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Nonlinear Randomized Urn Models: a Stochastic
Approximation Viewpoint

SOPHIE LARUELLE * GILLES PAGES T

June 9, 2015

Abstract

This paper extends the link between stochastic approximation (SA) theory and randomized urn
models developed in [26], and its applications to clinical trials introduced in [2, 3, 4]. The idea is
that the drawing rule is no longer uniform among the balls of the urn (which contains d colors), but
can be reinforced by a function f modeling in some sense aversion to risk. Firstly, by considering
that f is concave or convex and by reformulating the dynamics of the urn composition as a standard
stochastic approximation (SA) algorithm (with remainder), we derive the a.s. convergence and the
asymptotic normality (Central Limit Theorem, CLT) of the normalized procedure by calling upon
the so-called ODE and SDE methods. An in-depth analysis of the case d = 2 exhibits two different
behaviours: a single equilibrium point when f is concave, and when f is convex, a transition phase
from a single to a system with two attracting equilibrium points and a repulsive one. The last setting
is solved using results on noiseless traps in order to remove the repulsive point and to deduce the
a.s. towards one of the attractive point. Secondly, the special case of a Pélya urn (i.e. when the
addition rule the I; matrix) is analyzed, still using result form (SA) about traps. Finally, these
results are applied to functions with regular variation and optimal asset allocation in Finance.

Keywords Stochastic approrimation, extended Pdlya urn models, reinforcement, non-homogeneous
generating matriz, strong consistency, asymptotic normality, bandit algorithm.

2010 AMS classification: 62L20, 62E20, 62L05 secondary: 62F12, 62P10.

1 Introduction

In this paper, we introduce and study in-depth a class of generalized Pélya urns (with d colors) char-
acterized by their nonlinear drawing rules. These models appear as a generalization of randomized urn
models originally devised for clinical trials which takes into account the risk aversion attitude of the
agent. Randomized urn models have been extensively investigated by various authors (see [2, 3, 4])
for years based on ad hoc martingale arguments to solve a.s. convergence as well as its rate of conver-
gence. In a recent paper [26], we revisited, unified and often extended these results by showing that
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they can be proved by relying on the main results of Stochastic Approximation (SA) theory, especially
a.s. convergence and weak convergence rate (Central Limit Theorem (CLT)). We will again analysis
these more demanding models by the mean of SA which will turn out to be very efficient for that
purpose (see also [8] and the references therein). SA deals with the asymptotic behaviour of zero
search stochastic recursive procedure and goes back to the seminal paper by Robbins & Monro in the
1950’. This theory has been developed extensively by many authors (see [22, 23, 9, 16, 17] and the
references therein an overview and historical notes) and has been applied in various directions (Au-
tomatic Control, Mathematical Psychology, Artificial Neural Networks, Statistics, Stochastic Control,
Numerical Probability).

Considering nonlinear drawing rules leads to dynamics for the (normalized) urn composition having
several local attractors but also “parasitic” equilibrium points (where equilibrium point means zero of
the mean function associated to the stochastic algorithm). This is a major difference with the linear
case investigated in [26] since we will need this time to call upon the whole machinery of SA, namely
“second order” results about noisy or noiseless non-attractive equilibrium (repellers, saddle points)
also known as “traps” in the SA literature (see [12, 16, 25], see also [27, 29, 5]). Taking advantage of
these trap results, we will establish the a.s. convergence (strong consistency) even in the presence of
multiple attractors prior to analysis the convergence rate of the normalized urn composition.

In this paper we both randomize a single urn in the sense that the addition rule matrix itself can
be random (as introduced in [3, 4] and studied with SA theory in [26]) and investigate wide (non-
parametric) classes of “convex” and “concave” drawing rules. A.s. convergence of the normalized urn
and of the drawing rule is proved, as well as the rate of convergence, either weak or strong depending
on the structure of the updating rules. In the particular case of standard Pélya’s urn (the addition rule
matrix is equal to identity) but implemented with a “convex” drawing rule (for generalized Pélya urn,
see for examples [20, 31, 15]), “noiseless traps” may appear (i.e. unstable equilibrium vectors located
at the boundary of the state space hence noiseless). To spruce whether they are parasitic, we developed
a dedicated approach, close in spirit to that developed in [25] and [24] where the authors introduce
a martingale and a kind of “oracle” inequality presented in Lemma 4.1. These results highlight the
efficiency of SA theory, even in presence of noiseless repulsive equilibrium points.

Recently, a system of Pdélya’s urns with graph based interactions and a “power drawing” rule
has also been investigated using SA techniques in [6, 14]. A.s. convergence of the normalized urn
composition is established.

Generalized Pdlya Urn models (GPU) have been widely studied in the literature with different
points of view: martingale method (see for example [19]), algebraic approach (see for example [30]),
reinforcement process (see e.g. [30]), branching process (see e.g. [21]), stochastic approximation (see
for example [8]). These models also have applications to many areas: biology, random walks, statistics,
computer science, clinical trials, psychology, economics or finance for instance (see [31]).

In these adaptive models, the key point is the equation which governs the urn composition updating
after each drawing. Basically, we will show that (a normalized version of) this urn composition can be
formulated as a classical recursive stochastic algorithm with step v, = m where Tr(Yy) denotes
the number of balls in the urn at time 0. Doing so, we will be in position to first establish the a.s.
convergence of the procedure by calling upon the so-called Ordinary Differential Equation Method
(ODE method) toward a finite set of equilibrium points (but usually not reduced to a single point).
As a second step, we will rely on non-convergence results toward traps for SA (see [12, 16]) and on
multiple targets (see [7, 16, 18]). As a third step, we entirely elucidate the rate of convergence (namely
a CLT or an a.s. rate) by using the Stochastic Differential Equation Method (SDE method, see
e.g. [17, 9]). The three main theoretical results from SA are recalled in a self-contained form in the



Appendix. Proofs of such results can be found in classical textbooks on SA (]9, 16, 17, 23]). As for
the CLT, they go back to [22] and [11]. We will check again to what extent these general theorems
are extremely powerful to solve these questions and spare tedious lengthy computations and somewhat
repetitive proofs.

