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Abstract

We focus on solving closed-loop stochastic problems, and propose a perturbed
gradient algorithm to achieve this goal. The main hurdle in such problems
is the fact that the control variables are infinite dimensional, and have hence
to be represented in a finite way in order to numerically solve the problem.
In the same way, the gradient of the criterion is itself an infinite dimensional
object. Our algorithm replaces this exact (and unknown) gradient by a per-
turbed one, which consists in the product of the true gradient evaluated at a
random point and a kernel function which extends this gradient to the neigh-
bourhood of the random point. Proceeding this way, we explore the whole
space iteration after iteration through random points. Since each kernel func-
tion is perfectly known by a finite (and small) number of parameters, say N,
the control at iteration k is perfectly known as an infinite dimensional object
by at most N X k parameters.

The main strength of this method is that it avoids any discretization of the
underlying space, provided that we can draw as many points as needed in this
space. Hence, we can take into account in a new way the possible measura-
bility constraints of the problem.

Moreover, the randomization of this algorithm implies that the most probable
parts of the space are the most explored ones, what is a priori an interesting
feature.

In this paper, we first show a convergence result of this algorithm in the gen-
eral case, and then give a few numerical examples showing the interest of this
method for solving practical stochastic optimization problems.

Keywords: Stochastic Quasi-Gradient, Perturbed Gradient, Closed-Loop
Problems

1. MOTIVATION

The aim of this work is to focus on the way we can use a gradient algorithm for
stochastic optimal control problems with closed-loop control variables. The typical
problem we will consider is:

muin J(u) == E (j(u(€),))
s.t.u € Uf,

with € some random variable. The control variable u is searched as a function on
some space = called the noise space of the problem. We are directly looking for
the so called feedback. Usually, v belongs to an infinite dimensional space. The
numerical problem is to find a finite representation of the control variable u.

A classical technique consists in discretizing the space =. By giving to the underly-
ing random variable € a discrete probability law, or by quantizing the noise space
into a partition, one finds the optimal control for each discretized value of €. In
the case of multi-stage stochastic programs, this approach corresponds for exam-
ple to the representation of the underlying noise space by some scenario trees (see
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e.g.,[Shapiro and Ruszczinski, 2003] for a good survey of usual stochastic program-
ming techniques, or [Higle and Sen, 1996] for a description of the various possible
algorithms for large-scale problems). As soon as the problem becomes a discrete
one, every finite dimensional optimization algorithms can be used without difficul-
ties except computational ones. For example, discretized problem can be solved
by as many gradient algorithms as points of discretization for £&. Each algorithm
is correctly described, and its convergence is well known. But, at the end of these
discrete resolutions, one has to build the continuous control by some e.g., interpo-
lation step, on the basis of the computed discrete optimal values.

Another possibility is to search the control u as a linear combination of known
functions (see [Holt et al., 1955] or more recently [Bertsekas and Tsitsiklis, 1996]).
One has hence to solve a finite dimensional problem, of dimension the cardinality
of the function basis. In this approach, one is restrained from the beginning to the
vector space generated by the given basis, but one avoids any interpolation step.
Our approach is different from the preceding ones. It avoids any interpolation
step, and it is not restrained to any a priori sub-vector space of the initial feasi-
ble set. Our approach is based on the ideas of stochastic approximations intro-
duced by Robbins and Monro (see [Robbins and Monro, 1951], or [Lai, 2003] for
an historical survey of these techniques). We apply the classical stochastic ap-
proximation techniques (see e.g., [Delyon, 1996, Borkar, 1998, Granichin, 2002]) to
gradient algorithms with stochastic noises,(see e.g., [Bertsekas and Tsitsiklis, 2000,
Bertsekas and Tsitsiklis, 1996]). The main idea is to draw at each iteration of our
gradient algorithm a realization of the underlying random variable €, and then,
to extend the gradient of J at the draw, to a given neighbourhood whose size is
decreasing along the iterations.

Under regularity assumption on the cost function j, and under some technical as-
sumptions on the law of £ and on the kernels used to extend the gradient, we give
in subsections [2.2 and [2.3] two convergence proofs for this algorithm in two main
cases.

As a particular case, we show in subsection 2.4l how our algorithm generalizes the
classical stochastic gradient algorithm for open loop problems.

We then apply in section (3 this algorithm to some optimal control problems.

2. THEORETICAL FRAMEWORK

2.1. Algorithm. Let us denote for n € N by || - ||, the euclidean norm in R™, and
analogously by (-, ), the usual scalar product. We here focus on the problem:

& min 7 (u) := E (j(u(€).£)).
st.ueU’.

where:
e ¢ is a random variable with values in R?,
e j:RP x R™ — R is a normal integrand,
e U/ is a closed convex subset, or a sub vector space of L2(R™ RP) := {u :
R™ —RP : E (|lu(€)|?,) < oo}. This space is an Hilbert space, equipped
with the scalar product:

(u,v) = E ((u(§),v(§))p) -
We write the classical gradient algorithm for problem (I), i.e.,
(2) WM =Ty (WP = pFVT (W), as.

where (p*) is a given sequence of nonnegative numbers. This algorithm is of course
not a practical one, mainly from a numerical point of view. Indeed, the update
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formula is an equality in L2... and the gradient of J is given by the following
formula:

(3) Vu € Lz(RmaRp)v Vj(u)() = Vu](u()v )

This gradient is hence not an expectation, and we do not need a priori any
stochastic gradient type algorithm. Indeed, problem (1) is a stochastic problem,
but depending on the feasible set U/, the stochasticity of this problem is more or
less operating. Typically, if the feasible set is of the type u(§) € T'(§) a.s. for some
mapping I', the cost depends on the probability law of €, but not the optimal value
u* of the problem (which depends only on the support of the random variable &),
since we can invert the expectation and the infimization operators in the problem
@.

