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Abstract

The aim of the paper is to establish a convergence theorem for multi-dimensional stochastic
approximation in a setting with innovations satisfying some averaging properties and to study
some applications. The averaging assumptions allow us to unify the framework where the
innovations are generated (to solve problems from Numerical Probability) and the one with
exogenous innovations (market data, output of “device” e.g. an Euler scheme) with stationary
or ergodic properties. We propose several fields of applications with random innovations or
quasi-random numbers. In particular we provide in both setting a rule to tune the step of the
algorithm. At last we illustrate our results on five examples notably in Finance.
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1 Introduction

This paper presents convergence results for stochastic approximation of Robbins-Monro type (see
[28] for the original paper), namely

9n+1 =0, — 'Vn—l—lH(em Yn)y

when the innovations (Y},),>0 satisfy some “elementary” averaging assumptions. In fact we will
consider a slightly more general setting (see Section 2). The aim is to unify several frameworks:
the first one is the case of generated possibly non random innovations (to solve problems from
Numerical Probability) and the second one concerns exogenous data satisfying some stationary or
ergodic properties.
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To establish the a.s. convergence of the sequence (6,,),>0 toward its “target” 0* (to be specified
later on), the idea is to assume some similar averaging type property on the sequence of innovations
(Y3,)n>0 typically that, for a wide enough class V of integrable functions with respect to a probability
measure v,

Vfev, %Zf(Y;Q—) fdv (1.1)
k=1

n—oo R«

(at a common rate of convergence to be specified further on). If V O C,(R?, R?), this implies

1 — a
—E 5Yk@1/
n

k=1

n—oo

and the sequence (Y,,)n>0 is often called “stable” in the literature at least when it is Markov. If
V = L'(v), the sequence (Y;,),>0 is called “ergodic”. The target is then, as expected, a zero, if any,
of the (asymptotic) mean function of the algorithm that can be defined as

h(0) := [ H(0,y)v(dy).
Ra
This general framework allows us to consider several types of innovation process: not only
random sequences of different types but also quasi-random numbers. Firstly we retrieve the classical
framework of stochastic approximation (i.e. standard Robbins-Monro) when the sequence is i.i.d.
with law v and we obtain a rate of convergence in (1.1) thanks to the law of iterated logarithm.
More generally we uncover the following framework of “inverse” problem

Ont1 = 0n — Y1 (h(en) + A]Wn+1) )

when (AM,),>0 is a suitably controlled sequence of martingale increments which is widely devel-
oped in the literature of Stochastic Approximation (see [3], [8], [12], [13]). To prove the convergence
we must to reinforce the Lyapunov assumption except in the case of additive or multiplicative noise.
Secondly we consider for (Y7,),>0 some functional of a-mixing process without any Markov assump-
tions. These processes are stationary and dependent, so more realistic to model inputs made of
real data. To describe the class of functions V we need to prove the convergence of the series of
covariance coefficients of the innovations. To this end we use some results in [26] and the covari-
ance inequality for a-mixing process (see[7]). Next with the probabilistic version of the theorem of
Gal-Koksma (see [10] and [1]) we prove that the class of functions is large enough (L?(v) C V).

Afterwards we examine the case of homogeneous Markov chain with invariant measure v. Some
results on Stochastic Approximation in this setting have been proved in [3], but they need to
establish the convergence of the algorithm to assume the existence of a solution to Poisson equation
with some regularity properties. To describe V we add an ergodic assumption on the chain which
allows us to prove that this class does not depend on the initial value of the chain.

Then we are interested in quasi-random numbers. The idea to substitute uniformly distributed
sequences (with low discrepancy) to i.i.d. innovations in recursive stochastic approximation goes
back to the early 1990’s in [18], leading to “quasi-Stochastic Approximation” (refering to QMC
for quasi-Monte Carlo). The framework in [18] was purely one-dimensional and many numerical
tests have proved the efficiency of QSA for multi-dimensional innovations. The aim is to establish
a convergence theorem in this higher dimensional setting under natural regularity assumptions



(i.e. based on Lipschitz regularity rather than finite variation in the Hardy & Krause sense often
encountered in the QMC world).

Finally we present several examples of applications illustrated with numerical experiment. First
we consider a simple case of calibration: the search of an implicit parameter in a financial model
to fit its value to the market. We implement the algorithm with an i.i.d. sequence and a quasi-
random one to compare their rate of convergence. The second example is devoted to the recursive
computation of risk measures commonly considered in portfolio management, namely the Value-
at-Risk and the Conditional-Value-at-Risk. We show that the recursive procedure introduced in
[2] to compute these quantities can be successfully implemented in a QSA framework. In the third
example we regard the case of a diffusion. To clarify the class V, we use some results about the
recursive computation of the invariant measure of a diffusion studied in [14] and [20]. We need some
additional assumptions on the coefficients and the existence of a unique invariant measure. We also
require the existence of a solution to Poisson equation (associated to the infinitesimal generator)
with regularity hypothesis. Then we apply it to the minimization of a potential with a numerical
experiment in investment project (see [22]). These three examples describe stochastic numerical
procedures based on simulated data. The fourth example is the so-called two-armed bandit intro-
duced in learning automata and mathematical psychology in the 1950’s (see [23]). Its a.s. briefly
behaviour in the i.i.d. setting has been extensively investigated in [17] and [15]. These results have
been partially extended in [30] to a more general ergodic framework. We show that some of them
appear as consequences of our main result (in the multiplicative case). The last example describes
a model of asset allocation developed in [19] and based on exogenous true data set a priori sharing
no Markov property but on which a mixing assumption seems natural (at least with a medium laps
of time).

This paper is organised as follows : in Section 2 we describe our framework and our assump-
tions which lead to the statement and the proof of two convergence theorems. Theorem 2.1 is
the main result of this paper and the second one is a particular case where the noise is multi-
plicative. Section 3 is devoted to applications to random innovations, namely i.i.d., additive noise,
mixing process (functional of a-mixing process with assumptions on the mixing coefficients) and
homogeneous Markov chain with some ergodic assumptions. Section 4 present the quasi-Stochastic
Approximation, i.e. the case where the innovations are uniformly distributed on [0, 1]¢ and have low
discrepancy. We generalize in this way a previous result obtained in [18]. Section 5 give numerical
results for applications in Finance notably with implicit correlation search, recursive computation of
VaR and CVaR, minimization of a potential associated to a diffusion, two-armed bandit algorithm
and optimal allocation problem (more developed in [19]).

Notations (-|-) denote the Euclidean inner product and |-| its related norm. The almost sure

R4
convergence will be denoted =% and (:2 will denote the weak convergence in RY.



2 Algorithm design and main theoretical result

In this paper, we consider the following general framework for recursive stochastic algorithms of
the following form
9n+1 =0, — ’Yn—i—lH(ena Yn) - ’Yn—i—lAMn—i-la n >0, (2'2)

where 6 is an R%valued random variable, (¥;,),>0 is a R%valued sequence of random variables
and AM,,;1 is a martingale increment, all defined on a same probability space (2, F,[P). Moreover
0o € LY(P) and 6y L (Y,,)n. The step sequence (7, )n>1 is a non-increasing and H is a Borel func-
tion from R? x R? to R?. We will denote F,, = o(6g, Yo, Y1,...,Yy), n > 0, the natural filtration of
the innovation process (Y3,),>0. Note that no Markov assumption is made a priori on the sequence

(Yn)nZO'

In the following we will adopt a kind of compromise by assuming that (Y;,),>0 is a process
satisfying some averaging properties and where the function H of the algorithm (2.2) belongs to a
class of functions (which will be specified further on) for which some rate of convergence (a.s. and
in LP) holds in (1.1). Moreover we need to reinforce the Lyapunov condition on the pseudo-mean
function H which limits, at least theoretically, the range of application of the method.

However, we will see in the examples that it provides some rather general (and now to our
knowledge) results about quasi-Stochastic Approximation which justifies the implementation of
stochastic approximation procedures with sequences with low discrepancy. This widely spread
practice, especially in Financial Engineering, seemed to rely so far only in some heuristic rules
derived from the original stochastic approximation framework.

2.1 Framework and assumptions

Let (Y;,)n>0 be an R%valued random variables sequence. We will say that the sequence (Y;,)n>0
satisfies a v-stability assumption if

n—1
1 (R9)
P(dw)-a.s. - kgzo 5Yk(w) n?; v (2.3)

)

Ra
where 22 stands for the weak convergence of probability measures on (R?, Bor(RY)).
We will see that the stochastic approximation procedure defined by (2.2) is a recursive zero
search of the (asymptotic) mean function

hO) = [ HO.y) ). (2.4)

q
Let p € [1,00) and let (£,,)n>0 be a sequence of non-negative numbers such that e, —2 0. We
denote by V., , the class of functions which convergence rate in (1.1) in both a.s. and in LP(IP)

1

sense is €, , namely

Veop = { fe L’ %Z F(Ye) — / fay T £ 10 0(&:”)} . (2.5)
k=1



2.2 Main result

Now we are in a position to state a first convergence theorem, which is a Robbins-Siegmund like
Lemma.

