 8p|,—o = 0 and where u, is evaluated at x,,u + 05u for some 6 € [0,A]. We
assume that there is enough regularity for the solution of the Fokker-Planck equation
in (7 to depend continuously on the data u, . Then at A = 0 defines 8p. Also,
up to higher order terms,

51= [ [(3u+i3p)p+5dpl, 62 = [ [epy)
R4 R4
57— /Q[<ﬁ;5u+ﬁ;,5p +HLSx)p+ 8P+ /Rd (G, 8Epir +Gpyr]
= N R, [ [ plosu + [ [(Fyp-+Fi+ (p-+F) [ 0] 3p)
+ [ (] 1Geprle+G)5py.
R4 R4
Define an adjoint state p* by @) Then @I) multiplied by dp and integrated on Q gives
/Qap {I:I,’,p + A+ (o +F) /Rd [ﬂ;p}]
= _/Qép (0P +uVp* +uu: Vzp*]
T
=/ [p*(98p +V - (udp) —V*: (up))] —/dp*5p]
o R 0
= [1p"V-(psu= V- (uiup))] - | [(s [ [Gipir) +G)dplr)
0 R4 R4

tence 87— [ (A7, [ [Bpp5u| - [ [p7V- (p8u— V- (u5up))

- [(ﬁ;+ﬁ;/ [I:I)'Cp]+Vp*—V2p*:u;>p5u].
(9] R4

The rest follows by saying that u is a minimum. a

Remark 3.1 The “boundary conditions at infinity” on p* in (9) are problematic.The
PDE is to be understood in weak form in the dual of P, i.e., forallv e P :

/Q[v(8,p*—|—qu*)—Vv-(qu*)] :_/Q [v[ﬁ,;p +H+ (hp +l3)./RdFl,’deJ(c]1]1-)
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Then, the decay of v at infinity will balance the potential growth of p*, and the inte-
grations by parts in the proof above will have no terms at infinity in ||x||. However, the
uniqueness of p* is not guaranteed. We could have avoided the problem by working
n [—L,L]¢ x [0, T] rather than R? x [0, T] and imposing p* = 0 on the boundary of
[—L,L)¢, but then the solution depends strongly on L; this problem will be rediscussed
in the numerical section (Section [3)).

4 Dynamic Programming

For notational clarity consider the more general case, where H, G are functionals of
p:(+). Let p be solution of (7)) initialized at T by p(-) and let J and V be defined as:

(% peu) : /T / H(x,t,u(x,1); py)ps (x)dxdi + /R Glepp)prdr,

V(t;p7) := min J(T; pr,u). (12)
uEUy

By the Markovian property, p;(x) := p(x,t), for t > 7, is also the PDF of X, given by
knowing its PDF p; at 7.

Remark 4.1 1In this section, H is a pointwise function of u(x,t) € R?, but the theory
can be extended to the case where H is a functional of u(-,-) : RY x R — R4,

Assuming that J is bounded from below, V is finite and we prove the following
version of Bellman’s principle of optimality :

Proposition 4.1 [f the problem is regular, then for any t € [0,T] and any p; € P, we
have :

T+07T
V(t;pr) = min / / H(x,t,u(x,t) p,)p,(x)dxdt+V(’L’+5’L’;pf+5T)},

uE“Z/d
subject to py, given by ([7) on [, 7+ 871), initialized by pr at time .

Proof Denote the infimum of the right-hand side by V(7;p;). For any € > 0, there
exists u € %, such that, if p; is the solution of ({7) with control u :

T
V(T;pf)+8>J(T;pT,u):/ /RdH(x,t,u(x,t);pt)pldxdt
T

T+071 T
Glx; dv = / / H / / H
+/Rd (PP Pt [ TP
T+067T _
+/Rde‘T>/ / Hpy+ V(T4 8T:pprge) > V(13 p0).

Conversely, given u € %, and € > 0, there exists a control i € %, which coincides
with u on R? x 7,74 §7], such that:

J(T+ 0T Prysr,i) SV(T+0TPris0) +
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where p; is the solution of (/) at ¢ with control # starting with p; at time 7. Hence :
V(t;pz) =V (T;p7) < J (T Pr,id)

T+67T
= [ HOnn )i p)p () + (24 65 )
T

T+67T
< / /RdH(x,t,u(x,t);ﬁt)ﬁt(x)dxdt+V(’c+ 5T Brr50) +E.
T
To conclude, let € — 0 and take the infimum over u € %. O

From now on, we assume that H and V are Fréchet differentiable with respect to p.