Let us be more precise on the urn model under consideration in this paper. We consider an urn
containing balls of (at most) d different types. All random variables involved in the model are supposed
to be defined on the same probability space (2, A, P). Denote by Yy = (Y¢)i=1,.a € R%\ {0} the initial
composition of the urn, where Yoi is the number of balls of type i € {1,...,d} (of course a more realistic
though not mandatory assumption would be Yy € N¢\ {0}). The urn composition at draw 7 is denoted
by Y, = (Y,f)i:17...,d. At the n'" stage, one draws randomly (according to a law defined further on) a
ball from the urn with instant replacement. If the drawing ball is of type j, then the urn composition
is updated by adding D,} balls of type i € {1,...,d}. The procedure is then iterated. The urn
composition at stage n, modeled by an R%valued vector Y,,, satisfies the following recursive procedure
between times n — 1 and n:

Yo=Y, 1+ DyX,, n>1, YoeRL\{0} (1.1)

where D,, = (D,Zj)lgmgd is the addition rule matrix and X, : (2, A,P) — {e',---,e?} models the
color of the ball drawn at time n with {e!',--- e?} the canonical basis of R? (e/ stands for ball of
color 7). We assume that there is no extinction i.e. ¥, € R% \ {0} a.s. for every n > 1: so is the

case if all the entries DY are a.s. nonnegative (see [26]). The filtration of the model is defined by
Fn = c(Yo, Xk, D, 1 < k < n), n > 0. Two types of drawing rules are considered and will be
analyzed:

e Normalized skewed empirical frequency (convex/concave function)

f(Vy/(n + Te(Y0)))

Vie{l,....d}, P(Xpp1=¢|F)=—=; . , n>0, (1.2)
Zj:l fFYi/(n + Tr(Y)))
where f: Ry — Ry will usually satisfy some convexity property.
e Normalized skewed distribution (f with reqular variations)
) Y
Vie{l,...,d}, P(Xpy1=¢€"|F,) = f(¥y) n >0, (1.3)

S )

where f: Ry — Ry will be assumed to have a-regular variations for some a > 0 i.e. for every

f(tz) «
t >0, @) x_>—+>oot .

Moreover we will make the assumption that D,, and X,, are independent given F,,_; (see (A2) further
on). Such a drawing procedure can be performed by using an i.i.d. sequence (Uy),> of random variables
with uniform distribution on the unit interval, independent of the sequence (Dy,),>1, to simulate the
above conditional probabilities.

Let us remark that when f = Idg, both updating rules coincide. Moreover, the regular variation
case can be deduced from the convex one by noticing that, if f has regular variation and is bounded



on each interval (0, ], then % — t* uniformly in ¢ on each (0,b] (0 < b < o0) if @ > 0 (see

. . Y, .
Theorem 1.5.2 p.22 in [10]), thus, if st v lies in a compact, then

— 0.
n—-+00

max

fa) Ya "
1Si<d | f(n + L, Y5) n+ 3 Yg

Then we will be able to apply the convex framework to the special function = +— 2% (see Section 5.1).

The generating matrices are defined as the JF,,-compensator of the additions rule sequence i.e.

Hy = (E D | Fa-1])1<; j<q» m 2 1. (1.4)
We will also assume that the sequence of generating matrices a.s. converges toward a limit generating
matrix denoted by H.

Other fields of application can be considered for such procedures like the adaptive asset allocation
by an asset manager or a trader. One may also consider this type of procedure as a strategy to update
the composition of a portfolio or even a whole fund, based on the (recent) past performances of the
assets (see Section 5 for more details).

We will study randomized urn models (inspired from those introduced in [3]) but governed by
the nonlinear drawing rules (1.2) and (1.3). We will consider random additional rule matrices but
the limit generating matrix is a deterministic and co-stochastic (with a stochastic transpose). We
will mostly analyze two opposite settings: when H is irreducible (in Section 3) and the case where
D, = H,, = H = I, (one adds a ball of the same color as the drawn one) which corresponds to the
classical framework of Pélya urn (except for the reinforced drawing conditional distribution). This last
setting, investigated in Section 4 leads to a “winner takes all” behaviour closely connected to bandit
algorithm (as investigated in [25]) where the aim is to find the best arm. One difficulty is that the
equilibria which lie on the boundary of the state space, hence being noiseless. When H is irreducible,
the aim of the procedure applied to clinical tests is more to classify according to their performances the
different treatments without excluding one of them: this is more related to cooperative/competitive
Systems.

As for the non-linear drawing rules, we will consider either that f satisfies a convexity/concavity
property with the empirical frequencies as an argument (see (1.2)), or that f has regular variations
with the composition of the urn as an argument, renormalized a posteriori. In the first setting, an
in-depth analysis of the existence of equilibrium of the system and their attractiveness in full generality
(d colors) spending on the convexity of f. Thus, if f is concave and H is bi-stochastic, él is the only
equilibrium and uniformly attracting so that the urn composition converges toward it. Otherwise, the
situation is more involved and only partial result are established, including the a.s. non-convergence
toward traps (repulsive or saddle equilibrium points).

When considering the case d = 2 we fully elucidate the dynamics of the urn: namely, when f
is concave, we always have an attracting unique target, and when f is convex, we observe a phase
transition from a setting with one attracting equilibrium to a setting with two attracting equilibrium
points and a repulsive one depending on the exponent o when f(y) = y*, a > 0. In both cases, we
obtain a.s. convergence of the urn compositions toward an attractor of the system as well as convergence
rate. It should be noted that three different convergence rate can occur.