Theorem 2.1. Let h : RY — RY satisfying (2.4), H : R? x R — R? a Borel function and let
(Yo)n>0 be a sequence satisfying (2.3). Assume there exists a continuously differentiable function
L :R? — Rt satisfying

VL is Lipschitz continuous and |VL|* < C (1 + L) (2.6)

such that {6*} is a connex component of {L = L(0*)} and that the pseudo-mean function H satisfies
the local mean-reverting assumption

V8 >0, V0 € RN\{6*}, Yy e R, (VL) | H(0,y) — H(0%,y)) > x,(v)¥s() (2.7)

where v(x;) > 0, U is Ls.c.and positive on RI\{6*} and N;0{¥s = 0} = {6*}. Let p € [1,00).
Assume that
Vo € RY, H(0*,) € V., (2.8)

Moreover, assume that H satisfies the following (quasi-)linear growth assumption
vo e R vy € RY, |H(0,y)| < Cuo(y)(1 + L(9))? (2.9)

and that the martingale increments sequence (AMy11)n>0 satisfies

P

V20, E(JAMu 7| Fy) € Cuo(¥)™ 5T (14 L(0,) VT if p>1

. (2.10)
Vn >0, esssup E (|AM 11| | Fn) < Cud(Yn)(1 + L(6n))2 if p=1

where supy1 [9(V5) |y, e < +oc.

Let v = (n)n>1 be a non-negative non-increasing sequence of gain parameters satisfying

Z% =+00, nenm — 0, and Znan max (’yf“ |Avpt1]) < +o0. (2.11)
n>1 n>1

Then, the recursive procedure defined by (2.2) satisfies (L(0,,))n>0 is L'-bounded , L(0,) — Loo <

n—oo
400 a.s., 0,—0,_1 — 0a.s.,
n—oo

> (VL(6n) | H(On,Y) — H(0%,Yy)) < +00

n>1

and
6, 3 6%

n—oo

Remark. The conditions on the sequence of gain parameters v = (7, ),>1 are satisfied for example
if we set .
fyn:—a, a>1—5, C>0. (212)
n



Proof. We set for notational convenience A8, = 6,, — 0,,_1.
First step: We introduce the function

AO) == /11 L(0)

as a Lyapunov function instead of L(#) like in the classical case.
It follows from the fundamental formula of calculus that there exists &,11 € (05, 0p+1) such that

AOns1) = AOn) + (VAOR) | Abny1) + (VA(Ent1) — VA(OL) | Abpy1)
< A(6n) + (VA®Bn) | Abpi1) + (VA(Bni1) — VA(B,) | Abpyr) .

Lemma 2.1. The new Lyapunov function A satisfies the two following porperties

(1) VA is bounded (so that A is Lipschitz).

(ii) ¥6,0' € RY,  [VA(#) — VA(9)| < CLw( R

Proof of Lemma 2.1.

(i) VA=

5 \/— is bounded by 2.6, consequently A is Lipschitz.

(ii) For 6,0 € RY,

va®) -va@) < WEOVEO  [VEO]| VIO V14 LE)

B 1+ L(e) 2 V1+L(0)\/1+ L(¢)
= 2,/1+L N0 AlLip

. 10—
< 3 ([VL]Llp + C[A]L1p> YOR
B 60— ¢
- e

Thus
|A9n+1|2

A(9n+1) < A(@n) — Tn+1 <VA(9n) ‘H(@n, Yn)> — Tn+1 <VA(9") ’AMn+1> + CLT(@)

= A(en) — Tn+1 <VA(9n) ‘ H(9n= Yn) - H(H*, Yn)> — Tn+1 <VA(9n) ]H(H*, Yn)>
|H (0, Yy) + AM;14]?
1+L(0,)

—In+1 <VA(97L) | A]\4n+1> + CL/Y’?L-"-l

We have for every n > 0,

1 (VA(O) | H(0",Y0))| < Cayn16(Ya) € L'(P)
since VA is bounded. Besides E [(VA(0,,) | AM,+1) | Fn] = 0,n > 0, since AM,, is a true martingale
increment and VA is bounded. Furthermore, owing to (2.9) and (2.10)
|H(9m Yn) + A]\4n+1|2

2
T I | Fo| < Co7(Yn)A(On)




where conditional expectation is defined in the sense of positive random variables.
Consequently we get

E [A(9n+1) |]:TL] § A(en) (1 + O},’V?L—l—lqb( n)2) Yn+41 <VA( n) | H(em Yn) - H(G*, Yn)>
~In+1 <VA(9n) ‘ H(9 V)
) (2.13)
We set V,, := B_n’ where

n

n—1

Ap = AOn)+ Y Yer1 (VAOR) | H (6, Vi) — H(0,Y2))
k=0

B, = H (14 Crrie(Yi-1)?) -

Using the mean-reverting assumption (2.7) implies that (A,),>0 is a non-negative process and
(Bn)n>0 is Frn—1-adapted. Elementary computations show that first

B, "
E [An-i-l ‘ ]:n] <A, o Tn+1 <VA(9n) \H(@ =Yn)>

n

which finally yields
Vn Z 0, E [Vn+1 ’fn] S Vn — AWn+1, (214)

where Wy, := Y020 Fka1 (VA(OR) | H(6%, ) with 3, := %=, n >0,

Second step: Now our aim is to prove that the sequence (W;,)n>1 is L'-bounded and a.s. converges.

To this end we set S} := Z;é H(0*,Y}), then it follows
n—1 n—1
Wn = Z?k-‘rl <VA(0k) | ASZ—H> ’Vn <VA n—1 | S* Z Sk |’7k+1VA Gk) kVA(Gk_1)> .
k=0 k=1

First, since VA is bounded, note that

_ . - |Sy Sh
Y [VA(On—1)[ [S5] < IIVAlloonen%’ | < IIVAlloonen%’ |
ney ne

n

*

which a.s. goes to 0 as n goes to infinity since ne,y, — 0 by (2.11) and ( o > remains a.s.
n—00 nen ) >1

bounded. Moreover 5t

E [n [VAOn-1)l 53] < nenyn [VAllo || 2

1

which converges also in L' because ne,7, —2 0 and H(#*,-) € V., p- On the other hand,
n—oo

n—1 n—1 n—1
(S | Ak VA(BR) = Tk VA1) =D (S | VAOR) AFepa+>_ T (Sk | VA(B) — VA(6k—1)) .
k=1 k=1 k=1



As VA = VD

is bounded by construction, we have

VI+L
> 1T (S5 IVAG)] < D ATk | 1S;]IVAlL
k=1 k=1
< VALY e AT |25
- ookzl k?&k
Now, using that ; <+/a, a >0,
Cri10(Ye)? CLi0(Ye)?
Ads1] < 1A —LIRHITVR <A L k+1 <A c V).
|AVk41] < [AYkt1]+v% B <| 7k+1|+7k1+cmz+l¢(yk)2 < A% [+ CL V16 (Y)
Hence
n N . n S* n S*
D 1ATkq1 (S5 [ VAR < VAl (Z ke | A%l kgk +CL Y ker e vra10(Ye) k; ) :
k=1 k=1 k k=1 k
By Holder’s Inequality
S S S
E ( 6(Yi) |2 ) < ||o(Y; LN = oY kN
(000 [ E]) < 1002, || = 1002 |25

S*
As k > is bounded, ne — 0, kep |A < 400, kepvye.; < +oo and su Yl e <
(= N e S up [6(75)] s,
400, then the series Y }_; A7y (S; | VA(6y)) is absolutely converging in L' (P).

We study now the series Z% (SE | VA(Or) — VA(Or-1)).

k=1
We have

&< , k\H(9k—17Yk—1)\+’AMk\
1+ L0 " 1+ L(0k-1)

IVA(Or) = VABr-1)| < C,

Then we are interested in the L!-convergence of the series

n

oy [ H (Ok—1, Y1 - . A M,
Zvﬁl%l' ( | and > RISl A M
=1

p 1+ L(0x_1) VI+ L)
H(0p_1,Y5_
For the first sum, as [H (01, Vi) < Cyé(Yi—1), we then come to
1+ L(Ok—1)

Z CuiE (1Sl 16(Yi-1)l]
k=1



and by Hélder’s inequality we obtain
E 15k oY1)l < 15Ell, lo(Ye-1)ll 2, < +o00

because [|Sg||, = O (kex) by (2.5) and 51;11) ||¢(Yn)||% < 4o0. Furthermore, as Zk:s;ﬂ,% < 400
nz

E>1
n
H(Og_1,Y_
by (2.11), then the series Z’yg |SE A 01, Vi) converges in L.
=1 14 L(Ok_1)
For the second sum, we have by Hdélder’s inequality
ENSE| ————=| < I5ill, || 7=—=F=| < OmlISl, l6(Ye-1)ll o < +o0
1+ L(Qk_l) \/ 1+ L(Gk_l) T p—l
p—1
- | A M|
owing to the same arguments as for the previous series. This yields that Z 7,3 |SE S ] N
] 14+ L(6k—1)

converges in L' too.
Finally we then obtain that

W, 2% Wo and sup||[W,l|; < +oo.