Remark 4.2 The correct mathematical tool for this differentiability is the Wasserstein
distance and the differentiability with respect to the probability measure rather than
to its density (see e.g. [[13122]). Our approach is more pragmatic.

We denote the Fréchet derivatives by Hj, (x, ;) and V; (7; p). Thus, and similarly
for V, Hy (x,7;p) denotes the linear application L? — R such that :

H(x,7:p +V) = H(x,T;p) + Hy (x,7:p) - v+ o(||V||2), Vv € L,

where L? := L?(R%). Moreover, we denote with a prime the Riesz representative of
the Fréchet derivative with respect to p. For instance, V' : [0, T] x L? — L? is defined
by :

./H%d V/(2:0)(0)v(x)dx 1= V) (5:p) - v v € L2,

Proposition 4.2 (HJB minimum principle). Assuming that V' is smooth enough, the
following holds :

Ozmin/ {H(x,r,v;pf)—i—H;)(x,r,v;pT).pr
R4

vEYy
+ 0V (1300) +v-VV (T:00) + 1 : VIV (1500) | pedx. (13)
Note: As usual, V is with respect to x.

Proof A first order approximation of the time derivative in the Fokker-Planck equa-
tion gives

8:p == Prise—Pr =07 V2 (Lepe) — V- (uep)] +0(87). (14)
As V is assumed to be smooth, we have :
V(T +8T:pr150) = V(T:p1) + 9V (T:00) 8T+ V (T50) - 6ep +0(87).  (15)

Using and the mean value theorem for the time integral, Bellman’s principle
yields , up to 0(87),

V(t;p7) mi@? {517/Rdefdx+V(r;pr)—i—aTV(r;pf)Sr—kV,;(r;pf)-Sfp}. (16)
d

ue
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The terms V (7; p¢) cancel; divided by 67 and combined with and letting 67 — 0,

gives
0= min {/]R Hpedv+0: (5:p1) +Vj (7:95) - [V2 £ (1epe) = V- (uep)] | (17)
g
To finalize the proof we need the following proposition to relate V' to V,;.

Proposition 4.3 Given © € [0,T] and an initial p; € P, let {i € U, and p denote an
optimal control and the corresponding solution of (I)), then:

/ V'(1;p7)prdx = V(75 0¢) +/ / x,t,u pr)- ﬁ,)ﬁtdxdt

+ / (x:pr) - Pr ) prax. (18)

Proof Note that the Fokker-Planck equation implies the existence of a semi-group
operator G such that, for all T <t, p; = G(t — 7) * pr. Let (4 );c[o,) be the optimal
control and (f;),c[o,r) the corresponding solution of (7) and (T2). Then :

T
V(t:pe) :/T /RdH(x,t,ﬂ;G(t—‘L')*ﬁr)G(l—T)*ﬁdedt (19)

+/ G(x; pyr)pyrdx.
R4

By the optimality of i and p, this can be Fréchet-differentiated with respect to p by
computing , for a given v € L2, lim, o 1 [V (7;pr + Av) — V(7;p7)]. The result is :

T
v,;(r;,sf)-\/:/ /dH(x,t,ﬁ;G(t—r)*ﬁT)G(t—T)*v
T JR

+ / Gx: pyr)G(T — 7) % v

+/ [, (a6 =)o) (Gl — )+ vI)Gle — 7) e
+/d Gy (6 G(T ~ 1) % pe) [G(T — ) V] ) G(T — 7)  pr.
R
Taking v = p; leads to (I8).