But we could want to solve such problems with the help of the underlying random
variable €. It leads us to propose the following stochastic algorithm to solve problem

(1):
Algorithm 2.1. Step k:

o Draw £t independently from the past draws,
o Update:

uk+1(.) = 1_IUf (uk() - pkvuj(uk(EkJrl)v£k+1)Kk(§k+la )) 5

where K* is a mapping from RP x R to R. We will call in the following the map-
pings K* kernels, by analogy with the theory of functional estimation.

Our algorithm[2.1 is hence a stochastic algorithm, but it differs from the classical
stochastic gradient algorithm, in that our noisy gradient is not an unbiased estima-
tor of the true gradient, but a biased one. Indeed, by denoting F* = o (¢2,. .., &)
the sigma field generated by the past draws:

E (vuj(uk(§k+1)7£k+1)Kk(€k+1ﬂ )lfk) =E (vuj(uk(€)7§)Kk(§ﬂ )) # Vu](uk()7 )

One of the main interests of this algorithm is to provide an estimation of the
optimal feedback without any interpolation step involving a lot of calculations.
Indeed, the kernels are determined at each iteration by essentially two parameters:
their window size €* and their mean £*+1. At iteration k, the feedback u*+1 will be
perfectly known on its possibly continuous domain by at most 2 x (k+1) parameters.
It may therefore be an interesting alternative to the classical one which consists in
two steps: a discretization of the underlying noise space, and an interpolation step.

2.2. A first convergence proof. We use here the classical Robbins-Siegmund’s
scheme to prove our convergence result (see [Robbins and Siegmund, 1971]).

Theorem 2.2. (i) Assume that for all £ € R™, u — j(u,§) is strongly convex with
modulus B, uniformly in &, lower semicontinuous, twice differentiable on R?, and
assume that j is a normal integrand. If moreover J is coercive on US which is a
closed convex subset of L?(R™,RP), then has a unique solution denoted by u*.
(i3) Assume that the kernels K* are such that there exist by, by > 0:

Vf e L*(R™,R™), differentiable, ||f —E <f(§)61kKk(§, -)> | <bie€,
(4) Vo € R™, E ((K*(x,£))?) <bae".

(iii) Assume that V,j(-, &) is Lipschitz continuous with modulus L uniformly in &.
(iv) Assume that the sequences (¢*) and (p*) are such that:

(5) " pk >0, Zek = 400, Z(ek)2 < +o00.
keEN keN
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(v) Assume that

*\ k _
(6) VI () =0, andVk €N, p —p<—2b2L2,
or that
(7) VJ(u*)#0, and Zek(pk)2 < +00.
keN

Then (u¥) a.s. strongly converges to the unique optimal solution of (1), and
J(WF) — J(u*) a.s., as k goes to infinity.

Proof : We use the classical scheme of Robbins-Siegmund. For the simplicity of
notations, let us define II to be the projection on the closed convex UY, and r*(.) =

(), ).
=) =T (= R R ) - i)
<l = = PR E )1,
<l =P + (08 [ € IZE (K0
1

ek

| 2

I

=2 — €T RE(E, ).

where those inequalities were obtained thanks to the non-expansiveness property of the
projection, and the Pythagore’s equality. We now want to use assumptions (4).

k+1 _ k 12 ko ky2 k(ek+1y)2
e A [ [ T e L (B (Sl
* 1
— 2t - ) S RE(EH ) — o)
€
(8) — 20" (W —u, ).
Recall that since j is strongly convex uniformly in &, J is also strongly convex with same
modulus, which yields
* k k k * B * k2
JW) = JW?) +(ru’ —u') > flu” ="
—_———
<o, by optimality
Hence, one has:
—ka€k<’f‘k,’u/k _ ’U/*> < _BpkekHu* _ uk||2
We go back to (8). With the last inequation, we obtain
k+1 12 k _k k |2 Ky ky2p Kk ekt1y)2
[ — P < (1= Bobet) b — I 4 bact (04 €I

9) — 20" " (uF —u*,Tk(ka)eikKk(ka,') —r").