Finally, we show that when f has regular variations with index o« € R, then the procedure behaves
like fq:y— y“.



The paper is organized as follows. Section 2 presents the framework of skewed randomized urn
models with the required assumptions on both the addition rule matrices and the generating matrices.
After rewriting the dynamics of the urn composition as an SA procedure in Section 2.2, we analyze
in Section 2.4 the equilibrium points and their stability for the associated ODFE when the reinforced
drawing rule is convex/concave. An in-depth analysis of the bi-dimensional case is proposed in Sec-
tion 3. We exhibit two kinds of behaviours: either a unique stable equilibrium point when f is concave,
or a single, two or three ones with two attractive and one repulsive points when f is convex. By calling
upon result on traps in SA, we prove the a.s. convergence towards one of the attractive equilibrium
points; then we derive from SDFE method all the possible rates of convergence. In Section 4, we study
the case of a classical Pélya urn, i.e. the addition rule matrix equals to identity. We use results de-
rive from the bandit algorithm to prove the convergence towards the target and the non-convergence
towards traps. Finally, Section 5 introduces examples of application of such recursive procedures to
drawing rule with regular variation and to portfolio allocation.

NoTATIONS. For u = (u');=. 4 € RY, ||lu|| denotes the canonical Euclidean norm of the column vector
u on R, Tr(u) = zzzl uF denotes its “weight”, u' denotes its transpose; |||A||| denotes the operator
norm of the matrix A € Mg ,4(R) with d rows and g columns with respect to the canonical Euclidean
norm. When d=gq, Sp(A) denotes the set of eigenvalues of A. 1=(1---1)" denotes the unit column
vector in R%, I; denotes the d x d identity matrix, diag(u) = [0ijui]1<i j<d, Where d;; is the Kronecker
symbol and §; = {u eR%: 2?21 ut = 1} denotes the canonical simplex. & = {y € Sy : h(y) = 0}
denotes the set of zeros of h.

2 Skewed randomized urn models
With the notations and definitions described in the introduction, we are in position to formulate the
main assumptions needed to establish the a.s. convergence of the urn composition.

( (1)  Addition rule matriz: For every n > 1, the matrix D,, a.s. has nonnegative
entries.

(1i)  Generating matriz: For every n > 1, the generating matrices

(A1) = H, = (Hflj)lgngd a.s. satisfies

d
Vie{l,....d}, Y Hi=ec>0.
=1

| (#4i) Starting value: The starting urn composition vector Yp € R?\ {0}.

The constant ¢ is known as the balance of the urn. In fact, we may assume without loss of generality,
up to a renormalization of Y,,, that ¢ = 1. If we set for every n > 0, Y,, = % and Dy = %, then

the couple (}Afn, ZA)nH)nZO, formally satisfies the dynamics (1.1), namely
Yo=Yy 1+D,X,, n>1, YyeRL\{0},

whereas H,, = E[D,|F,_1] satisfies now (A1)-(iii) with ¢ = 1 i.e. H, is co-stochastic i.e. the transpose
of a stochastic matrix.

From now on, throughout the paper, we will consider this normalized balanced version still denoted
by Y, and D,, for convenience.



(A2) The addition rule D,, and the drawing procedure X,, are conditionally independent given F,_;
and satisfy

Vje{l,...,d}, supE [HD,{H2 \]:n_l] < 400 a.s. (2.5)
n>1

Vi, je{l,...,d}, supE[(DY)?|F,-1] <+ a.s.
n>1

where D;{ = (Dflj)i:l,“,A (column vector).

(A3) Assume that there exists an irreducible d x d matrix H (with nonnegative entries) such that
Hy =% H and Zl I[H, — H||? < 400 a.s. (26)
nz

H is called the limit generating matrix.

2.1 Convex or concave skewed drawing rule functions

We introduce a skewed drawing rule as follows
(V)

ViE{l,...,d}, P(Xn-i-l:ei‘fn):ifwa
5o f(¥)

n>1, (2.7)

where Y, = n > 0, and f is a non-decreasing convex (or concave) function satisfying

n + Tr(Yp)’
f(0) = 0 and f(1) = 1. The drawing rule is called skewed as soon as f # Idj;. We use this
renormalization since

Vn >0, E[Tr(Y,)]=n+ Tr(Yo)

so that E[Y,,] lies in the simplex Sy. Therefore this is a natural way to normalize the urn composition
vector.

2.2 Representation as a stochastic algorithm

The starting point of an approach like in [26] is to reformulate the dynamics (1.1)-(1.2) as a recursive
stochastic algorithm in order to take advantage of results from Stochastic Approximation Theory
to elucidate the asymptotic properties (a.s. convergence) of both the urn composition and the ball
allocation. To do so, we start from (1.1) with Y€ R% \ {0}. For every n > 0, we note that

Yn+1 =Y, + Dn+1Xn+1 =Y, +E [Dn-i—an—i-l ’Jtn] + AMn-{—ly (28)

where
AMn+1 = Dn+an+1 —E [Dn—i-an-i-l ‘fn] (29)

is an Fj,-local martingale increment (integrability follows from (A2)). By the definition of the gener-
ating matrix H,,, we have, owing to assumption (A2),

d d
E[Dps1Xns1|Fal = D E[Dppalyx,. e | Fa] =D E[Dng1 | Fa] P (Xpy1 = €' | Fn)
i=1 1=1
d i oy
f) f(Yn)
D G

6



where

is a column vector, so that

f(¥a)
Yor1 =Y+ Hyt Tr(f(i; )) + AMn—i—l' (2.10)

Now we can derive a stochastic approximation for the normalized urn composition Y,,. First we have
for every n > 0,