Thus we have that

(Vo + W)~ < W, < |W,| € LY(P) since sup|W,|, < +oo.
n>1

As Vo = A(6g) < C(1 + |6y]) € L', it follows by induction from (2.14) that, for every n > 0,
EV, < co. Hence S, :=V,, + W,,, n > 0, is a true supermartingale with an L'-bounded negative
part. We then deduce that
S, L% S e L.
n—oo

Now W,, =% W, implies V,, =5 Voo < 400 a.s.
n—oo n—oo
Third step : Now we show that the product B,, converges a.s. to derive that A, converges a.s..

In fact .
27721¢2(Yn—1) < 400 a.s.,

n>1

since sup E [¢2(Yn)] < +00, which in turn implies that
n>1

B, ¥% By < +o0.
n—oo
As a consequence A, :—s> Ao < +o0. Therefore using the mean reverting property (2.7) of H
n o0

with respect to VA, we classically derive that

> A (VA(On_1) | H(0n—1, Y1) — H(0*,Yp_1)) < 400 a.s. (2.15)

n>1



Consequently
A0,) 25 Ay < 400 a.s.

n—oo
As lim L(f) =400, lim A(f) = +oo, then the sequence (0,),>0 is a.s.-bounded and
|0| —+o0 |0]—+o00 -
L(0p) &% Loo < +00  a.s.

Now let us show that A6, — 0. In fact |AG,q|* < Cv2., (\H(Gn,Yn)\2 + \AMn+1]2), S0
E [|A9n+1|2 | ]:n] <Oy (1+EL(6,)). Now (A(6;,))n>0 is bounded so that

S E [menﬂ\? | | < +00. as.

n>0
which classically implies that >, -, A0, 1] < +o0 a.s.

Fourth step : To prove the convergence of 6,, toward 6*, we use Assumptions (2.7) and (3.30) to
deduce that

D X (Y1) ¥s(0n1) < +00  a.s. (2.16)
n>1
Now,
n n n—1
Z%HX& (Yy) = Z%HASZ( = 15y — Z A7k+251§
k=0 k=0 k=1

where S = >"7'_ x,(Yx) and we set S =0 and ASY = 0.

gX
By Assumption (2.3), — — v(x;) > 0 as n — oo. Let ng be the smallest integer such that
n

S,
vn > ny, —n>60: > 0.
n

Then, the usual discrete integration by part yields

n—1

& SX SX
Vn = no, Z Ve+1X5 (Vi) = Min+17 7 = Cho + Z k‘(—AWkH)f a.s.,

k=no k=ng
where Cpy = Yng+15y, _1-
Therefore, using that the sequence (—A~,),>1 is non-negative,

n—1

D e (Vi) = mynri60 — Cog + Y k(—Ai2)e

k=no k=ng

n—1

= e [ nums1+ Y B(=Avga) | — Ch

k=no
n—1

= o |1 +n0Tmor1+ D Yer1 | — Cng
k=ng+1

10



by a reverse discrete integration by parts. Finally

n n—1
Do (Vi) Z e [ vnt1+ D a1 | —Cng 200 as n— oo
k=no k=no+1

since Z Yn = +00. We have then shown that
n>1

Z’kaX&(Yk) =400 a.s.
k>0

Combining this fact with (2.16) classically implies that

lim inf W5(6,,) = 0.

Let ©« be the set of limiting points of the sequence (0,,),>0. O is a compact connected set since
(0r)n>0 is bounded and Af,, — 0. So O, N{¥s = 0} is a family of non-empty compact sets which
- n—oo

decreases as § N\ 0 since it is bounded because O is closed since {¥s5 = 0} is because ¥s5 < 0
and Ls.c.. As a consequence, (55 (Occ N {¥s = 0}) # 0. The other assumption on Ws implies
Ns>0 (Oco N{¥s =0}) C Nsooi¥s = 0} = {6*}, so that in fact it is reduced to 6*. Hence 0" is a
limiting point of (6,),>0 which implies that L(6,,) converges towards L(6*). By the assumption on
the Lyapunov function L, {#*} is a connected component of {L = L(0*)} and as © is connected,
O = {0*}. Therefore

0, X5 6% asn — oo. O

2.3 The case of multiplicative noise
If we assume that the function H is of the following form
Vo e RY, Wy e RY,  H(6,y) = x(y)h(0) + H(6",y), (2.17)

where x is a Borel function such that v(x) = 1 and x € V., p, h is Lipschitz bounded with h(6*) = 0,
then we replace the growth assumption (2.9) on H by one on the mean function h, i.e.

Vo € RY, vy € R, [h(0)] < Cro(y)y/1+ L(O) (2.18)
and the “local” mean-reverting assumption (2.7) is the classical
Vo € R4\ {0*}, (VL] h)(6) > 0. (2.19)

Theorem 2.2. The recursive procedure (2.2) with the function H defined by (2.17) and the prece-
dent assumptions on x and h satisfies
O =% 0.

n—oo

11



Proof. This setting cannot be reduced to the general setting. We use the same notations as in
the proof of Theorem 2.1. With the new form of the function H, we obtain

A(lpi1) < A(On) — Yn+1 (VA(R) [ X(Yn)R(6n)) — Ynt1 (VA(6n) | H(07,Y3))

|H(9m Yn) + A]Wn—l—1|2
1+L(6,)

—In41 <VA(9n) | A]Wn—l—1> + CL/Y’?L-"-l

By the same arguments as before we get

E[AOns1) | Fn] < A(0n) (1 + C/L'772L+1¢(Yn)2)_7n+1 (VA(On) | x(Yn)h(0n)) =vnt1 (VA(OR) | H(0%,Y,)) .

An
We set V,, := —, where

By
n—1 n
An = A0n) + > W41 (VA |R) (0x) and By =[] (14 Cpie(Veo1)?) -
k=0 k=1

Using the mean-reverting assumption (2.19) implies that (A,,),>0 is a non-negative process whereas
(Bn)n>o0 is still F,,_1-adapted. Elementary computations show that

E [Aust | Fal < An i — 51 (VAQW) [H(0°,Y2)) = 2041X(a) (VAL ) (00)

n

where Y (Y;,) := x(Yn) — v(x), n > 0. Finally we have

Vn 2 0, ]E [Vn+1 |]:n] S Vn — AWn+1 — AZn+1, (220)
where
n—1 n—1
Wi =3 Frs1 (VAO) [H(0%,Y2)) and  Z,:=> FppaX(Ya) (VA | h) (6r)
k=0 k=0

with %, == £, n > 0.

Second step: Following the lines of the proof of Theorem 2.1 we show that the sequence (W,),>1
is L'-bounded and a.s. converges. Now our aim is to prove the same results for the sequence
(Zn)n>1. To this end we set S := 377 X(Y4), then it follows

n—1
Zn = Y FknASY, (VA | h) (6)
k=0
n—1
= FnSX (VAR (1) = Y S¥ Gkr (VA | B) (0x) = T (VA | h) (0x-1)).
k=1

By the same methods as for the sequence (W),),>1 (i.e. using assumptions on H, A and (v,)n>1),
we obtain that
Zn =% Zoo and  sup||Zyll, < +o0.
n>1

n—oo
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Thus we have that

(Vo + Wi+ Zn)” < (Wo + Z)~ < Wy + Zn| € LNP) since  sup ||[Wy, + Z,||, < +o0.
n>1

As Vo = A(6g) < C(1 + |6y]) € L', it follows by induction from (2.14) that, for every n > 0,
EV, < oo. Hence S, := V,, + Wy, + Z,, n > 0, is a true supermartingale with a L'-bounded
negative part. We then deduce that

S, X% S e Ll
n—oo
a.s. a.s. . . a.s.
Now W,, — Wy and Z, — Z,, implie V,, — V < +0 a.s.
n— 00 n—oo

Third step : Like in the proof of Theorem 2.1, we have that B, = B., < 400 which implies
n—oo

that A, %% A, < +oo. Therefore using the pseudo-mean reverting property (2.19) of h with
n—o0

respect to VA, we classically derive that

D 100 (VA 1) (6a) < 00 aus. (2.21)
n>0

The end of the proof is the same as in the one of Theorem 2.1. [

3 Applications to different types of random innovations

This section is devoted to some first applications of the above theorem. By applications, we mean
here printing out some classes of random innovation processes (Y},),>0 for which the averaging rate
assumption (2.5) is naturally satisfied by “large” class Vs, ;.

The simplest setting is the case where (Y},),>0 is an i.i.d. sequence (hence trivially satisfying
the averaging assumption (2.3)). In that case we partially retrieve the regular Robbins-Monro
algorithm: then the quasi-mean function is the true mean function of the algorithm, v is the law of
Yy. However our result is not optimal in terms of assumptions on the sequence of gain parameters.