One may object however that such choice for v is not admissible because being a
variation of p; it has to have zero measure, but we discussed this in Remark O
End of proof of Proposition4.2] Differentiating @I) with respect to 7 leads to

:V(T5pc) = / oV’ (t;pz Prdx+/ (x,7,lz:p7) - Pr)Prdx7
where #i; is the optimal control at time 7. Now, let us use , rewritten as

0 = min { /Rd (H(x, T,uz(x); pr) + Hp (x, T,u7(x); pr) .pr>prdx

+ /R ) ((%V’(r;pf)pf +V(1:02) [V2 2 (Hepe) = V- (urPr)DdX}

Integrating by parts the last two terms leads to (I3). O



Dynamic Programming for Mean-Field Type Control 9

Remark 4.3 Note that and imply :

[ Virprax=v(T.pr)= [ (G+g [ 9:Gprdx)prax. (20)

Remark 4.4 By taking pr = 0(x — xp), the Dirac mass at xg, the usual HIB principle
is foundif h=g=0.

Proposition 4.4 (Hamilton-Jacobi-Bellman equation) Denote an optimal control ii.
When ¥; = R4, (13)) in Proposition|4.2) gives

/IRd(H+H’-;ST+aTv’+a:V;fv’+ﬁ-vxv’)mdx:o Q1)

and V.HA+VH pr+VV +V,u:VV =0, (22)
where the second equation is in fact the first order optimality condition in (13).

Remark 4.5 When the Hamiltonian depends on the distribution p, only through the

local value p;(x) and the average of a fixed function, we can make explicit the link

with the calculus of variations (see Section [3). More precisely, let us assume that

H = H(x,t,u,p;(x),x(t)) with x(¢) = /d h(x,t,u(x,t),ps(x))ps (x)dx; recall that in
R

this case, dpH and dph denote derivative with respect to a real parameter. Then, for
any v € L?:

H))(x,T,u;07) -V = VopH + ( 8xﬁvdx>h+ (/Rd 8XI:Ipde> voph.  (23)

R4

In particular, for v = p; we have :
HY (3, T,10pc) - pr = pedpH + ( /R ) axl:lpfdx> (h-+ pedph). (24)
Then, for the optimal 4 and p, 1) yields
DV + 1 VAV + 8-V = —[H +pdpH + (h+payh) /Rd dApdx].  (25)

The link with Section[3]is established : (@) and coincide with V' = p*.

Remark 4.6 Note that the adjoint equation, (23), is set in R? x [0, 7] with a right-hand
side which is unbounded as x — =£oo. Existence of solutions is doable in the finite case
Q x [0,T] with Q a bounded open set and V|5 = 0, but is a riddle otherwise. It is
also a source of numerical difficulties because, as R? is approximated by | — L, L[“,
numerical boundary conditions compatible with the (unknown) behavior at infinity
of V/ need to be provided.
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5 An Academic Example: Production of an Exhaustible Resource

Following [24], we consider a continuum of producers exploiting an oil field. Each
producer’s goal is to maximize his profit, knowing the price of oil; however, this price
is influenced by the quantity of oil available on the market, which is the sum of all
that the producers have decided to extract at a given time. Hence, while each producer
does not affect the price of oil, because each producer solves the same optimization
problem, in the end the global problem must take into account the market price as
a function of oil availability. For a better understanding of the relation between the
individual game and the global game, the reader is referred to [[10].

5.1 Notations

Let X be the initial oil reserve and X; be the quantity of oil left in the field at time ¢,
as seen by a producer. It is modeled by

dX; = —a,dt + o X,dW;, X, given by its PDF, (26)

where a,dt is the quantity extracted by the producer in the time interval 7,7+ dt], (so
a; is the extraction rate), and W is a standard real valued Brownian motion reflecting
the incertitude of the producer about the remaining reserve; o > 0 is a volatility pa-
rameter, assumed constant. We suppose that a, := a(X;,7) is a deterministic function
of t and X;, meaning by this that the producers apply a feedback law to control their
production.

‘We denote by C the cost of oil extraction, which is function of @ and assumed to be
C(a) := awa+ Ba?, for some positive constants & and B. The price of oil is assumed to
be p, := ke ¥ (E(a;))~¢, with positive k, b and c. This contains the macro-economic
assumption that p; is a decreasing function of the mean production because scarcity
of oil increases its price and conversely. It also says that in the future oil will be
cheaper because it will be slowly replaced by renewable energy.

Note that by construction X; takes only positive values and ought to be bounded
by, say L, the maximum estimate of the reservoir content. However, nothing in the
model enforces these constraints.