Yn+1 Yn 1 ( f(?n) Yn > A]\4n—|—1
= +1

= + LT AR .
n+14+Tr(Ys) n+Tr(Yy) n+14Tr(Yo) Te(f(Y,)) n+ Tr(Y) n+ 1+ Tr(Yp)
(2.11)
Consequently, the Sy-valued sequence Y, = — " ___ n >0, satisfies the canonical recursive stochas-
n + Tr(Yo)
tic approximation procedure
TS A SN 5 SN (00 NS 2 B S T (2.12)
n+ 1+ Tr(Yy) Te(f(Y,)) n+ 1+ Tr(Yp)
or equivalently
Yoi1 = Yo = mp1h(Va) + gt (AMog + rog1) (2.13)
where h : R\ {0} — R? is the mean field function of the procedure defined by
o N ~
h(y) =E Y—HL\Yn:y]:y—H&, (2.14)
Tr(f(Yn)) Tr(f(y))
Yn = m is its step parameter and
e
n+1 = (Hn+1 — H)M (215)
Tr(f(Yn))

is its (F,-adapted) remainder term. Note that h can be canonically extended to R4\ {0}.

2.3 Composition boundedness

Our first task is to establish the boundedness off the sequence (i;n)nZO- By summing up the components
of Y,, in (2.10) we obtain

Tr(Hni—lf(?n)) + TI“(A
Tr(f(Yn))

Using that the transpose of the generating matrix H,, 1 is a stochastic matrix by (A1)-(i) (with ¢ = 1),
we obtain

Tr(Yi) = Te(Y,) +

Mn+1)-

d

d
Tr(Han(lN/n)) = Z( n+1f )i = ZZH;L]H 7{) = Z <Z H;LJ+1> Tl"(f(Y )

=1 =1 j=1 j=1



Consequently, for every n > 0,
Tr(Y,41) = Te(Y,) + 1+ Tr(AM,4q). (2.16)

Set Ny, :=> p_y Xk, n > 1, No = 0. Then we have, for every n > 0,

~ ?n .
Nn-‘rl = Nn+Xn+1 :Nn+L~)+AMn+17
Tr(f(Yn))
where AMn+1 = Xn+1 —E [Xn+1 ’ fn] = Xn+1 _— ==
Tr(f(Yn))

~ N,
is a true F,-martingale increment. Thus, for N, := —* we have, still for every n > 0,
n

. . 1 (< fy, 1~
Nn+1 == Nn - Nn - f& Z) + AMn—l—l-
n I\ I(fvy)) nd
Proposition 2.1. Let (Y,,)n>0 be the urn composition sequence defined by (1.1)-(1.2).

(a) Under the assumptions (A1) and (A2),

Tr(Y,) as
n+ Tr(Yy) n—oo

(b) If the addition rule matrices D,, themselves satisfy (A1)-(ii) (with ¢ = 1), then Tr(Y;,) = n+Tr(Yy),

therefore the sequence (Yy)n>0 lies in the simplex Sq.

Proof. (a) We derive from the identity

d

D1 Xni1 = ZD;L];H]I{X,L+1:eJ}7 n >0,
j=1

that

d
. 2
2 .
1D Xasal? = D[ D | Liery
J=1

Consequently, owing to (A2),
d 2 .
E |:||l)n—|—1)(n—|—1||2 |]:n:| — ZE |:HD75+1H |]:n:| P (Xn—l—l =¢ |]:n)
j=1

2
< sup sup E [HDerH |]:n] <400 a.s.
n>01<j<d
Consequently sup,,~; E [HAMnH 1§ |]:n} < 400 a.s. Therefore, thanks to the strong law of large num-
bers for conditionally L2-bounded local martingale increments, we have % — 0 a.s.. Consequently
n—o0
it follows from (2.16) that

Tr(Y,) Tr(M,,) as,
n+Tr(Yy) n + Tr(Yp) n—too
(b) In this case Tr(M,) = 0, consequently for every n > 0, Tr(Y,) = 1. O



2.4 Existence of equilibrium points

The procedure (2.13) appears in its canonical form as recursive is a recursive zero search algorithm of
the mean field function h : Sy — R?. In what follows we will use the following obvious property

Sy=Tr 1) = {y e R | Te(y) = 1} .

Since the components of Y, = m"}/i:()/o) are nonnegative by construction and T‘r(lN/n) = n?T(EE?/)O) — 1
n o0

a.s., it is clear that P(dw)-a.s., the sequence (57”)”20 is bounded and that the set V., (w) of all its
limiting value is contained in the simplex. Consequently, we search for equilibrium points y € Sy such
that h(y) = 0.

Fw)
Tr(f(y))
and Sg-valued. Therefore, by Brouwer’s theorem, it has at least one fixed point or, equivalently, h has

at least one zero y* € Sy.
(b) If, furthermore, for every i, j € {1,...,d}, HY >0, then for every i € {1,...,d}, min; HY < y* <
max; H".

Proposition 2.2. (a) Assume they H is co-stochastic. The function ¢, 1y +— H 15 continuous

Proof. (a) The functions y — f(y) and y — Tr(f(y)) are continuous on Sy and Tr(f(y)) > f (H)y>o0
because if y = (y',...,y%)! € Sy, there exists ig € {1,...,d} such that y© > é so Tr(f(y)) > f(y©) >

f (é) > 0. Therefore, y +— IW) _is continuous on Sy so that h is continuous on S;. Then, by

Tr(f(y))
Brouwer’s theorem, h has at least one zero.
d .
. *J . . . .
(b) It follows from ZH”M =y*, i€ {l,...,d}, that min HY <y* <max H". O
j=1 Tr(f(y*)) J J

Proposition 2.3. Let &5 = {y €8;:h(y) = 0} denote the set of zeros of h.

(a) If H is bi-stochastic, then 1€ &.

(b) If H=1g4, then {€,, I C {1,...,d},I #0} C &, where ¢, = |—h Siere’s (€')1<i<a is the canonical
basis of R%.