Then we present a simple framework of stochastic approximation where the noise is additive.
This framework is studied in [5] with some mixing properties on the additive noise, but here we
only need (2.3). We showed in [19] how easily our result applies to real life stochastic optimization
problem (as far as convergence is concerned).

Afterwards we focus on mixing innovations: we consider that the sequence (Yy,)n,>0 is a func-
tional of a stationary a-mixing process (satisfying condition on the summability of the mixing
coefficients).

The next application is the case of an homogeneous Markov chain which can be seen as a possible
more elementary counterpart of some (convergence) result obtained e.g. [3]. Some (quasi-optimal)
a.s. rate of convergence can be obtained if H is smooth enough in 6, but to establish a regular CLT
it is most likely that we cannot avoid to deal with the Poisson equation.

3.1 1l.i.d. innovations
Let (6,,)n>0 be a stochastic algorithm defined by
en—l—l = en - ’7n+1K(9n7 Yn—l—l)

13



where (Y},)n>0 is i.i.d. with distribution v. Assume that ¥6 € RY, E [K(0,Y1)] < oo. Then, (6,,)n>0
can be represented in the form (2.2) by setting

H(0,y) = h(0) = - K(0,y)v(dy)

and
AMypi1 = K(0p, Yni1) — E[K (05, Yoi1) | Fu] = K(0p, Yni1) — h(6n).

If we set p = 2, Assumption (2.10) is satisfied (with ¢ = 1) as soon as

IK(0,Y1)|ly < Crx\/1+ L(0).

This in turn implies classically that h satisfies (2.9) owing to Schwarz Inequality.
Now, as soon as concerns the averaging properties of (Y;,)n>0, it follows from the L?-law of large

numbers (LLN) (at rate n_%) and the law of the iterated logarithm (LLI) at rate O <\/logl%>
that if one sets ¢, = \/logl%, then V., o = L*(v).

As a consequence the condition on the step sequence (7y,)n>1 reads

Z’yn = +00, n log log nyy, — 0 and Z Vv/nloglognmax(y2, |Av,|) < +oo.  (3.22)

n>1 n>1

This condition is clearly more restrictive than the step assumption in the regular Robbins-Monro
C

Theorem (namely > o7, = +o0 and > o, 72 < +00), however any step of the form v, = s
¢>0, 3 <a <1 satisfies (3.22).

3.2 Recursive procedure with additive noise

We consider here the case where the function H is the sum of the mean function h and a noise,
namely

Vo e RY, vy e RY, H,y)=h(0)+y, and AM,1 =0.

In this framework, the Lyapunov assumption (2.7) becomes classical involving only the mean func-
tion h, namely

Vo € R\ {0*} (VL(6)| h(8)) > 0.
Likewise, the growth control assumption (2.9) amounts to
Vo € RY, |h(0)] < Ch/1+ L(6),

provided the moment assumption sup,, ||, || » < 400, for some p € (1,00], is satisfied (take
o

#(y) := |y| V 1). The martingale is vanishing in this example. Finally the step assumption (2.11)
is ruled by the averaging rate of the sequence (Y,)n>0.

14



3.3 Functional of an a-mixing process

Here we provide a short background on a-mixing processes and their functionals. Our motiva-
tion here is to relax as much as possible our assumption on (Y},)n>0 in order to apply stochastic
approximation methods to exogenous data (e.g. from financial markets).

We aim now at applying our convergence theorem to input sequences (Y}, ),>0 which are (causal)
functionals of an a-mixing process.

Consider a stationary RY-valued process X = (Xj)rez with the associated filtration F,, =
FX == 0(Xp;k < n) and G, = GX = o(Xy;k > n). The a-mixing coefficients are defined as
follows

ap, =sup{|P(UNV)-PUO)PWV)||U € F, V € Gign, k > 0}. (3.23)

Let f be a measurable mapping from (R%)% to RY. Let (Y3)rez be a causal functional of the process
X, i.e.

VneZ, Y,:=f(,Xn1,Xpn)
Then (Y,)n>0 is a stationnary process with marginal distribution v = L£(Yp). For notational
convenience, we also set Vn € Z, Z,, := H(0*,Y,,).

Proposition 3.1. Assume that H(0*,-) € L**3(v),6 > 0 and one of the following assumption

1. foralln € Z,Y, = f(--+, Xn-1,Xpn) and X is a stationary a-mizing process satisfying the
following condition

5
% 345
Sy a’;c < o0, (3.24)
k=1

2. Y,=X, foralln >0 and X is a stationary a-mixing process satisfying the condition

5
>t < +oo. (3.25)
k>0
Then )
H(0*,:) € V.o withe, =n"P for every B € [0, 5) . (3.26)

Remark. Condition (3.25) is clearly satisfied as soon as the underlying process X is geometrically
a-mixing.

The proof of Proposition 3.1 relies on the Gal-Koksma Theorem (see [10]) stated and proved in
a probabilistic setting in [1].

Theorem 3.1. (Gal-Koksma’s Theorem) Let (2, F,P) be a probability space and let (Z,)n>1 be a
sequence of random variables belonging to LP, p > 1, satisfying

E|ZM+1 + Zyo+ -+ ZM+N|p = O(\Ij(n))

uniformly in M where w, N > 1, is a non-decreasing sequence. Then for every e > 0,

Zy(w) + Zo(w) + -+ + Zy(w) = o ((\I/(N)(log(N))erlJrE)%) P(dw)-a.5.
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Remark. The conditions on X and Z come from a relsult established by Dedecker, Merlevede
and Volny in [6] : by setting Py(Zy) := E[Z | Fo] — E [Zx | F-1], if

> P Zi)ly < +o0 (3.27)
keZ

then
Z |Cov(Zo, Zy)| < +oo.
keZ

Moreover Peligrad and Utev show in [26] that condition (3.27) is satisfied as soon as
f: —IE[Zo] Gulll, < +oc. (3.28)
i VE

Proof of Proposition 3.1. 1. By the ergodic theorem, we have

n—1
1
— E H(O*)Y,) — H(0%,y)v(dy) = 0. (3.29)
n =0 n—o0 Ra

We simply wish to obtain an estimation of the a.s. convergence rate in (3.29). To this end, we
rely on Gal-Koksma’s Theorem (see Theorem 3.1). We are going to evaluate B, | Zo + - - + Zn_1|*
Elementary computations lead to

n—1 k n—1 n—1
2
By |Zo+ -+ Znal” =nE,Z5+2) Y K, [Z;20) = nE, Z5 +2> S¥ =n <E,,Z§ +=> js,f)
k=1 j=1 k=1 =
where SZ = ™% | K, [Z;Z).

To establish that S? converges, we must establish that (3.28) holds.
Set By(Gy) :={W € Gy, : |[W]|, <1}. Then

1
IE(Zo|Gn)lly = sup E(WZy) < 8ay [|H (6", Y0)|

WeB2(Gk) P

owing to the classical covariance inequality for a-mixing process (see [7]) with % + % = %, rp > 2.

As H(#*,-) € L**°(v), § > 0, we may set p =2+ 4§, and r = 2(2;6). As a consequence

=1
—||E(Z
kZZI\/EH (Zo| Gy < +o0,

which implies (through (3.27)) that SZ converges.

Now, by Cesaro’s Lemma we have

E,|Zo+ -+ Zn_1|* = O(n).
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Thus, by Gal-Koksma’s Theorem, for all € > 0,
2+
Zo+-+Zn-1=0 (\/ﬁ(han)2 ) Pr-as.,
and as a result,
1 n—1 1
8 (E > 1015 - / H(e*,y>v<dy>> 250, forevay G 03]
So we obtain

2

2. If we assume that Y,, = X,, for all n > 0, then we can directly use the covariance inequality for
Q-mixing process

1
H(0*,-) € V. o9, withe,=n""forape [0, —> . (3.30)

1
[, [H(67,Y;)H (07, Yo)l| = |Cov, (H(07,Y5), H(07,Y0))| < 8aj [H(0,Yo)l, [1H(67,Yo)ll,

where % + % + % = 1. By symmetry, we take p = ¢ > 2 and we get

2

1—-2
[E, [H(6%, V) H (8", Yo)ll < 8a; " |H(E", Yo)ll;-

)

1—-2_
As H(0*,-) € L**% 5 > 0, we set p = 2 + 6 and we obtain a; "7 =aj". Then the condition
(3.24) can be replace by the less stringent (3.25) called Ibragimov’s condltlon The rest of the proof
is the same asin 1. O

3.4 Homogeneous Markov chain

Assume that the innovation process (Y,),>0 is an R%valued homogeneous Markov chain which
transition is (P(y,dz)),cga- Let FY =0(Yy,...,Yy), n > 0, the natural filtratiron of the chain.
We use P, and E,, to denote the distribution and the expectation conditional of (Y},),>0 starting
at Yy with distribution . When p = 6, we will use P, and E,.