5.2 Model

Each producer optimizes his integrated profit up to time 7', discounted by the interest
rate r; however he wishes also to drain the oil field, i.e., achieve X7 = 0. Thus his
goal is to maximize over a(-,-) > 0 the functional :

J(a):=E [/{)T(p,a, —C(ay))e”"dt | — yE[|Xr|"], subject to (26); 27

Y and 7} are penalization parameters.
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Replacing p and C by their expressions gives
/(@) =E [/OT(Keb’ (Elar])~“ar — cta; — B(ar)*)e " de | —vE[|Xr["].
Obviously, J being the mean of a function of E[a,], it is a mean-field type stochastic
control problem.
5.3 Remarks on the Existence of Solutions
Denoting a; := E[a;], J is:
J(a) = /()T(Ke_b’(ﬁz)l‘c — o, — BE[a]])e”""dr — yE[|Xr|"].
Since E[a?] > @?, J is bounded from above,
Ja) < /0 " (ke (@)1 — @ — Bad)e "dr.

Assume that ¢ < 1. Then, the maximum of the right-hand side is attained when a is
such that, a(1 —c)e ™" (a@,)~¢ = a + 24, Vt. Hence the maximum value

ae "

Jg/OT(ca+(1+c)ﬁa,) !

provides an upper bound for J, so long as @, is upper bounded on [0, T]. Furthermore
when the problem is converted into a deterministic optimal control problem with the
Fokker-Planck equation, it is seen that the function is upper semi-continuous; so a
maximum exists.

A counter example: Assume ¢ > 1. For simplicity, suppose that a(t) = |t —¢| for
some T €]0,T[. Then, fOT a} ~¢dt = 4-oo; hence the problem is not well posed, an
obvious consequence of the fact that the model makes the price infinite too fast if

nobody extract oil.

Linear feedback: If we search for a in the class of linear feedbacks a(x,7) = w(t)x
where w is a deterministic function of time only, then (26) has an analytical solution

X, = Xoexp </0tw(r)df c;thrcr(VV,Wo)), (28)
and the first and second moments of a, are
Ela;] = E[Xo]¥,, E[a?] = E[X2]w?e®", with 5, := w(t)e 10947,
Then, for 1 = 2, the problem reduces to maximizing over W, > 0
T(w) = /0 ' (ke "'E[Xo]' W) ¢ — aE[Xo]W, — BE[X3)W7e " )e " dr

_ YE[X&]CGZT?ZIOT W(T)d‘t. (29)
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5.4 Dynamic Programming in Absence of Constraint

To connect to Section 2 let us work with u = —a, the reserve depletion rate. For the
time being, we shall ignore the constraints L > X; > 0 and u < 0; so ¥; = R. Moreover
we shall work with 7 =2 and comment on 1) > 2 at the end.

Recall that p(-,#), the PDF of X;, is given by the Fokker-Planck equation :

2
ap = %-0u(p) +(pu) =0 (x,r) ERX]0,T], (30)

with initial condition: p,_o = po given. Now & := [p u;p;dx = E[—a,]| and
J(T:pe,u) / / e P (—m,) "¢ ,f(xu,Jrﬁulz)e_”pldxdt (31)
+/ Yix["p(x, T)dx subject to (B30) with pj,—; = pr.  (32)
R
The goal is now to minimize J with respect to u. Define also
V(Tipe) = man(T Pz, u).
Application of the Results of Section 2. In this example we have: ¥; = R and
H(x,t3u;,p;) = (ke 2y, u(x, 1) — ou(x,t) + Bu(x,1)*)e ™",
4= — / wprdx, hence h(x,,u,p) = —u(x,7) and G(x, x7) = G(x) = ylx|".

By Proposmon and Remark. we have V). = y[x|", and V' satisfies

oV + sz oV udV = — {H+papH+ (h+payh) /R aprdx} (33)
_— (K‘(l —c)e P (— @) Cu— o+ Bu2> e (34)
because dpH = dph = 0 and dy H = cke "y ~°~'u. Moreover, by 22)),
oV = (K(l e M (—w) -« +2ﬁu) e, (35)
giving:
u(x,t) = % [(x — AV — k(1 c)e_b’(fﬁ)_c} . (36)
Now, using (33)) to eliminate .V’ in (34) leads to

A U (37)

XX

Finally, using in and the definition of (—#), yields:

e—rt

4B
Note that this equation for V’ depends only on u and not on u. Nevertheless (36)—(38)
is a rather complex partial-integro-differential system.