(¢) If H=1, and f is strictly convex (or concave), then

Ea={e, I C{l,....d}I+#0}.

(d) If H is bi-stochastic and irreducible, then E5 C Sq = {y € (0,1)4: Zle Y= 1}.
(e) If furthermore, f is strictly concave, then E; = {él}.

d
1
) = % since f (é) > 0 and consequently ZHUE =1x
j=1

£
d

|

Proof. (a) Set y(d) = 31 € Sy. Thus é

|

for every i€ {1,...,d}, therefore h(y(d)) = y(d).
(b) Let I # (. Then



Thus Tx(f(2,)) = [I|f (\1\) as well so that h(e,) = 0.

(c) Let y* € &. Assume that there exists y*, y*7i1 such that 0 < y*%© < y* < 1. Then y*% =

fy) wip — fy™') fly=0) _ flyr) Y ( )
TG nd y Tr(f( =y 50 that 0 o Tr(f(y*)). If £f is strictly convex, & +— =+
is strictly monotonic which yields to a contradlctlon B

As a consequence, y** € {0,&}, & € (0,1] so that if I, = {i: vyt = &), Te(f(y*)) = | Ieo | £ (€0)

0
: *,7 ; * d i
and, for every i € I¢,, y*' = & and f((jj( ))) = |I§£(‘§P()£O) = ﬁ, i.e. h(y*) = ﬁ D€

(d) Let ip be such that *%© = min; y*'. If y* > 0, then y* € S;. Assume there exists i € {1,...,d}

such that y** = 0. Then
d i
ZHij f(g 7) _
o Te(f)

Hence, for every i such that y* = 0, for every j such that y*/ # 0, HY = 0 since f(y*7) > 0. This
contradicts the irreducibility of H since {1,...,d} can be decomposed into two absorbing classes.

(e) We know that él € &; and that for any y* € &;, min; y** > 0. Let iy such that y* = min; y**.
Then

U

d
DS 2 Y ) = S
j=1

On the other hand, using the concavity of f, we derlve that

d

1 1

Vy € Sy, Tr(f _dz fly)) <df Ezyj :df<3>
j=1

with equality if and only if y = y(d) = 41 owing to the strict concavity of f.
As a consequence

*,00 _ Z?zl Hi()jf(y*J) Z HZO]f( ) f(y*,io)

Y

T - o 1y
Tr(f(y*)) df (q) df (3)
which can be rewritten as % < (1/ 4 As & ! (5) is (strictly) decreasing, it implies that y** %
which in turn implies that y* = él since since y* € Sd. O

Remark. When H is not bi-stochastic but simply co-stochastic, we have no closed form for an
§d-valued equilibrium and we could not manage to establish uniqueness even if f is (strictly) concave.
Proposition 2.4. If f is differentiable in the neighbourhood of é, then by an obvious extension off
and Tr, the function p(y) = J@) 4 be eatended on [0,1]%\ {0} into a differentiable function on

Tr(f(y))
(0,1). Its Jacobian at y(d) := 11 is given by

a b ... ... b

b b b

_ _ f/d)d 1) __SQ/d) o«
e = 1t R (77 R Y[V R
: b
b b b a
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As a symmetric matriz, J,(y(d)) is diagonalizable in the orthogonal group with eigenvalues 0 (associ-

ated to the eigenvector 1) and % on the hyperplane 1+ = {u eR?: Z?Zl ul = O}.

Proof. If y € (0,1)% and f is differentiable in the neighbourhood of ', ..., 3%, then ¢ is differentiable
at y and, for every real numbers a, b,
o¢'
oyI

- L) )
()2 ()

The form of J,(y(d)) follows. Elementary and classical computations show that

a b
, = (a—b)"(a+bd—1)),
b a
which in turn implies that the characteristic polynomial of J,,(y(d)) is given by (a —b—\)*"!(a+b(d—
1) — A) so that the eigenvalues are

M =a+bd—1)=0 (order 1) and A\ =a—b= (J;((%Z)) (order d —1).

The eigenvector associated to \g is clearly 1 and the eigenspace associated to Aj is 1+ = {u e RY: Z?:l ul = 0},
so that Jcp(y(d))“L :)\1I|1L. O

Before carrying on with the next proposition, we recall that a co-stochastic matrix has 1 as an
eigenvalue of order 1 with eigenspace E, then 171 is left stable by H so that R? = E; @ 1. Moreover,
note that if H is irreducible then 1¢ Sp(H ;1) owing to the Perron-Frobenius Theorem.

Remark. By attractor (or uniformly stable equilibrium) we mean that the flow of ODE), = ¢ =
—h(y) on Sy converges to y(d) = 11 as t — oo uniformly with respect to y in a (compact) neighbour-
hood of y(d). Since h is differentiable, this holds true if all eigenvalues of J;,(y(d));1 = J,(y(d))q. —I1+
have (strictly) positive real parts, see [5]. If one of these eigenvalues has a negative real part then the
equilibrium is unstable and if all eigenvalues have negative real parts the equilibrium is called a repeller.

Proposition 2.5. Let H be a bi-stochastic matriz (so that y(d) = 11 is a zero of h) such that
Sp(H) C Bc(0,1) (note that this second assumption is always satisfied if H is irreducible or if H = 14).
Let \1 = % and let pimax be the eigenvalue of H\y1 with the highest real part.
(a) If Re(pmax) < A% then y(d) is an attractor of ODER, =y = —h(y) and if Re(tmax) > )\% then y(d)
is unstable (even a repeller when H = I).
(b) Thus, if

()\1 <1 and 1¢ Sp(H|1L)> or (A1 < 1)

then y(d) is always an attractor of the ODEy, =y = —h(y).
Note that the first assumption is satisfied when H is irreducible and f concave whereas the second
1s satisfied as soon as f is strictly concave.