Using the Lipschitz property of V.j, and the classical inequality (a + b)2 < 2a% 4 202, it
holds that

P (€)1 <2lr" (€ = Vg (u (€7, €17 + 2 Vai(uw* (€74, €115,
(10) <22 [[uf (€M) = wt (€Y IF + 20 Vug (@ (€51, €15,
Gathering (9) and (10) yields
=) < (1 Bet) Jub = wt P + 2001 (08l (€ — (€I
+ 2ba€" (p")? | Vi (u* (811, €Y1
1

(11) ottt ) T REE ) o).
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We now take in (11) the conditional expectation with respect to F* := o (£',...£%). Since
£**1 is independent from FF, it yields:

B (" = PFY) < (1- Bobet + 26012 (04)?) lu* — u*
+ 2bo® (o) VT ()2
] (G )) ),

< (1 — Bptet 4 26, 12" ) l[u® —

+2b2e" (p")? | VT ()|

1

P2t B (O K6 ) -,

< (1= Bp' e + 20,07 (04)?) Ju — w7
+ 2026 (0*)* ||V T (")
(12) + 261 ()l — .
We now use the inequality a < a? + 1, and we obtain
E (Huk+1 _ U*H2|]_-k) < (1 o Bpkek 4 2b2L26k(pk)2 n lepk(ek)Q) ”uk _ U*HQ
(13) + 219" (€)? + 226" (0°)? | VT (u) |
We now distinguish between two cases:
(1) If (6) holds, By assumption , —Bp”e* 4 202 L%¢"(p*)? < 0. Inequality (13) can
therefore be rewritten as:
E (e = wP17) < (1426005 ()7 =
(14) 4 2by R (eM)? + (73,)’“6‘“ n 2b2L2ek(pk)2) [ — w2

We can then use the Robbins-Siegmund lemma (see [Robbins and Siegmund, 1971]),
which shows that (u*) converges a.s. strongly to u*.
(2) If (7) holds, inequality can be rewritten as:

E (Huk+1 _ u*H2|]_-k) < (1 + 262L2Ek(pk)2 + zblpk(ek)2) ”uk . u*HQ

(15) + 219" () + 202¢" (0)?|V.T (u)|* = Bp"e"||u” —u”|?,
and with our assumptions on the sequences, we can also apply the Robbins-
Siegmund lemma, which shows that (u*) converges a.s. strongly to u*.

Since (u*) strongly converges, it is bounded. Using the Lipschitz property of J over all

bounded set, we get that J(u*) — J(u*) as k goes to infinity, and it completes the proof.

[m]

Theorem [2.2] shows the role played by the constraints. It is quite strange to
notice that we are able to prove the convergence without a decreasing sequence for
the gradient steps p”, provided that the gradient at the optimum is equal to zero.
Other assumptions on the cost function j are usual ones, and assumptions on the so
called kernels are not restrictive at all, as will be discussed in the next subsection.
We provide in the next subsection another convergence proof, which leads to a quite
similar result, with slightly different assumptions.

2.3. Projection on a sub vector space. We prove the convergence of our al-
gorithm in the case of a projection on a sub vector space, with slightly different
assumptions, and a result even in the convex case.

Theorem 2.3. (i) Assume that for all £ € R™, u — j(u,§) is convex, lower

semicontinuous, twice differentiable on RP, and assume that j is a normal integrand.

If moreover J is coercive on U7 which is a closed sub vector space of L?(R™,RP),
5



then (1) has solutions, and we denote by U* the set of solutions.
(ii) Assume that the kernels K* are such that there exist by, by > 0:

Vf e L2(R™ R™), differentiable, ||f —E (f(f)eikz(k(g, .)> I

(16) Vz € R™, E ((K*(x,£))?)

IN

k
bl6 )

A

bQEk.

(iii) Assume that the sequences (€*) and (p*) are such that:
(17) e pk >0, Zek,olc = +00, Z(ek)2 < +00, Z(pk)Qek < +o00.
keN keN keN

If moreover j has linearly bounded gradients, i.e. there are c¢,d > 0, such that for
all u e RP,

(18) VEER™, [Vuj(w, Oy < cllully +d,
then for some u* € U*:
lim kinf J Wk = T ("), a.s.
(iv) Moreover, if j is strongly convex (in u) with modulus B > 0, U* reduces to a
singleton,
klim JWh) = T ("), as.
and (u*) a.s. strongly converges to the unique optimal solution of (1).

Proof : Let us denote by u* some optimal solution of (1). Let us define a Lyapunov
function A : L?(R™, R?) — R by:

1
Vu€ L3, Aw) = 5w — |
We study now the variation of the Lyapunov function between two iterations k and k + 1.

1 " 1 *
FH = A = A =3 e -t - S =,

1
:§||uk+1 _ uk||2 + <uk+1 _ uk7uk _ ’U,*>7

using Pythagore’s equality. By the non-expansiveness property of the projection, it holds
by definition of u***:

[t =t < PVt (), KR EE L
We now define G*(-,) = L K*(-,), r*(-) = Vuj(u*(-),), and f*(-) = Fr¥(€F)GR (¢ ).