2.2 2
atvl + GTxaxxvl = ((X - ertngl - K(l - C)e_bt(iﬁ) _C) . (38)
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A Fixed-Point Algorithm. We can now sketch a numerical method to solve the prob-
lem:

Algorithm 1.
Choose o € (0,1). initialize ug, set i = 0.

1. Compute p; by solving ;

2. Compute &; = [pu;p;;

3. Compute V/ by (38);

4. Compute ;1 by (36) and set u; | = u; + O (d;+1 — u;);

If not converged, set i =i+ 1 and go back to step 1.

Although it seems to work numerically in many situations, as we shall see below,
nothing is known on the convergence of this fixed-point type algorithm; three points
need to be clarified:

1. Equation (30) is nonlinear and existence of solution is unclear.

2. A relevant stopping criteria for Algorithm 1 is yet to be found.

3. Even if the Fokker-Planck equation (30) is set on R x]0, T'| instead of Q as dis-
cussed below in the numerical section (Section E]) there are difficulties. Because
the second order term vanishes at x = 0, a weak formulation ought to be in the
weighted Sobolev space and would be to find p, with

peH={vel*(R") : xd,v € L*(R")} such that Vv € H
/ . [v&tpdx+ (x6% — u)pdyV +x2628xp8xv} dx =0, for almostall 7. (39)
R
Theorem 2.2 in [29] asserts existence and uniqueness of p, provided that there

exists uyy such that u(x,t) < xup, Vt. However, this oil-resource model doesn’t
impose u(0,¢) = 0, and consequently there is a singularity at that point.

5.5 Calculus of Variations on the Deterministic Control Problem

To find the optimality conditions for (3T), let us introduce an adjoint p* satisfying
o2x?
op* + TQXXP* +udip* =e "(o0— Bu—Kk(1—c)e (=) )u. (40)

in R x [0,7[and p*7 = y|x[". Then,

8 = —/Q (e”’(a—ZBu— k(1 —c)e " (—m) ) — axp*)pSdedt+0(H5uH).

41
In other words

Grad,J = — (e—”(a —2Bu— k(1 —c)e P (=) ) — 8xp*)p. 42)
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Algorithm. We apply the steepest descent method with varying step size:

Algorithm 2.
Initialize ag and i = 0; choose 0 < € < 1;
DO

Compute p; by with p;,—o given;

Compute @; = [ u;pidx;

Compute p*; by (@0);

Compute Grad,J by (@2) ;

Compute a feasible descent step ; € R by Armijo rule [30]
Set ujq :=u; — u;Grad,J, i=i+1;

WHILE (||Grad,J|| > €);

S e

For a convergence analysis, here the situation is somewhat better: both the state
and the adjoint equations (30), (@0) are linear and the only problem is the asymptotic
behavior of u. Note also that one could use a conjugate-gradient algorithm at little
additional computational cost.

After discretization by a variation method such as finite element methods, conver-
gence to a local minima could probably be established by the techniques of control
theory (see e.g. [30]) because the problem is finite dimensional and the gradient of
the cost function is exact [29]. However, convergence of the solution of the discrete
problem to the solution of the continuous problem is open and even more difficult
than existence.

5.6 The Riccati Equation when 11 = 2

Even though the problem is not linear-quadratic, when 1) = 2 we can still look for V’
solution of in the form V' (x,1) = Px> 4 z;x + s;. where P, z,s; are functions of
time only.

Identification of all terms proportional to x? in gives,

rt

5 2 €
P+o'hh=-—5F, Pr=y.

4B
For clarity, let Q; = e P, and u = 02 — r. Then, the above is:
: Qt2 T Qt Qt
— =0 =ye" = =4+ — = —U.
O+ — 5t =0, Or =T = Bl g =
Aslong as 48" u— Q; > 0 it leads to
0 ye(T—t)u 4ﬁuye(T—t)u

O —4fe"n  y—4Bu T el O —yt4Bu @
Then, u is found by (36). In particular dyu = fﬁaxxv' = fﬁl’,. However, the
Fokker-Planck equation must be solved numerically to compute 7.