11



Remark e If \; > 1 (e.g. since f is strictly convex), then /\—11 < 1 and the two opposite situations
Re(tmax) < A% and Re(fimax) > A% may occur i.e. y(d) may switch from uniform stability to instability.
e Note that if f is strictly convex and 1€ Sp(H|,1), then y(d) is always unstable.

Proof. (a) Having in mind the above background, we derive from Proposition 2.4 that

Dh(y(d)2 = D= He)(y(d))|1r = lajye — (HDsD(y(d)))pL
= Id,u — H>\1[d‘1l = (g — )\IH)“L)

so that Sp(Dh(y(d))11) = {1 — A\ip, pp € Sp(H,1)} C C.
Every p€ Sp(H) satisfies |u| < 1. If Ay < 1 then | A1 pimax| < 1 and consequently Re(1—Aqfimax) > 0
which ensures the attractiveness of y(d). The other case follows likewise.

(b) is obvious. Note that if f is convex f(1/d) < f(0) + f/(1/d)/d so that Ay > 1. O

Proposition 2.6. (a) If H is bi-stochastic irreducible and f strictly COncave then the flow of ODEy, =
§ = —h(y), denoted by (y(&,t))ees, 1>0 is Sa-valued and converges toward % (here £; = {1}).

(b) If H is simply bi-stochastic (and possibly not irreducible) the flow y(f,t) converges toward y(d) for

every £€ Sy.

Proof. (a) Let £ € Sg\{y(d)}. First note (by adding up all the components of y(,t) and using that
H is co-stochastic, that for very ¢t > 0, >, y'(&,t) = 1. Now let i(t) such that ¢ ~ i(t) is cad and

®(&,t) = minj 3 (&,t) € [0,3]. We know that 3" (£,0) = ¢1® < L (since ¢ # y(d)). Note that
t— y*® (&, t) is continuous and right differentiable. Then

. d N ; i 2
<%>ry’(t)(£,t) = ZH’(“J# —y (g 1) > 1 x JUZED) O t).

=1 Tr(f(y(&: 1)) Tr(f(y(&,1)))
As Tr(f(y(£,1)) < df (1), it follows that
. i(t) .
(37) vt = LS - 0 1y =0 (2.17)
T d
since u — M is decreasing by strict concavity and y (f t) < é

If £40) = 0, then y*()(&,t) > 0 for every ¢t > 0. Assume there exists g9 > 0 such that y*(*)(¢,¢) =
for every t€ (0,e0], then, one derives from the integrated form of the ODE}, that

d

= Hi(t)jw ds =0,
/o ; Tr(f(y(&: )

()i L@ (€:9))

: Tr(f(y(€,5)))
0,60]. Let Ip = {i s.t. " (£,60) = 0,1 < i <d} and I} = I§. Then, it follows that i(go) € Iy and
H¥=0)i = () for every j € I; which is not empty since 3 ; y'(&,t) = 1. Hence i(gg) (and more generally

so that, as the above integrand is nonnegative and continuous, s — 2?21 = 0 on

I) are not H-connected which contradicts the irreducibility. Consequently, y*®)(€,¢) > 0 on (0, o] or
equivalently that y(£,t) lives in S and consequently for every ¢ > 0 (by monotony of 3/ (¢,1)).

12



If £€10) > 0, the same conclusion follows simply form the monotony of of y*® (&, t).
Finally for every t > 0, y*(*) (&,t) is positive and increasing. We can integrate (2.17) between a fixed
e >0 and t > ¢ as follows:

d () N fWP(E ) F/d) - o
o <§7’T)(E)> > log < oI5 ) > / yils) (€, ) - 1/d ds > 0 1is increasing in t

>0

as long as y'®) (&,t) < é As the left hand side of the above string of inequalities is finite, it follows

that f0+°O (f L%Zij)((gj))) u (11/dd)> ds < 4o00. Now the function t — £ Sﬁ;i?gs@)) _ ! (ll/dd) is decreasing

since t — y*)(&,1) being decreasing since y(£,t) is increasing and u — @
fd)  fly'W(E )
1/d y (&1

is decreasing (by strict

concavity), one shows that — 0 as t — o0 or, equivalently, that

as t— +oo.

&IH

(g, t) = gun Y& t) —

The convergence of every component y*(&,t) follows since y(&,t) € Sy.

(b) is obvious given the above proof. O

2.5 Application to the algorithm convergence

Proposition 2.7. If H is bi-stochastic, irreducible and f is strictly concave, then

1
Y, — g a.s.

Proof. By combing the results of Proposition 2.3(e), the convergence of the flow from the above
Proposition 2.6(a) to the uniformly stable point 51, we know that the flow of ODFE}, uniformly con-
verges towards él on Sy, hence on the set O of it the limiting values of ODFE}. Consequently, we
can apply Theorem A.1 from the Appendix with ©* = {51}. O

We now give a (partial) result in the convex setting (a more precise one is provided in section 4
devoted to randomized Pélya’s urns).

Proposition 2.8 (When y(d) is a trap). Assume H is a bi-stochastic matriz and f is convex, then
y(d) is unstable. Assume that sup, E(||Dpy1|l| Fao1) < L€ Ry.

(a) If, for every ve R with Tr(v) = 0 and ||v|| = 1,
liminf E(||Dy410]]* | Foo1) >0
n
then ]P’(?n — y(d)) = 0.
(b) Assume H is also symmetric. Let v, be a unitary eigenvector attached to an eigenvalue v of H]_L

such that 1 — M\ Re(p) < 0. If
lim inf E (|| Dpg1vpl/? | Faz1) > 0

then ]P’(ffn — y(d)) = 0.

13



We want to apply Theorem A.2 from the Appendix. Elementary computations show that
E((AMy1]vp)? | Fr) = 0L E(Dysrdiag(e,, (Y,)) Dhyy | Fu) v, — 20, (V) @ Y, + V22

On the event {Y,, — y(d)} we derive, owing to Assumption (A2), the continuity of ¢, and ¢, (y(d)) =
y(d) that

E((AMpi1|v,)® | Fo) = viB(Dnsadiag (y(d)) Dhyy | Fu) v — (vuly(d))? + o(1).