WFL ok ok

We focus on { u®,u” —u*). For the simplicity of our notations, we denote by II the

projection on U7,
<uk+1 — ot — u*y =(II (uk B pkfk> —uF k- u*y,
== P (P ETHEHET ) b -,
= pkek <rk(€k+1)Gk(€k+1a ')v uk - u*>'
Hence,

k+1 (Pkﬁk)Q k(eht1y~k ekt N2 _ k ky kiek+ly kel  k _x
S S I (ET)GRETT T = e (TG (ET ) u — ),

<b2(Pk)2€IC koek+1y)2 k ky k k(eht1y ~k(pk+1 k *
G R e A A A A RIS

(19) + e (P ut — ).

The second inequality is due to the assumption (16) on the kernels K k Using convexity
of J, one has:

(20) (r* ur — by < T - T <o.



Gathering (19) and (20) yields:

A — AGu®) 37”2(”;)2& I (€512 4 o — R (G (EH, ), 0k — )
(21) + ot (T = T@Wh)) .

We take now the conditional expectation in (21) with respect to F* := J(El, .. ,{k), ie.,
with respect to the past draws. Since £€**! is independent from the past draws, it yields

kN2 k
E (At — A ) <P ke ke kg (et e ) ot - )
(22) + ot (T = TWh) .

Using the linearly bounded gradient assumption on J, one has also, with the classical
inequality (a + b)? < 2a* + 2b*

I711% < eallu® —u|* + e,

with ¢1,c2 > 0. Thus,

k\2 k k\2 k
B (AW ) - Ay ) < BT ey el

2

(23) + ot B (P EGHE ) st — )+ ot (T - T W)
We now use Cauchy Schwartz’s inequality in (23):
B (A - A ) <P ey el
(24) + ot =B (rHOGH (€, ) et — | + ot (Tw) = T ().
We use the assumption on kernels (16), and it yields:

E (A(uk+1) . A(uk)|]_-k> §b201(f27k)2€’C Huk . u*Hz + b202(l27k)25k
(25) g ()t =)+ ot (T = T W)
By the classical inequality = < 22 + 1, we obtain:
B (M) - Ah) B e b

b1t (8 — P+ b () + ot (T () - T(h))
By definition of A, we have finally:
(2600 E(A@M) - A@HIFY) < afA@h) + 8+ e (T - Twh),

with o := baci (p%)%€® 4+ 2b1 % (€¥)? and g% := M + b1p"(¥)2. () and (B*) are
by assumption summable sequences. Let us now take the expectation in (26), and define
y*=F (A(uk)) By optimality of u*,

Using lemmal2.8, it shows that (y*) is bounded, by, say M > 0. We prove that (A(u*)) is
a convergent quasi-martingale. Indeed:
o (A(u")) is by definition adapted to (F*),

e By definition, A(u*) > 0 for all k € N, i.e., infren E (A(u")) > —o0,
7



e Let us consider Cy := {E (A(u*™") — A(u*)|F*) > 0}. It is clear that 1c, is F*
measurable. Using (26), we have:

S E (1% x (A(uF) — A(uk))) <> E (1ck x E (A(uk“) - A(uk)|]-"“)) ,
keN

keN

<> E (1o, x (@A) +8Y).

keN

<Y (M4,
keN
<00,

since the sequences are summable.

e It is also clear that sup,cyE (A(uk)_) < 00, and consequently, using a result of
[Métivier, 1982 (pp. 49-51), (A(u¥)) is a quasi-martingale and converges a.s. to
some integrable random variable. Hence, it is a.s. bounded, and by definition,
(u®) and (r*) are two a.s. bounded sequences in L?.

We now prove that (J(u")) a.s. converges to J(u*). Coming back to (26) and taking the
expectation gives:

p"e'E (J(uk) - J(u*)) <oyt 485yt -yt
We sum this inequality for £ =0,...,n:

S AR (T - T(w)) < -y D (P M+ 8Y),
k=0 k=0

(28) §M+Miak+iﬂk.
k=0 k=0

We make n — oo:

Zpkek]E (J(uk) — j(u*)) < 0.
keN
By optimality, all the terms under the expectation are a.s. nonnegative. Thus:

(29) pre (j(uk) - j(u*)) < .

We now want to use lemmal2.9. Let [ € N. By convexity,
J(W) = T @) (VI W), u —u',
(30) =ple (! Ty (7 (€THGHET ).
We take now the conditional expectation with respect to F':
1
F() B (T ) =ty (B (O 7K€ ) )
1
<o (18 (@ 5K €)=+ 1l )
Splel (Rblel + R) ,
(31) <p'é's,

with § > 0, since we already know that (||7*||) is bounded by, say, some R > 0.Hence, we
can apply lemmal[2.9, with (29) and (31), which yields

(32) Jim 7(u*) = T (u)

Let @ be a cluster point of (u”*). Hence there is some subsequence (u4(x)) which converges
to @. Since U is a closed sub vector space, @ € U’, and by lower semi-continuity of 7, it
holds:

J (@) < lim inf 7 (u®®) = 7 (u"),
8



hence, uw € U™.
Suppose now that j is strongly convex with modulus B > 0. In this case, U™ reduces to
a singleton {u*}. By definition,

(33) T = T > (VI W), u* — ™) + gHu* P

By optimality, (V.7 (u*),u” —u*) > 0. (32) gives therefore the strong convergence of (u")
to u*, and it completes the proof. O

Remark 2.4 (Choice of €¥ and p*). For the choice of the two sequences €* and
o*, we can take p* = k= and ¥ = k=8, with 3 € [1/2,1] and a € [#,1 —ﬁ],

which yields to the assumptions (17). For example, « =1/3 and 8 = 2/3 is a good
choice.