Note that y < 48 implies 48¢" 1 — Q; > 0 and also P, > 0.
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Remark 5.1 By identification of the terms of order 1 and 0 in x, equations for z and s
are found:

f=— ((X— 6(1 _c)efht(_ﬂ)fh‘)ZertPtZ’ = O,

=| -

—rt

B

Remark 5.2 Note that u, = 2xP; + z is not a linear feedback function as in (28] above.

(¢

§=——(a—8(1—c)e ¥ (—m)“—e"%)?, sr=0.

Remark 5.3 This explicit feedback solution is smooth and adapted to the stochastic
process ([26), so it should be a solution of if it exists (recall that is not
convex). Furthermore it has a behavior at infinity which is compatible with (2)).

5.7 Numerical Implementation

To implement Algorithms 1 & 2, we need to localize the PDE. As x < 0 makes no
sense for this application, we shall work on Q; = [0,L] x [0, T] instead of R x [0,T];
a stopping time for the event X; = 0 would be better, but too costly. At x = L, we set
p(L,t) = 0,Vz, which makes sense when L is large.

Assigning boundary conditions to (38)) and is problematic. Our numerical
tests show that the computations depend strongly on L when it is not done correctly.
When 1 = 2, we know that V/ and p* have asymptotically the same behavior as Px?,
giving $6%x?9,V’ = 6%x*P, = 62xV’, a relation which can be used as a boundary
condition in the weak form of the equation (and similarly for p*): find p € H'(Qy)
with V. given and

2 T
/ [—v&,v’+%ax(m2)&xv’]dxdr+ / oLV (L,t)v(L,t)dt
oL 0
—rt

oL 4B

forall ve H! (Qr) with vy =0.

To solve this non-linear PDE we use the fact that it is embedded into an itera-
tive loop in Algorithm 1, and semi-linearise it by evaluating the square term in the
last integral as a product of the same, where one factor is evaluated at the previous
iteration.

To discretise it we have used a space-time finite element method of degree 1 over
triangles covering Qy. Admittedly it is an unusual method! However, it is somewhat
similar to a central difference method and it is feasible because the problem is one
dimensional in space and because it allows exact conservativity and exact duality with
respect to time and space in the integrations by parts. It handles also automatically
the storage of p,u,V,u at all times and solve the backward (and forward) equation at
all time steps by a single linear system. The linear systems are solved with the library
MUMPS as implemented in free fem++ [31].

2
n (a AV — k(1 c)e*bf(—u)*) vdxdr =0, (44)
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5.8 Results with Algorithm 1

We used 50 points to discrete (0,L), L = 10 and 50 time steps for [0,7], T = 5. The
following values have beenused: . =1, =1,y=0.5,x =1, b=0.1, r =0.05,
o0 =0.5and ¢ =0.5. The initial condition pg is a Gaussian curve centred at x = 5 with
volatility 1. We initialized u by ug = —ct/(23). A local minimum u, is known from
the Riccati equation; the error ||u — u,|| is used as a stopping criteria in Algorithm 1.
We chose w = 0.5.

Wio1z41
|-

Fig. 1 Optimal x,7 — u(x,7) and the Riccati so-
lution slightly below Fig. 2 PDF of resource X;: x,t — p(x,t)

Results with Algorithm 1. Figure[l]shows the optimal control as a function of (x,).
For each ¢ the control is linear in x, as predicted by the Riccati equation; the quadratic
part of the Riccati solution of Section [5.6]is also plotted, and a small difference is
seen on the plot (two surfaces close to each other are displayed). Figure[2] shows the
evolution in time of the PDF p for all x > 0 of the resource distribution X;. At time 0 it
is a Gaussian distribution centered at x = 5; at time 7 the distribution is concentrated
around x = 0.5, so most producers have pumped 90% of the oil available to them.