Now, as v, € 1+, (v,ly(d))? = 0 and diag(y(d)) = 11, so that

1
limninfE((AMnH\vu)z | Fn) = y lin%infE(HDnHquz | Fn) > 0.
Now, we note that
| Dng1va]® 1
[Dnsrvpll > —5—7— = 7
I | D L

so that lim inf E(|(AM;41|v,)| | Fn) > 0.

3 Bi-dimensional skewed randomized urn model

When f is convex the situation becomes much more involved: thus if H is bi-stochastic and irreducible,

then y(d) is still an equilibrium of h and &; C §d, but &y is not reduced to y(d) (which is a repeller of
ODE), when H = I;). To start elucidating this case, we limit ourself in this paper to a two-type urn
(d = 2) and an irreducible matrix H. We will see, as expected, that the asymptotic behaviour of the
urns is much more sophisticate, since a phase transition appears.

3.1 Existence of equilibrium points

The co-stochastic generating matrix H can be written as follows

H:<p1 1_p2>, O<p<1, i=12
I—p1  p2

As 0 < p; < 1,4 = 1,2, then H is irreducible. The mean function associated to the model is still
given by (2.14). Solving h(z) = 0, z € Sy is therefore equivalent to solve h((y,1 —y)!) =0, y € [0,1].
Consequently, the equation can be reduced to a one-dimensional problem, namely solving

(1 —fly)+ 1 —=p2—y)f(1—-y)=0. (3.18)

First we remark that if p; = 1 — po, then y = p; is the unique solution of (3.18) because f > 0 on
(0,1). Let y* be a solution of (3.18). From Proposition 2.2-(b), we have that y* € I* := (p1 A (1 —

p2),p1V (1= p2)).
Proposition 3.1. 1. Ifp1 +p2—1 <0, then (3.18) has a unique solution lying in I*.

2. If py +p2 — 1 >0 and f is concave, then (3.18) has a unique solution lying in I*.

14



3. If pr +p2— 1> 0 and f is strictly convex, then (3.18) has one, two or three solutions lying in
I*.

Proof. 1. We have, for y € [0, 1],
Bi(y) = y— 2 W+ (L =p2)f1 = y) FfA =y + @1 —y)
)+ -y (fy)+fa—y)*

As f is increasing and nonnegative, (h')’ > 0 when p; 4+ ps — 1 < 0, therefore h' is increasing with
h'(0) =ps —1 < 0 and h'(1) =1 —p; > 0, so h! has a unique zero lying in I*.

and (RYY(y) = 1—(p1+p2—1)

2. Assume that p; +ps — 1 > 0. Then it is obvious that p; and 1 — ps are not solutions of (3.18) which
can be rewritten as

g1(y) =g2(y) on T =[0,1]\ {p1,1 - p2},
where

fA-y) f(y)
91(y) = p—— y €[0,1]\{p1} and 92(1/)—y_1+p27
Let us compute the first derivative of these functions: we obtain for y € J,
TP ) fa —2y)(p1 “Y) and gh(y) = W)y —1+p2) . fy)
(1 —y) (y —1+p2)
As f is concave and nonnegative, f(x)—xf'(x) >0, 2z € [0,1]. Then, as 0 < p1,p2 < 1, we have g| >0
and g5, < 0 on I*. Hence (3.18) has a unique solution y* € I'*.

y € [0,1]\ {1 = p2}. (3.19)

3. If py +p2—1 > 0 and f is strictly convex, then we have three possibilities. Let us illustrate this
behaviour by setting f(y) = y®, @ > 1. Then (3.18) can be rewritten as

01(y) = pa2(y) on I7,

where

o1(y) =1 -y fly) =1 —y)y* and @a(y) = (y—1+p2)f(1—y) = (y —1+p2)(1 —y)*

Then the first derivatives of these functions reads

1 (y) = (apr — (@ + Dy)y*" and  @h(y) = (@ +1)(1 —y) — ap2)(1 —y)* "

These two derivatives have only one zero lying in I* which are the maximum of each function :

Py for ) and 1 — 283 for . As py +p2 — 1 > 0, we have that 1 — 2% < 224, Besides, we have
¢1(1=p2) = (p1+p2—1)(1=p2)® > 0, p1(p1) = 0, p2(1—p2) = 0 and p2(p1) = (p1+p2—1)(1—p1)* > 0.

Therefore we have three possibilities

o If ¢ (1 — z—ﬁ) > o (1 — 3—%‘1), then (3.18) has a unique solution lying in I*.

o If ¢ (1 - S—fﬁ) = 9 (1 - g—ﬁ), then (3.18) has two solutions lying in I*.

o If oy (1 - g—_’ﬁ) < @9 (1 - 3—%‘1), then (3.18) has three solutions lying in I*.

The general case is obtained in the same way : when f is strictly convex, the functions ¢ and o have
a maximum on I*. Let us set &1,& € I* such that ¢'1(&) = 0 and ¢5(§2) =0. As p1 +p2 —1 > 0 and
f is strictly convex, &2 < &1 and depending on the relative position of ;(&2) and 2(&2), we obtain the
three possible results. O
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Example of phase transitions

Equilibrium points depending on the power a
0.7 ‘ ‘ ‘

0.65f

0.6

0.55¢

0.4}

0.35f

0.3

0.25 L L L Y
0 1 2 3 4 5
a

Figure 1: Equilibrium points for f(y) = y® depending on « with p; = 0.7 and py = 0.75.