Remark 2.5 (Choice of Kernels). Analogously, if we take K*(x,y) = 6(z) K (ﬁ),
with K : R™ — R such that

K(z)der =1, K(z)=K(—=x), forallz € R™,

]Rm
assumptions (16) will be verified with all the usual laws for &, by taking if € has a
density p(§) over R™, §(zx) = ﬁ
Example 2.6. We here provide an illustration of our assumptions (17) on the two
sequences (p*), (€¥). This example has to be taken as an illustration, and absolutely
nothing more.
Consider E = [0,1] to be the noise space, and € a real random variable with uni-
form law on Z. Let ¢ = 1/k be a sequence of decreasing steps, and let us define
KF(z,y) = Lip—y|<er 2 for all z,y € 2. Such kernels will produce controls differen-
tiable almost everywhere.
Let us now define the indexes j, such that jo =1, and for n > 1, j, is such that:

Jn—1 Jn
Z r < 1, g > 1.
k=Jn—1 k=jn-1

Since ) ey e = +o0, this sequence is well defined. Consider now the sequence (£¥)
such that €' = €'/2, €2 = €2/2, and for k > 2, ¢Jrtl = %c, it = M%dk +

i+l cjet+3 _ ettt ) kg1 — NMRH172 o R g1
ng , §Jk = +€]k s e g]k+1 — i e+ ——, §]k+1 —
eIk+1

5—, and so on. This sequence is also well defined. This construction is illustrated
by figurel1], until the jxy18t point.

ek eIkt Ejk+1*1
2 2 2
g+l gint? o ginti
FIGURE 1. Quasi-Monte Carlo construction to cover = = [0, 1]

Consider now the following algorithm, with a given nonnegative sequence (p*):

Ve € B, utTH(E) = u(§) — pFFETTHEN(E ),
with f : 2 — R a Lipschitz continuous mapping with modulus L. By definition of
kernels K*, this algorithm modifies the function u* only on the little ball of radius
€% /2 and centered on £¥*1. This algorithm is a quasi Monte Carlo version of our
9



preceding algorithm[2.1.
We now study this algorithm only on & =0, and denote for simplicity u*(0) by v*.
It consists by definitions in:

(34) vIR L = gdk pjk,rjk7

with 1k = f(&3+1) Kk (Ek+1 0). Notice first that 7% can be seen as a perturbation
of the function f, taken in 0. To ensure the convergence of algorithm (34), we can
therefore use the general convergence theorems for stochastic algorithms (see e.qg.
[Bertsekas and Tsitsiklis, 1996]). A common condition is

(33) S = oo, Y (0 < oo

kEN keN
We now try to have pj, = %, which would be sufficient. By definition, we have
Ieer ek
Nn=Jjk -
Jkt1 Jet1 q
S e / Lar,
n=j j
= [log(@)]J:",
=log (‘M—H) .
Jk
Hence, we want to obtain 1og(”‘“) =1, d.e., jrr1 = jre.With jo = 1, it yields

jr = ef. Hence, p" = log , for alln € N. With " = % for all n € N, the

assumption is therefore vemﬁed

Remark 2.7 (Choice of (p*)). Let us define the increasing sequence in N, (),
defined by:
k
Vk € N, I, = LZ Ki<§i+17§k+1)J.
i=1
According to the previous example, in the common case, I can be seen as the
number of times the neighbourhood around &5+ has been explored, up to and
including step k. In the case of the preceding example, this sequence will therefore
satisfy l;, = k, for all k € N. This interpretation suggest to take the step Pk such
that the sequence (p’*) fulfills usual conditions (35). The scheme could hence be the
following:
(1) choose a nonnegative sequence (n*) such that ", .y n* = 400 and Y, o (n*)? < 4o,
(2) define for all k € N, pF = nl=.

It is then possible to prove that needed conditions (17) are fulfilled. This way to
choose the gradient steps (p*) is very interesting, since it is an online estimation of
the gradient step, on the basis of the preceding draws and kernels. The convergence
speed is therefore at each iteration adapted with respect to the law of the random
variable €.

2.4. A generalization of the open-loop stochastic gradient algorithm. In
this section, we consider again the same problem (1), with the particular feasible
set:

U= {u:Z =R :uo({),Z}) — measurable,
(36) u(§) eT(§) as.}.