Table 1 Algorithm 1. Convergence history: H'-error, [ (Jyu — dyu,)>dxdr versus iteration number k

k 1 2 3 4 5 6 7 8 9 10
Error || 1035 | 661.2 | 8.605 | 44.7 | 3.27 | 0.755 | 0.335 | 0.045 | 0.015 | 0.003

All above is obtained with L = 10, but there is almost no difference with L = 40.
Figure Epresent the evolution of production (—7,) and price p; = ke (—,) ¢
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Fig. 3 Total (instantaneous) production vs time Fig. 4 Oil Price versus time

5.9 Results with Algorithm 2

The performance of descent methods were disappointing. It generated many different
solutions depending on the initial value for u. If gy = u,, then the algorithm decreases
the cost functions by introducing small oscillations, a strategy which is clearly mesh
dependent. If ug = —0.5, then the solution of Figure [5]is found after 10 iterations of

Table 2 Algorithm 2. Convergence history: Values of J and ||Grad,.J|| versus iteration number &

k 0 1 2 3 . 9
J 0.7715 0.2834 0.2494 0.1626 0.0417
|GradJ|| 0.003395 | 0.001602 | 0.000700 | 0.000813 0.000794

steepest descent. The convergence history is given in Table [2] The results are shown
on Figure[6] Note the oscillations of p neart =T.

Fig. 5 Another solution u Fig. 6 The corresponding p
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5.10 The case ) # 2

The following parameters are now changed : 7 = 3 and uy is initialized by the Riccati
solution. Algorithm 1 converges in a few iterations to a solution, but @ = 0.05 is re-
quired for convergence. Algorithm 2 gives a different solution. Both adjoint states are
shown on Figure[7] When 1 = 4, Algorithm 1 diverges, while Algorithm 2 converges

TsoYslu

e
3ERRERERES

Fig. 7 The case n = 3; p* computed with Algorithm 1 (left) and p* computed with Algorithm 2 (center).
The two algorithms computed different solutions when initialized with the Riccati solution. Right: solution
u computed with Algorithm 2 when n = 4.

to the solution shown on Figure 7]

5.11 Linear Feedback Solution

Using automatic differentiation of computer programs by operator overloading in
C++ and initializing a steepest descent method with the linear part of the Riccati solu-
tion of Section and the same parameters as above, we obtained the w(t) displayed
on Figure[8] very close to the Riccati solution. To understand why the Riccati solution
may not be the best solution we plotted A — J4(4) :=J(wé +Ah,), A €] —0.5,40.5],
where £, is an approximate w, — V.J (wfi ). Figure [8| shows that there are three local

minima and two local maxima, and w¢ is only a local minimum.

Fig. 8 A solution computed by a steepest descent method to maximize 29) showing the feedback coef-
ficient w versus time (left figure), compared with the feedback coefficient of the Riccati solution (solid
line). The plot in the center shows Jg as a function of A €] —0.5,4-0.5[; the Riccati solution is at A = 0.

At A = £0.12 lies absolute minima of J¢ (-), but it can be seen only by zooming in the central figure (right
plot). Observe that the absolute minimum is very shallow and hard to find; it appears also to be mesh
dependent.

6 Conclusions

Stochastic mean-field type control is numerically hard. Even a simple academic toy
problem gives difficulties. The first difficulty which this paper had to deal with is
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the extension of the HIB dynamic programming approach. The second difficulty is
related to the well-posedness of the HIB or adjoint equation because it is set in an
infinite domain in space. The third difficulty is the lack of proof of convergence of
the two algorithms suggested here, an HIB-based fixed point and a steepest descent
based on calculus of variations. When it converges the fixed point method is preferred
but there is no known way to guarantee convergence even to a local minimum; as for
the steepest descent we found it somewhat hard to use, mainly because it generates ir-
regular oscillating solutions; some bounds on the derivatives of u need to be added in
penalised form in the criteria. Numerically both algorithms are cursed by the asymp-
totic behaviour of the solution of the adjoint state at infinity. So, when possible, the
Riccati semi-analytical feedback solution is the best. Finally, but this applies only to
this toy problem, the pure feedback solution is nearly optimal, easy to compute and
stable. Note also that this semi-analytical solution is a validation test, since it has
been recovered by both algorithms.

Acknowledgements The authors are grateful to Yves Achdou, Alain Bensoussan and Olivier Guéant for
useful discussions.
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