3.4.1 Application of the convergence theorem

The associated recursive procedure reads
en-‘rl =0p — ’Yn—i—lK(eny Yn+1)7 n >0,

where K (6,y) :=E[K(6,Y1)| Yo = y] and AM, 41 := K(0n, Ynt+1)—E [K(0n, Yot1) | Fn] = K(0n, Ynt+1)—
H(0,,Y,).
The growth assumption is required here on the function K, namely

Vo eRY Yy e R, |K(0,y)| < Cxdly)y/1+ L(0)

o(Yn) < 400 and the Lyapunov assumption (2.7) is on H.

p—1

with sup,,
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Remark. In this setting, the function ¢ of the convergence theorem is then ‘(75 ‘ \% ‘P;ﬁ ‘ or ‘(75 ‘ VP ‘(75 ‘

or ‘(75 ‘ + P ‘5‘ and we only need the above assumption on gz~5

3.4.2 Ergodic framework description

We will say it is v-ergodic if for every bounded Borel function f : R? — R,

n—1
1
P.-a.s. " kzzof(Yk) vd o fdv. (3.31)

Remark. As soon as the transition (P(y,dx))yecras of (Yy,),, is Feller, v is an invariant distribution
of the chain, i.e. vP =v.

If this property holds, v is necessarily invariant for P. As a consequence the whole sequence
(Yy,)n>0 is stationary under P,. Furthermore if (3.31) holds, the chain is ergodic under [P, for the
shift operator ©, i.e., for every functional F : (RN, Bor(RY)) = R, f € L"(v),

1 ZFO 0% — E,(F) P,-a.s. and in L"(v).
n

n—00
k=1

Typically, if v is an extremal invariant distribution for P then the chain is ergodic under P, so
it is of course the case if v is unique. Birkhoff’s theorem shows that

V0+’p(]P>,/) = Lp(l/).

Proposition 3.2. If (Y,,),>0 is P,-ergodic and v(dy) ~ P(x,dy) for every x € RY, then for every
sequence (en)n>0 such that e, — 0,

VyeRY, V., »,(Py) = V., ().

Proof. (a) The a.s. rate. For every f € LP(v), Py(Ay) = E,(14,), where

1 n—1
Ay = {5 Y F0@) ~ [ fiv =0}
k=0

since the convergence of a mean does not depend on the first terms. If © denotes the shift operator
on the canonical space of the chain (Y},)n>0, Ay clearly satisfies Ay = @_I(Af) ie. 1a, =14,00.
Therefore

Ey(]]‘Af) = Ey(]]‘Af o @) = Ey(EYO (]lAf)) = Ey(PYO(Af))’
Suppose f € V., p(P,). By assumption P,(Ay) = 1. Let x € R9. Then

P,(Af) = /V(dz)Pz(Af) =1 so v(dy)-as. Py(As)=1.

Now v(dy) ~ P(z,dy) implies [ P(z,dy)P,(As) =1, i.e. Py(Ay) = 1.

18



(b) The LP-rate. For every f € LP(v), we set

n—1
By = {w H%Zf(Yk(w)) - [ sav

k=0

= O(sn)} .
LP(Py)

We define ¢, (z) := ||= S0 F(Vi(w)) — ffduHLp( , then we have that [ v(dy)¢h(y) = O(eh).

n £4k=0

Consequently
(@) — [ fdv] 1 1 P\
pue) < DR (1) (B g g - [

)

_ M+<1 1 ( [ (‘—121f<Yk>—/fdu

= M—F(l %)(E:c@nlyl )P .

n

o

Set P(z,dy) = g(z,y)v(dy). Then
Espna(1) = [ @ua)Pla,dy)

= /wn—l(y)pg(iﬂa y)v(dy)

1
s 1 1
o6 Moo ([ o vian)” where T+1 =1

1
s

< g, )l gy OED)*.

+(1-7) tateo

COMMENTS. By contrast with the approach of [3], we do not need to solve the Poisson equation
related to the pseudo-transition Ily(x,dy) of the algorithm. This pseudo-transition is defined by

IN

Therefore
D
O(gs), s>1. O

(Pn(x) <

3|O

Iy, (z,dy) =P (Yni1 € dy| Fa).-
Indeed, they assume there exists a function vy := v(, -) solution to
Id —Tlyvg = H(0,-) — h(0) (3.32)

(Assumption (Hy) in [3] page 220). The target 0* is then a zero of the mean function h (not
canonically defined at this stage in [3]). In our setting, IIy(x, dy) = P(x, dy) since the dynamics of
Y,, does not depend upon 6, so that Condition (3.32) reads

o(6,2) = [ o(6,)P(e.dy) = H(6.2) = (6),
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where the mean function is naturally defined in our setting by

ho) = / H(O, 2)v(dz),

v is the unique invariant probability measure for P. Then the family of Poisson’s equations (indexed
by the parameter ) reads
v(0,z) — Pv(0,2) = H(0,x) — h(H).

A formal solution is given by

v(0,2) =Y PF(H(0,") - h(0)) ().

k>0

4 Application to quasi-stochastic approximation

This section is devoted to quasi-random innovations introduced in [18] and we generalize their result
to multi-dimensional setting when the function H is not bounded. We first recall some definitions
and properties of such sequences and apply Theorem 2.1 when H has bounded variation (in the
sense of Hardy & Krause see [24]) thanks to Koksma-Hlawka inequality and when H is Lipschitz
with Proinov Theorem (see [27]).

4.1 Definitions and characterizations

Definition 4.1. A [0, 1]7-valued sequence (&,)n>1 is uniformly distributed (u.d.) on [0,1]9 if
1~ (RY)
- Zéfk = U([0,1]?) asn — .
k=1

The proposition below provides a characterization of uniform distribution.

Proposition 4.1. Let (&,)n>1 be a [0,1]9-valued sequence. Then (&§,)n>1 is uniformly distributed
on [0,1]7 if and only if

q

1 & .
Dy(§) == sup |- Z]l[[o,z]](fk) - 1_[:EZ — 0 asn— oo,
zefo1)e | i—1

where D} () is called the discrepancy at the origin or star discrepancy.

4.2 Application of the convergence theorem

We set here Y,, = &,41, Fn = {0,Q}, n > 0, and AM,,.1 = 0. We need the strong Lyapunov
condition on H and notice that the function ¢ becomes useless because we place in the case p =1
and 1% = oo. To apply the convergence theorem, we need to check the assumption of the class of
functions V., 1. We then use two main results which give us two cases of applications which depend
on the regularity of the quasi-mean function H.
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> The finite variation case Assume that v — H(0*,u) has finite variation (in the measure
sense or in the Hardy and Krause sense). The Koksma-Hlawka Inequality provides an error bound
for the empirical mean 1 "7 H(0*,¢;) as estimator of E [H (9%, Uy)).

n

Proposition 4.2. (Koksma-Hlawka Inequality) Let & = (&1,...,&,) be an n-tuple of [0,1]9-valued
vectors and let f be a function with finite variation. Then

< V(f)Dy(6)-

1 n
— - u)Ag(du
IR AR

Consequently, the class of functions for the ergodicity assumption becomes

(log n)1

V={f:[0,1]? = Rs.t. V(f) <400} CV,1 with ¢, = -

and assume that

voeRY, H(O,)eV and {,:= max k(D;(&)) = O((logn)?).
The assumptions on the sequence of gain parameters then become

Y yn = 400, mllogn)? =0, Y max(|Avnr1],72)(logn)? < +oo.
n>1 k>1

Remark. The choise of v, := -5, % < p < 1 satisfies the assumptions (like in i.i.d. setting).

> The Lipschitz case If ¢ > 2 it is difficult to check that f € V and these functions become
“rare” as q increases. If we assume the more natural regularity assumption u — H (6*,u) is Lipschitz
continuous, the following theorem due to Proinov (see [27]) provides another error bound depending
on the continuity modulus of the function.

Theorem 4.1. (Proinov) Assume R is equipped with the £°-norm (|z|. = maxi<i<q ||, =
(x',...,29) € R9). Let (&,...,&) € ([0,1]0)%™. For every continuous function f :[0,1]9 — R,

A IE [ )| < Oy (D6 6))
k=1 )

where

wy(0) := sup |f(x) = fy)l, d€(0,1),
x,ye[O,l}qu—y\oog&

is the uniform continuity modulus of f (with respect to the £>°-norm) and Cy € (0,00) is a universal
constant only depending on q.
Ifg=1,Cy=1and if¢>2, C; € [1,4].
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Then we have 1
H(0%,) € V., 1 withe, = —2",

na

In this case, (Vn)n>1 be a non-increasing sequence of gain parameters satisfying

1 1
Z%L =400, Tp(logn)n'"@ =0, and Zmax(|A7n+1| 72)(logn)n' "7 < +oo.
n>1 k>1

C

Remark. The choise of 7, := £ is always acceptable (v, = cn™", 1 — % <p<1).