10



with I a closed convex mapping from Z to Z. U7 defines therefore the constant
controls uw € R™ such that u € I', where I' abusively defines the corresponding closed
convex of R™. Problem (1) becomes therefore an open-loop problem, equivalent to:

(37) min E (j(u,€)),

ERpP

s.t.uel.
On the other hand, the updating step of algorithm 2.1/ becomes:
(38) ut T =TIp (uf = p" Vi (u, EE (K (€44, 8))) -

Assume now that £ has a smooth density p w.r.t. the Lebesgue measure. Take a
kernel K* defined as in remark[2.5] by:

1 r—y
K" S
(o) = % (o)
with K verifying the kernel assumptions of remark [2.5, and K (z) = 0 for all z s.t.
|z]lm > 1. Then, we obtain:

k(ckt1 p(§) §— ¢t
2 e) = [ it () e
:ek/ P + () my)
m p(gFth)
=" +0((€")?),
where the last equations are obtained through a change of variables and the Taylor
formula applied to p. Hence, we obtain the classical stochastic gradient algorithm,

with decreasing steps € and gradient steps p¥. As it is well known, (p*) does not
need to go to 0 for the convergence.

K(y)dy,

2.5. Technical Lemmas. We here provide two technical lemmas we use in the
preceding convergence proof of theorem [2.3.

Lemma 2.8. Let (z)ren be a sequence of nonnegative real numbers. Let (ax)ken
and (By)ren be sequences of nonnegative real numbers such that ), . ax < +00
and Y oy Bre < +oo. If we have:

Vk eN, 2p41 — 2x < apxr + B,
then the sequence (xk)gen is bounded.
The proof can be found in [Cohen, 1984].

Lemma 2.9. Let (Q,F,P) be some probability space, equipped with a filter (F*).
Let J be a real valued mapping from an Hilbert space H, such that J is Lipschitz
continuous of modulus L. Let (ur)ren be a sequence of random variables with
values in H, such that for all k € N, u* F* measurable, and (e;)ren a sequence of
nonnegative real numbers such that:

(i) ZkeN € = +00,
(it) I € R, Y penen (J(ur) — p) < +oo, and Vk € N, J(u¥) — p >0, a.s.
(iti) 36 > 0, Vk € N, J(ug) — E (J(up41)|F*) < der, a.s.

Then (J(ug))ken a.s. converges to fi.
Proof : For all a € R, let us define the subset N, of N such that:

No:={keN: J(ug) —p<a, as.}.
11



We will also denote by N§ the complementary set of N, in N. Assumptions (¢ — #¢) imply
that N, is not finite.
Following (i7), we have:

+o0 > Zek (J(ug) — p) > Z ex (J(uk) — p) > « Z €k
keN kENS kENS
It proves that for all 8 > 0, there is some ng € N such that ZkeNc’ k>ng €l < 4.
Let € > 0. Take o = ¢/2 and 8 = €/(29). For all k > ng, we have two possibilities:

o If k € Nq, then J(ux) —p < a<e
o If k € NS, let m be the smallest element of N, such that m > k (we know that
it exists since N, is not finite). We can hence write:

J(ug) — p=J(ur) — E (J(um)\fk) +E (J(um)\fk) —

_E (mé J(u) ~E () fk) +E (Jn)lF*) - n

m—1
Sé(Zq)—i—aSé Z e | +ta<e

I=k IENS, I>ng

3. NUMERICAL APPLICATIONS

We now give a few numerical applications of our algorithm. The first thing to be
decided is to give a stopping test to algorithm 2.1. Many tests can be implemented,
but a good one is to give a maximal number of iterations... or in the not projected
case to compute the norm of the true gradient |V.J (u*)|| and to compare it with a
given threshold.

In the following, we will consider the kernels and sequences for all k£ € N as:

—x\2
o Vz € R™, KF(x, ) := #e*( )
[ ] Gk: k}L""
o )f =15,

with uniform laws on the noises. Our algorithm is parametrized by two nonnegative
numbers: « and [ respectively for the window size and the descent size of the
stochastic gradient.

Remark 3.1 (Convergence speed). For all the following examples, the convergence
speed stands for the graph representing the difference (J(u*) — J(u*)) along the
iterations.

3.1. Least-Square problem. Let us here consider the case of estimating on [0, 1]

the real function z +— sin (ﬁ). We consider the following cost function:

. (100 \\?
(39) Vu,z € R, j(u,x) = <u—sm <x+1>)

Let € be a real random variable following the uniform law on [0, 1]. We define J to
be:

Vu € L*([0,1],R), J(u) = E (j(u(£),£))-
The gradient of j with respect to u is:

100
Vu,z € R, Vyj(u,z) =2 u—sin| —— ] |.
u, T j(u, ) (u sin <I+1>)

12



We now apply our algorithm to the problem of minimizing 7. Figure 2|shows u*

obtained by algorithm [2.1] respectively after 50, 200 and 1000 iterations. It also
shows the optimal feedback called u* and the error |[u*(&) — u*(€)||,- The last
graph shows the convergence speed of the algorithm.

After 50 iterations After 200 iterations

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

u*

u*

H After 1000 iterations | Convergence speed ||

01r¢p

0.01

0.001

0.0001

0 0.2 0.4 0.6 0.8 1 1 10 100 1000

u* u-ur ----- J(u)-J(u*)

FIGURE 2. Least Square Problem, feedback along the iterations,
and convergence speed

It is clear that with the iterations, [0, 1] becomes more and more correctly ex-
plored by our random draws of &, and hence the feedback converges. Very quickly,
the general behaviour of u* is well captured, and then the finest behaviour is fitted
with more iterations.