5 Numerical examples

This section is devoted to several examples (notably in Finance) of application of convergence
theorems in the different framework developed Section 3 and 4. They are divided in two parts:
the first one concerns the generated innovations and the second one the applications on real data.
Primarily we present an implicit parameter search, i.e. a procedure to look for the value that
reaches some threshold of the mean function with i.i.d. and uniformly distributed sequences.
Then we develop some stochastic gradient procedures with a companion procedure to compute risk
measures (see [2]) and minimization of potential associated to a diffusion by using some result on
the computation of the invariant distribution (see [14] and [20]). Next we consider an example
introduced in learning automata, the so-called two-armed bandit, which recursive procedure was
studied in [17] and [30]. Finally we examine a problem of optimal allocation (see [19]) which is
implemented on real data.

5.1 Application to implicit correlation search
One considers a 2-dimensional Black-Sholes toy model i.e. X{ = €™ (riskless asset) and

o2

XZ — xée(T— 22 )t-‘rCTi‘/Vt7 :1;6 > 07 1 = 17 27

for the two risky assets where <W1, W2> . = pt, p € [=1,1] denotes the correlation between W1 and
W?2 (that is the correlation between the yields of the risky assets X' and X?). In this market, we
consider a best-of call option characterized by its payoff
(max (X%,X%) — K)+ .

A market of such best-of calls is a market of the correlation p (the respective volatilities being
obtained from the markets of vanilla options on each asset as implicit volatilities). In this 2-
dimensional Black-Scholes setting there is a closed formula for the premium involving the bi-variate
standard normal distribution, but what follows can be applied as soon as the asset dynamics or
their time discretization can be simulated.

We will use a stochastic recursive procedure to solve the inverse problem in p

_ pmarket
= PO

PBOC (.Z'(l), x(2)7 K7 01,02,T, P, T) [MtM premium]
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where

PBOC(azé,x%,K, o1,09,1,p,T) = e "TE {(max (X%,X%) — K)J

— 1 2
= ¢ TE [(max (wée“lTJrUlﬁZ ,azge”zTJ”’ZﬁZ ) —K) ]
+

where p; = r — %”2, i=1,2, 7= (2',2% i/\/(0,[2).

We assume from now on that this equation (in p) has at least one solution, say p*. Once again,
this is a toy example since in this very setting, some more efficient (and deterministic) procedures
could be called upon, based on the closed form for the option. On the other hand, what we propose
below is a universal approach.

The most convenient way to prevent edge effects due to the fact that p € [—1,1] is to use a
trigonometric parametrization of the correlation by setting p = cosf,6 € R. This introduces an
over-parametrization (inside [0, 27]) since § and 7 — 6 yield the same solution, but this is not at all
a significant problem for practical implementation (a careful examination shows that in fact one
equilibrium is repulsive and one is attractive). From now on, for convenience, we will just mention
the dependence of the premium function in the variable 6,, namely

0 — P(0) := PBoc(:Eé,:Eg, K,o01,09,7r,c08(0),T).

The function P is a 2w-periodic continuous function. Extracting the implicit correlation from the
market amounts to solving
P(0) = Parkel  (avec p = cosf)

where is the quoted premium of the option (mark-to-market). We need an additional
assumption (which is in fact necessary with any procedure): we assume that

market
PO

pprarket ¢ (m@in P, max P)

i.e. that Pg@* el is not an extremal value of P.
It is natural to set for every 6 € R and every z = (21, 2%) € R?

_ 1 1 2
H(G,Z) —¢ rT (max <$(1]e,u,1T+01\/Tz ’x%eﬂ2T+0'2\/T(Z cos 0+ sm@)) o K) o Pgnarket
+

and to define the recursive procedure

Ons1 = 0n — Vg1 H (00, Zyg1) where (Z,)n>1 £ N(0, 1)

and the gain parameter sequence satisfies (2.11). For every z € R?, § — H(0,2) is continuous
and 2m-periodic. One derives that the mean function h(0) := EH(0, Z') = P(0) — Pe*et and
0 — E(H?(0,Z')) are both continuous and 27-periodic as well (hence bounded).
The main difficulty to apply Theorem 2.1 is to find out the appropriate Lyapunov function.
The quoted value Pge*¢! is not an extremum of the function P, hence f027r h*(0)dd > 0 where
h* := max(+h,0). We consider 6y any (fixed) solution to the equation h(f) = 0 and two real
numbers (4 such that

0< B, < T hy(0)do

JE h_(8)do <r-
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and we set
g(0) = { Tips01(0) + B Lin<0y(0) st 0 > 6o

]l{h>0}(9) + 5—]1{h<0}(9) st 6 < 6.
The function

0 — g(0)h(0) = hy — Bh_
is continuous and 27-periodic on (y, o0) and 27-periodic (sic) on (—oo, fp). Furthermore gh(f) =0
iff h(8) = 0 so that gh(6y) = gh(fp—) = 0 which ensures on the way the continuity of gh on the
whole real line. Furthermore

2T 0
/ gh(6)df >0 et / gh(0)do < 0
0 —27

so that, on the one hand,
6

li =
pHm ; gh(u)du = 00

and, on the other hand, there exists a real constant C' > 0 such that the function

0
L(6) = /0 gh(u)du + C

is nonnegative. Its derivative is given by L' = gh so that L'h = gh? > 0 and {L'h = 0} = {h = 0}.
It remains to prove that L’ is Lipschitz continuous. Calling upon the usual arguments, one shows
that the function

a—P(e)—a\/TE]l X2 (cos(0) 2% — si !

=5 (0) = VT (132 a3 10 X (cos(0) 27 = sin(6)21))
is a continuous 2mw-periodic function, hence bounded. Consequently h and h. are Lipschitz contin-
uous which implies in turn that L’ = gh is Lipschitz as well.

Moreover, one can show that the equation P(f) = Py"@*¢! market has finitely many solutions

on every interval of length 27. One may apply Theorem 2.1 to derive that 6,, will converge toward
a solution 6* of the equation P(f) = Pjrarket,

NUMERICAL EXPERIMENT. We set the model parameters to the following values
xg = 23 =100, r = 0.10, 01 = 02 = 0.30, p = —0.50

and the payoff parameters
T=1, K =100.

The implicit correlation search recursive procedure is implemented with a sequence of some
quasi-random normal numbers, namely

(Gh 62) = (v/=2Tog (€] sin (2n€2) , /~2log (€]) cos (27E2) ),

where &, = (&5,€2), n > 1, is simply a regular 2-dimensional Halton sequence.
The reference Black-Scholes price 30.75 is used as a market price so that the target of the
stochastic algorithm is 8* € arccos(—0.5). The stochastic approximation procedure parameters are

0p =0, n=10°.

The choice of 8y is blind on purpose. Finally we set v, = %. No re-scaling of the procedure has
been made in the below example.
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Figure 1: B-S Best-of-Call option. T = 1, 7 = 0.10, 01 = 09 = 0.30, z} = 23 = 100, K = 100. Left:
convergence of 6,, toward a 0*. (up to n = 10000). Right: convergence of p,, := cos(6,,) toward -0.5

5.2 Computation of the VaR-CVaR

Another example of application is the recursive computation of financial risk measure which are
the best known and the most common: the Value-at-Risk (VaR) and the Conditional Value-at-Risk
(CVaR). This risk measures evaluate the extreme losses of a portfolio potentially faced by traders.
The recursive computation of the VaR and the CVaR was introduced in [2] based on the formulation
as an optimization problem (see [29]) with unconstrained importance sampling developed in [21].
We only present in this section the companion recursive procedure to compute these risk measures
without any variance reduction techniques.

5.2.1 Definitions and formulation

Let Y : (2, A,P) — R be a random variable representative of a loss (i.e. Y > 0 stands for a loss
equal to Y).

Definition 5.1. The Value at Risk (at level a € (0,1)) of a given portfolio is the (lowest) a-quantile

of the distribution Y i.e.
VaR,(Y) :=inf{0|P(Y <60) > a}.

As soon as the distribution function of Y has no atom, the value at risk satisfies P(Y <
VaR,(Y)) = a and if the distribution function Fy of Y is also increasing (strictly) then, it is the
unique solution. As this risk measure is not consistent (see [9]), another consistent risk measure
is provided by the Conditional value at Risk when Y € L!(IP) with a continuous distribution (no

atom).

Definition 5.2. Let Y € LY(IP) with an atomless distribution. The Conditional value at Risk (at
level «) is the conditional expectation of the portofolio losses Y above the VaR,(Y), i.e.

CVaR,(Y) =E[Y]Y > VaR,(Y)].
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The following formulation of the VaR,(Y) and CVaR,(Y) as solutions to an optimization
problem is due to Rockafellar and Uryasev in [29].

Proposition 5.1. (Rockafellar and Uryasev) Let Y € L'(IP) with an atomless distribution. The
function L: 0+ 0+ £=E (Y —0)_ is convez, and

1

—

1

—

CVaR,(Y) = nbin <9 + | E( - 9)+> with VaR,(Y) = inf arg mein <9 + 7 E(Y — 9)+> .

5.2.2 Stochastic gradient for the computation of the VaR,(Y)

This suggests to implement a stochastic gradient descent derived from the above Lyapunov function
L(0) = 0 + =E(Y — 0);. Assume that Y € L'(P) and that the distribution of ¥ has a bounded
density function fy. Then, we set

1
H(Q,y) =1 m]l{yzg}
so that L'(8) = E[H(6,Y)] and devise the stochastic gradient descent
0n+1 =0, — 7n+1H(9n, Yn+1), n>0, 6€ Ll(]P)).

The function L to be minimized satisfies

L(6 L(—6
lim L(6) =1 and lim (=6) =% hence lim L(#) = +oo.
05+ O 400 0 1—- —+oo
Now, the derivative L'(f) =1 — —IP’(Y > 0) satisfies a Llpschltz property, namely

nyl!

L’(G’)—L’(H) < —IP’(H/\H’SYSH\/H’) 0 —6|.
l—«o

Finally it is clear that

o
H <1 .
1(0,9)] < 1v T2
So one may apply Theorem 2.1 to conclude that

0, L5 0* = VaR,(Y).

n—o0

5.2.3 Computation of the CVaR,(Y)

The idea to compute the CVaR,(Y) is to devise a companion procedure of the above stochastic
gradient by setting

Gri1 = o= = o= KB Vo)), 120, Go=0

where ( )
y—Vv)+
K0,y) =0+ ——.
By rewriting this procedure, one shows that, for every n > 0, (n + 1)(ur1 = nGy + K(0n, Yoi1).
Martingale argument and Kronecker Lemma imply that

(n 25 CVaRL(Y).

n—

VaR and CVaR are linked to rare events when o — 1, in practice one must add an eventually
adaptive importance sampling procedure which is detailed in [2].
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5.3 Minimization of integral with respect to the invariant measure of a diffusion.

This example present the case of Markov innovations. To describe the class of functions V¢, ,,
we use some results on computation of invariant measure of a diffusion developed in [14] and [20]
which lead to assumptions on the coefficients of the diffusion and on the regularity of the solution
of Poisson equation.

5.3.1 Computation of the invariant distribution of a diffusion

We consider a stochastic recursive algorithm for the computation of the invariant distribution v
introduced in [14] of a Brownian diffusion process

dY; = b(Y;)dt + o (Y;)dW, (5.33)

where b : R? — R is a continuous vector field, o is continuous on R? with values in the set M (g x d)
of matrices with ¢ rows and d columns, and W is a d-dimensional Brownian motion. We denote by
A the infinitesimal generator associated to this diffusion.

First, we compute the Euler discretization of (5.33) with a step =, vanishing to 0, i.e.

Vn € N7 Yn—i—l Y + ’Yn-i—lb( ) + vV ’Yn—i—lo'( ) n+1, (534)

where Yy € L9, (9, A,P) and (U,,),>1 is R%-valued normalised white noise defined on a probability
space (2, A,P), independent of Y. The step sequence v := (7, )n>1 satisfies the conditions

n

Vn>1, ~,>0, lim~,=0, and lim I, = hm ZWf = +00. (5.35)
n—oo

n— 00
k=1

Let 0, denote the Dirac mass at y. For every n > 1 and every w € €2, set

n(w, dy) : Z 8%, (w) (5.36)

and use v, (w, f) to approximate v(f) which can be compute recursively.

Definition 5.3. (Strong condition of stability) A diffusion with generator A satisfies a strong
condition of stability if it exists a function V € C*(RY,[1, +oc[) such that

1. limpy 4 00 V(y) = 400,
2. 3a>0,8>0st AV < —a(ldoV)+ .
Remark. We will denote that the generator A satisfies a strong condtion of stability of type (V, «).
We assume that b and o are continuous and the diffusion (Y;):>o satisfies a strong condition of
stability of type (V, «) with V' sub-quadratic et that it exists a unique invariant measure v. Besides

the coefficients b and o satisfy |b|2 + Tr(oo?) = O(V). Then the Euler scheme (Y},),>o defined by
(5.34) satisfies a strong condition of stability of type (W, ng) where W is a function depending on

27



V and on the moments of U;.

Assume that the function f defined on R? admits a solution ¢ to the the Poisson equation

Ap = —(f —v(f)), (5.37)

sufficiently regular, i.e. belonging to the set

Epay = {¢ € C’(RY,R), Vj € {0,...,p}, Vy € RY, ‘Dj¢(y)‘2 =0 (KEZ;)}

and satisfying DP¢ Lipschitz.

Proposition 5.2. Let p > 2 such that Uy € L*®PtY and ¢ € Ep.w solution to Poisson equation
(5.87) with compact support such that DP¢ is Lipschitz. If (vn)n>1 1S a positive real sequence such
that (%)nzl decreases to 0 and that

Z -
n
n>1

then f € val 9

vp\2 1 Up e P21
< +o00, E <—n) — < 400, and lim— %2 =0,
n Tn non
n>1 k=1

AL

Tn

Remark. This proposition is based on the Proposition V.4 in [20].

5.3.2 Application to the minimization of a potential
We consider the following sequence of gain parameters

Yn>1, ,:= cn_%, with ¢ >0,
then (see [14])

n—1 n—1
a.s. %Z‘SY% &Yy and ns <% kZ:Of(}_/k) — V(f)) £y N(m, 52),

k=0

where ¥, € G¢(d,R) N S*(d,R). Assume that
1. Yy e RY, 0 — K(0,y) is convex,
2. V9 € RY, K(9,-) € L' (v),
3. V0 € R, VoK (0, y) exists v(dy)-a.s.,
4.v0,0' € RY, |K(0,y) — K(0',9)| < go(y)-

Then

min [ K(0,y)v(dy) <= | VyK(8,y)v(dy) =0,
0eR4 JRq Rg

consequently we devise the following recursive zero search procedure, also called stochastic gradient,
Vn > 07 9n+1 = en - %n—i-lVGK(Hna Yn)y

and we can apply Theorem 2.1 to prove its convergence towards the target 6*.
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NUMERICAL EXAMPLE. We consider a long-term investment project (see the example in [22])
which yields payoff at a rate that depends on the installed capacity level an on the value of an
underlying state process modeled with an ergodic diffusion. The state process Y can represent
an economic indicator such the asset demand or its discounted price. The aim is to determine
the capacity expansion strategy that maximizes the long-term average payoff resulting from the
project operation. So it is an ergodic control problem applying in a microeconomic framework.
In [22] the authors show that this dynamical optimization problem is asymptotically equivalent to
a static optimization problem only involving the stationary distribution v of Y and the running
payoff function K. We refer to [22] for further details.

We consider the following running payoff function

Vo e R, VyeR, K(6,y)=y*0° —cb,

where a, 8 € (0,1) and ¢ € (0,00). The term y*0° can be identified with the so-called Cobb-
Douglas production function, while the term cf provides a measure for the cost of capital use. The
mean function of the associated recursive procedure then reads

WOER, k() = Bsign(0) 0] / you(dy) — cf),
R

where we have extended the function on the whole-real line and we have chosen this form to avoid
the explosion at zero. Consequently the associated stochastic gradient procedure to maximize the
payoff is given by

V>0, Opir = 0p+ s (Bsign(en) 10,]° Vo — 09n> .

The choice and the extension of the functions k introduces two more equilibrium points: 0 and
—0*. The literature on traps in Stochastic Approximation does not apply straightforwardly in our
setting, but 0 is a repulsive point (because the derivative is infinite at this point) and one checks on
simulations that it is never a target for the procedure. On the other hand —0* is a possible target
but induces no difficulty.
In [22] the dynamic of the underlying state process is modeled by the one-dimensional CIR
diffusion, namely
dY; = & (9 = Y;) dt + o/ Y dW, (5.38)

where k,9,0 > 0 are constants satisfying 2k > 2. The invariant distribution of ¥ is a Gamma
law which density is given by

1 269 _ 2K 2K
v(dy) = @y o2 1 exp <§ |:191H <§ — y)}) L0y,

where I' is the gamma function. Thus we can compute the previous integral, namely

) (o)

/Ryay(dy) = T (2;_219) %

so we have a closed form for 6* given by

g (BL (B +0) (a*\"\'7
e &)

29



Optimal Strategy

45

35

25

| oy
W S

15r

05

Figure 2: Convergence towards the optimal capacity level of the investment project : kK =1, ¢ =1,
oc=15a=08,3=0.7,¢c=05n=10°.

If one considers a basket of assets modeled by a Wishart process (see [4] and [11]), a similar
long-term ergodic control process can be devised. Closed forms are no longer available for the
static optimization problem. However, our numerical approach can be extended straightforwardly
(provided one has at hand an efficient method of simulation for Wishart process, see [11]).