3.2. Constrained Least-Square problem. We take exactly the same problem,
but with an additional bounding constraint. U = {u:[0,1] = R : —1/2 < u(-) <
1/2}. The projection consists therefore only in bounding the maximal values of u".
Let us denote [z]% = min(max(z, a),b). Then it holds:

a =

1/2

Vu € L2(0, 1, R), My (u)() = [u()]Y2),.

The evolution of the control is showed by figure 3| Exactly as before, we see that
our algorithm provides a good solution to the minimization problem.

3.3. Reservoir management. After the preceding academic examples, we give a
more practical example. We want to manage a reservoir. We give two examples,
the first one with a single time period, and the second one with two time periods,
and two sequential decisions.

13



After 50 iterations

After 200 iterations

u*

0 0.2 0.4 0.6 0.8 1

0.2 0.4 0.6 0.8 1

u*

| After 1000 iterations Convergence speed |

0.1

0.01 |

0.001

0.0001 -

0 0.2 0.4 0.6 0.8 1 1 10 100 1000

J(u)-I(u*) llu-wly -----

FIGURE 3. Truncated Least Square Problem, feedback along the
iterations, and convergence speed

3.3.1. Single time period. The cost function is here given by:
(40) Ve € [2,7), Yu € [0,8], j(u, &) = —&u—Ve+s—u,

with given thresholds z, T, s. s represents the available stock in the reservoir, u is
the control, i.e., the quantity we will produce, and £ is a proportional selling price
(which will be the random part of the system). j is therefore composed of two
terms: u€ which represents the sales profit, and /e + s — u which is the value at
the end of the game. We take £ a real random variable with uniform law on [z, Z],
and assume s to be fixed. Hence the criterion to be minimized is given by:

Vu € L*([z,7],R), J(u) =E (j(u(§),£)).
The gradient is:

1
VI (u)(€) = €+ —F———m—m—,
0O =&+ 5o
The optimal control is therefore:
o 1]’
¥ e o, () = [s+e- g
0
It can be rewritten as follows, for all £ € [z, Z]:
0 if € < 5=
ut(€) = S+6*4£% if2\/i?§§§2\1/2
S if € > 2\%

For the numerical application of our algorithm, we take s = 1,¢ = 0.1,[z,T] =
[0.4,2]. Figure [4] represents the control obtained after 500, 3000 and 10000 itera-
tions, the optimal one, and the error term for each possible value of the price.

14



After 500 iterations

After 3000 iterations

1.2

-0.2

1.2

0.4

| After 10000 iterations

1.2

0.1 F

0.01 +

0.001 |

0.0001 +

1le-05 |

1e-06 | . . .
04 06 08 1 12 14 16 18 2 1 10 100 1000 10000

-0.2

J(u)-I(u*)

llu-uy —----

FIGURE 4. Reservoir Problem with one time period and one noise,
feedback along the iterations and convergence speed

Once again, it is clear that our algorithm provides a good solution to this prob-
lem.

We can also consider s to be stochastic, denoted by s, independent from £. We
assign s to follow a uniform law on [0,1]. Hence, the cost function j becomes a
function of the stock level s, and we consider now the problem of minimizing the
following criterion:

Vu € L*([z,7] x [0,1],R), T (u) = E (j(u(§,5).€,5)) -

The theoretical computations lead to the same optimal control, which from now
on is a function of £ the price level and s the stock level. Th optimal control is
represented on figure[5.

The application of our algorithm, with the same parameters as before yields
figure [6] showing at the current iteration the feedback (top) and the corresponding
error term (bottom), along the iterations. Figure [7 shows the convergence speed
for this problem.

3.3.2. Two time periods. We finally consider an even more practical problem, which
is exactly the same as before, with two successive random prices, and two associated
controls. The problem is more complicated in the sense that there is a measura-
bility constraint on the first control: the first decision has to be taken prior any
knowledge of the second price, except its conditional law with respect to the first
one. Mathematically, we consider the following cost function:

(41) J(ur,u2,61, &) = —urés —u2bs — Ve+ s —up — ug,

for all (&1,&2) € [x1,71] X [x2, T3], and for all uy € [0,s], ug € [0,s — u;]. We take
for i = 1,2, & to be a real random variable with uniform law on [z,, T;], such that
15
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FIGURE 5. Reservoir Problem with one time period and two noises, Optimum

After 100 iterations After 1000 iterations
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FIGURE 6. Reservoir Problem with one time period and two noises,
feedback (top) and error (bottom) along the iterations
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FIGURE 7. Reservoir Problem with one time period and two noises,
convergence speed

&1 and &5 are independent. Classically, the criterion to be minimized is given by:

T (ur,u2) = E (j(u1(€1), u2(€1,€2),€1,€2))

with w1 € L?([z1,71],R) and up € L*(Il;=; 2[z;, 7], R). This way of stating the
problem expresses itself the measurability conditions on the sequential controls
and us.