5.4 The ergodic two-armed bandit

An application of the case of multiplicative function is the so-called two-armed bandit algorithm
introduced in mathematical psychology and learning automata (see [25] and [23]). The criteria on
a.s. convergence under i.i.d. assumptions was obtained in [17] and under ergodic assumptions in
[30]. A penalized version of this algorithm is also studied in [16]. This algorithm is defined as
follows: at each step n > 0, one plays arm A (resp. arm B) with probability 6, (resp. 1 —6,),
where 6,, is updated according the following rule, for all n > 0,

On+1 = 0n + Ynt1 ((1 - en)]]'{Un+1S9n}nAn+1 - 9”1{U7L+1>9n}03n+1) (5.39)
6p=06¢€(0,1) )

where (Up)n>1 is a sequence of uniform random variables, (A4, ),>1 and (By),>1 are two sequences
of events evaluating the performances of the arms A and B.
This stochastic procedure can be rewrite as follows

en—l—l =0, + Yn+41 (ﬂAnJrl - ]an+1) Hn(l - en) + 'Vn—l—lAMn—l-l (5 40)
Op =06 € (0, 1) '

where M, := Y} €, My := 0, with
p = 14,1 = 0p—1) (Lgu, <0,y — Or—1) + 1B, 0k—1 (1 — Ok—1) — Lyu,,150,}) -

Then applying Theorem 2.2 with h(0) = 0(1—0), Yy := 14, , —1p,,,, k>0, and x(y) = m
where v(A) > v(B), we show that
0,, ”j> s € {0,1}.
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In fact 0 is a trap and 1 is target. Further investigations on §* are carried in [30] in the ergodic
framework (see also [17] in the purely i.i.d. setting).

5.5 Optimal split of orders across liquidity pools

This example is an application to real data in Finance. It is an optimal allocation problem which
leads to a stochastic gradient by using Lagrangian approach developed in [19]. We present numerical
results with (pseudo-)real data but simulations with a-mixing innovations are also presented in the
reference paper.

5.5.1 Modelling description

The principle of a Dark pool is to propose a bid price with no guarantee of executed quantity at
the occasion of an OTC transaction. Usually this price is lower than the bid price offered on the
regular market. So one can model the impact of the existence of N dark pools (N > 2) on a
given transaction as follows: let V' > 0 be the random volume to be executed, let 6; € (0,1) be
the discount factor proposed by the dark pool i. Let r; denote the percentage of V sent to the
dark pool i for execution. Let D; > 0 be the quantity of securities that can be delivered (or made
available) by the dark pool i at price ;5.

The rest of the order is to be executed on the regular market, at price S. Then the cost C' of
the whole executed order is given by

N N N
C= SZG,- min (r;V, D;) + S (V — Zmin (r;V, D,)) =85 (V — Zpi min (r;V, Dz)>
i=1 i=1 i=1

where p;, = 1—0; € (0,1),5 = 1,..., N. Minimizing the mean execution cost, given the price S,
amounts to solving the following maximization problem

N
max{ZpiE (Smin (r;V,D;)),r € PN} (5.41)
i=1

where Py 1= {r = (1i)1<i<N € Rf | Zf\il r; = 1}. It is then convenient to include the price S into

both random wvariables V' and D; by considering V:=VS and 152 := D, S instead of V' and D;.
Let Zy = {1,...,N}. Weset for all 7 = (r1,...,7n) € Py, B(r1,...,7n) == SN @i(r;), where

VieIn, pi(u):=pE(min(uV,D;)), u e [0,1].
We assume that for all ¢ € Ty,
V>0P—a.s., P(D; >0) > 0and the distribution function of % is continuous on Ry, (5.42)
then ¢;, i € Iy, are everywhere differentiable on the unit interval [0, 1] with
¢i(u) = pE (Lpv<py V), 7€ (0,1], (5.43)

and one extends ¢;, ¢ € Iy, on the whole real line into a concave non-decreasing function with
limy o ; = +00. So we can formally extend ¢ on the whole affine hyperplan spanned by Py i.e.

Hy = {r:(rl,...,rN)E]RN\ Zi]\ilmzl}.

31



We aim at solving the following maximization problem max,cp, ®(r). The Lagrangian associ-
ated to the sole affine constraint suggests that any r* € argmaxp, ® iff ¢}(r}) is constant when 4
runs over Zy or equivalently if ¢} (rf) = + Zjvzl @i(r7), i € In.

Proposition 5.3. Assume (5.42) and that the functions @; satisfy the following assumption

1
= min ¢ ). A4
) mnin ¢;(0) > max g; <N_ 1> (5.44)

Then arg maxy,, ® = argmaxp, ® = {r € Py |¢i(r;) = ¢} (r1),i=1,...,N} C int(Pn).

5.5.2 Description of the recursive procedure

We set Y := (V", D7,...,DY),>,- By noticing that a1,...,an are equal iff a; = e =
i < N, then using the representation of the derivatives ¢ yields that, if Assumption (C) is satisfied,
then

N
T Gargnéz]xvx@@Vze{l,...,N}, ElV piﬂ{r;‘V<Dl-}_N;pﬂl{r;ﬂkm} =0.

Consequently, this leads to the following recursive zero search procedure

PP =P by Hi(r" Y, 70 € Py, i€ Iy, (5.45)

2

where for i € Iy, every r € Py, every V > 0 and every Dy,..., Dy >0,

N
1
Hi(r,Y) =V | pilp,vep,y — N Zpﬂl{rjv<pj}
j=1
where (Y"),>1 is a sequence of random vectors with non negative components such that, for every
n>1,(VP,Dri=1,...,N)Z(V,D;,i=1,...,N).
The underlying idea of the algorithm is to reward the dark pools which outperform the mean
of the N dark pools by increasing the allocated volume sent at the next step (and conversely).

5.5.3 Innovation dynamics

For sake of simplicity that argmaxp ® = {r*} Cint(P, ). Assume that the sequence (V", D}, i =
1,...,N),>1 satisfies

®Y*

1 n
(A1) the sequence (Y"), -, is averaging i.e. P-a.s. - Z d(yk) == v =L(V,Dy,...,D,),

n—00
k=1

(A2) sup, E(V")? < +oo,

with a limiting distribution v such that, for every i € Zy, its marginal v; = L(V, D;) satisfies the
consistency and continuity assumption (5.42).
We will also need to make a specific assumption: there exists ¢y > 0 such that
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(A3) P(V > ¢) > 0,
(A4) supp<£ <%,i =1,...,N|[{V > eo})> is a neighbourhood of P, in RY.

This assumption means that all allocations across the pools lying in the neighbourhood of P, can
be executed.

Our specific assumption is to assume that there exists an exponent «; € (0, 1] such that for
every u€ R,

%Z Vk].{uvk<D£c} —E(V1gyep,y) =0Mn ) a.s. and in L*(P). (5.46)
k=1

Then we can apply Theorem 2.1 by assuming that the sequence (7, ),>1 satisfies (2.11) to obtain
that the algorithm defined by (5.45) a.s. converges towards r* = argmaxp .

5.5.4 Numerical Tests

We consider here the setting where the mean of V' is less that the sum of the means of the D;, i.e.
EV > Zf\il ED; because it is the most interesting case and the most common in the market. Now,
we introduce indexes to measure the performances of our recursive allocation procedure.

>> Relative cost reduction (w.r.t. the regular market): it is defined as the ratios between
the cost reduction of the execution using dark pools and the cost resulting from an execution on
the regular market, i.e., for every n > 1,

CReloe SN, pimin (rPV", DIY)
vn - vn

We have considered for V' the traded volumes of a very liquid security — namely the asset
BNP — during an 11 day period. Then we selected the N most correlated assets (in terms of traded
volumes) with the original asset. These assets are denoted S;, i = 1,..., N and we considered their
traded volumes during the same 11 day period. Finally, the available volumes of each dark pool i
have been modelled as follows using the mixing function

VlgiﬁN, Di ::,Bi <(1—a,~)V+a,~S,-E—V>
ES;
where «;, i = 1,..., N are the mixing coefficients, 3;, i = 1,..., N some scaling parameters and
EV and ES; stand for the empirical mean of the data sets of V' and S;. The simulations presented
here have been made with four dark pools (IV = 4). Since the data used here covers 11 days and it
is clear that unlike the simulated data, these pseudo-real data are not stationary: in particular they
are subject to daily changes of trend and volatility (at least). To highlight this resulting changes
in the response of the algorithms, we have specified the days by drawing vertical doted lines. The
dark pool pseudo-data parameters are set to § = (0.1 0.2 0.3 O.Z)t, a = (0.4 0.6 0.8 O.Z)t

and the dark pool trading (rebate) parameters are set to p = (0.01 0.02 0.04 0.06)t.
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We benchmarked the algorithm on the whole data set (11 days) as though it were stationary.

In particular, the running means of the performances are computed from the very beginning for

the

first 1500 data, and by a moving average on a window of 1500 data.

Relative Cost Reductions

45

% of satisfaction

Figure 3: Case N = 4, Zfilﬁi<1,0<ai§0.2andr?:1/N,1§z’§N.
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