We now come to the theoretical solution of this problem. We solve it recursively,
using a classical dynamic programming procedure. We first compute the second
optimal feedback u3, as a function of the two first prices &; and & and of the first
feedback u;. It is exactly the same calculation as before, and it yields:

1 sS—uq
u* ) , U =le+s—U — ——= ,
2(§1 52 1) 1 4(52)2 .
which does not depend directly on ;. More explicitly:
S —u if 52 > %ﬁ’
u§(§27u1) = €t+s—ur— 4(512)2 if 2 eJrlsful < 52 < 2\1/€7
0 if & < 57

We can moreover compute the gradient of u5 with respect to uy:

: 1
—1 1f€222m

0 else

Vo (1, &) = {

We have to solve the following problem for all £;, by independence:

min —u1&; — E <u;(§2,u1)§2 + \/e +5—u — u%(&,uﬁ)

u1 €[0,s]

We hence compute the gradient of this new cost function with respect to u; and
equalize it to zero:

1
e (521[%2—“1@1 @2))_E (ws e - G w) VAT (52)>

1
+E =0,
(2\/S+6 —uy —u§(£27u1)>

17




We assume that 73 < f We use now the explicit expression of u3. Hence, the
last inequality reads

1
£ <2\/s—|—e — Uy —uﬁ(&,uﬂ) =&

We now compute this expectation (£ follows the uniform law on [z, 73)):

1 i dés .
— =&, ie.,
T2 — T2 To 2\/s+e—u1—u’2‘(£2,u1)

1 N
N ey 1 vz
et [ Gde ~(m - 26
/12 2Vst+e—m T—
1

For the simplicity of the computations, we define r = EN Tt We can then
continue our calculus:

rir—2)+ 2 T (- mles,
(r=22)* = ((22)” = (7)?) + 26173 — 22),

T2 + T2

r=z2 + \/2(33_2— w2) (&1 — T_)-‘r'

We can express the optimal control uj(&;):

1
J— 2 ’
1z + 2@ - ) - ), )
0

The optimal control u}* is then given by u3*(&1, &) = ub (&2, ui(&1)).

ui(é) = |e+s—

We now give few numerical results, with s = 1,e = 0.1,2; = 29 = 0.4,7] = T3 =
2. Figure [8] shows u3* obtained with these values as a function of the two noises

61762-

\\\\\\\\
....‘\\\ -

0405
16 18>0

u* 0.8 ------ 04 ——-

1 ---—- 0.6 - 0.2 ---

FIGURE 8. Reservoir Problem with two time periods, Optimal
feedback at the second time step

We then apply our algorithm to the solution of this problem, and it yields the
graphs given in figure 9, giving the evolution of uy (top), us (middle) and the er-
ror on uy (bottom) after respectively 1000, 10000, and 100000 iterations. In the
previous examples, the simple bound constraints made the projection very easy to
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perform. On the contrary, in this last example, performing the projection on the
subset defined by the constraint us < s —wq is quite difficult, requiring the calcula-
tion of an expectation which can only be performed numerically. We overcome this
difficulty by solving the equivalent penalized problem where us is only constrained
to be in [0, s, and j (u1, u2, &1, &2) = ajuq + agug for all ug > s —wuq, with a; and as
being positive penalization constants appropriately chosen. The algorithm hence
converges correctly, but slowly.

Remark 3.2 (Computational time). The proposed algorithm (2.1) requires one
gradient evaluation per iteration, which in turn requires one evaluation of the con-
trol, i.e., a possibly projected sum of kernels. As the number of terms of this sum
grows over the iterations, this summation may represent the largest part of the com-
putation time. Nevertheless, since the kernel values tend to decrease quickly toward
zero away from their center, the use of kd-trees for spatial indexing of the draws &*
may greatly improve the performance, resulting in almost constant time evaluation
in the non-measurability constrained case, and sub-linear growth in the other case.

4. CONCLUSION

We propose in this paper a new stochastic gradient type algorithm to solve
closed-loop stochastic optimization problems, and provide two convergence proofs
for general case with projection on a closed convex subset.

We then give few examples showing that this algorithm is tractable even for multi-
stage problems(our example is a three stage program without first open-loop deci-
sion). For this kind of application, there are few limits concerning the projection
operations we must do at each iteration.

Our approach can be compared with the approach consisting in a parametrization
of the feedback which is searched as a linear combination of given functions (the
basis). In our case, when we stop the algorithm, we obtain the feedback as a linear
combination of the successive kernels, and we know that it is not the optimal one
with respect to this particular sub space, but that it is optimal in an other sense,
with respect to the initial functional space (Note that another difference between
the two point of view comes from the projections we are doing).

From a theoretical point of view, the need for the gradient steps to be decreasing
is not yet completely clear, and we provide a proof (see theorem with constant
gradient steps in a particular case. Our work in the future will thus also be contin-
ued in this direction.

Another idea to improve the convergence speed is to use when it is possible, average
ideas or optimally fitted steps. This way has not yet been developped.

We think also that our algorithm can now be extended to the case of Temporal
Difference Learning for Stochastic Dynamic Programming problems, developped
by [Bertsekas and Tsitsiklis, 1996]. It will be our main axis in the future.
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error of the second feedback (bottom), along the iterations
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