3.2 Attractiveness : a simple phase transition model

After the study of the equilibrium points, we have to compute the eigenvalues of Dh(y*) at each
equilibrium points y* to deduce its attractiveness for ODE},.
Indeed, this amounts to studying the zeros of h, the first component h' of h, namely h'(y) =
y — 2t (?)(Z)(i}ffzj; ()1—y)‘ By simple computations, we obtain that, for every zeros y* € I* of h',
F ) —y) + A —y)(y" —1+po)
fly) + f(1—y) ’

Therefore, for each zero y* of h', we have three possibilities:

(M) (y*)=1- y* € [0,1], hl(y*) =0.

e y* is uniformly attractive (i.e. (h!)'(y*) > 0),
e y* is repulsive (i.e. (RY) (y*) < 0),

e y*is a priori undetermined (i.e. (h')(y*) = 0) ; in fact a higher order Taylor expansion can help
to determine the nature of this equilibrium point).
Proposition 3.2. (i) If h has a unique equilibrium point, then it is attractive.

(ii) If h has two equilibrium points, then the lowest equilibrium point for h' is attractive and the highest
for h' is undetermined.

(iii) If h has three equilibrium points, then the lowest and the highest for h' are attractive and the one
in the middle is repulsive.

Proof. We have that h'(0) = —(1 — p2) < 0 and h'(1) = 1 — p; > 0. Then, if there exists a unique
equilibrium point, the derivative at this point is positive, therefore the equilibrium point is attractive.
Since there exists at most three equilibrium points, then:
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e if h! has two zeros, then the first equilibrium point is attractive and the second is undetermined:;

e if h! has three zeros, then we have two attractive equilibrium points (the first and the last) and
one repulsive point (in the middle). O

Examples of function h'

Functions ht

0.3
0.2
0.1
0
-0.1 a=2.5
a=3.1
02 a=4
a=5
0 0.2 0.4 0.6 0.8 1

Figure 2: Functions h! for f(y) = y® with p; = 0.7 and ps = 0.75.

Remark. If f(y) = y®, a > 1, then for the case of two equilibrium points we have to look at the sign
of the second derivative of h' to know if the undetermined zero is attractive or repulsive. We have, for
every y€ [0, 1],

a0 = DA = 2y)(y* + (1 —)*) —20y(1 —y)(y*~ ' = (1 —y)* )
(Y + (L —y))?
Let y* € I* such that h'(y*) = 0 and (k') (y*) = 0. Then (h')"(y*) > 0 and a Taylor expansion gives

ES —%(y —9*)? and the equilibrium point is then attractive.

(hY)"(y) = (1—p1—p2)ay® 2 (1—y)

Figure 2 shows that for p; = 0.7, po = 0.75 and a = 3.09, we have two equilibrium points
yi ~ 0.2699 and y3 ~ 0.6002 with (h!)'(y3) = 0. Figure 3 illustrates that (h%)"(y3) > 0.
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Second Derivative of h!' in the case of two equilibrium points

Second derivative of h'

0 0.2 0.4 0.6 0.8 1
y

Figure 3: Second derivative of h! for f(y) = y>% with p; = 0.7 and py = 0.75.

It remains to show that the algorithm does not converge towards the repulsive equilibrium point
denoted by 7. To show that there is an excitation in the repulsive direction, we have to prove that
assumption (A.32) holds (see Theorem A.2 in the Appendix).

Proposition 3.3. Let § be a repulsive equilibrium point for h' i.e. satisfying (h*) (§) < 0. Then
P(Y,! = §) = 0.

Proof. As we consider the one-dimensional problem (namely the algorithm satisfied by the first
component Y,!), we have, using the notations of Theorem A.2 in the Appendix, that

AMSJBl = AMrlL-l-l‘
Using Assumption (A1), we obtain

Hul fG) + H2AF(V2)
Tr(f(¥)

AMT(;L =D\ Xp o + DA X0 —

Therefore

e[lami]17] = Elami,]17]

_ IO g|pn, _ Hed O+ HEED | f]

Te(f(Ya) || " Te(J(Y,)) "
f(V2) ‘Dm CHL V) + HE YD) |f]
T(f(V)) || Tr(f(Y)) "]
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By Jensen’s inequality applied to both conditional expectation in the right hand side
E [HAM(T 1H \ ] > L?nl) ‘Hl}i-l . H}L}l-lf(?l) + Hl%r1f(Y2)
n+ = ~ n
Te(f(Yn)) Te(f(Yy))
f(Y7)

12 _Hvlz}uf(?l)+Hli1f( 2) '

n+1

Tr(f (V) Tr(f (V)

a.s

Owing to (A5),, H , —+> HY, where H" = p; and HY =1 —p;, 1 < i,j < 2. Furthermore, on

V= {w:Vlw - y},
Hvlz}l-lf(i;nl) + Hrlfl—lf(?rg) a.s. ~

—— = g
Tr(f(Yn)) oo
Consequently,
f(}fr}v) HL, - HLL (Y, )"’NHl%df( 2) as f@)A pr— ] >0

Tr(f(Yn)) Tr(f(Yn)) e Tr(f(9))

and 7 11 fyl 12 £y2
2 N
f(A,YtLV) Hrlfi—l o Hn—l—lf(yn)j_ﬁn—l—lf(yn) % f(AEy)A ’1 —py — :g’ >0
Tr(f(Yn)) Tr(f(Yn)) e Tr(f(9))

since § € (1 — po,p1). Thus (A.32) is satisfied. Then, by using (2.6) and by applying Theorem A.2 in

the Appendix, P(J}) =0.

3.3 A.s. convergence

Theorem 3.1. Let (Y,)n>0 be the urn composition sequence defined by (1.1)-(1.2).

sumptions (A1), (A2) and (A3),

Yo o as .
( ) TI‘(Yn) njgoy ’
) N, o5 W)
oo Te(f(y*))
Proof. First, we will prove that (a) = (b), then (a).
(a) = (b). We have

d ~ o~
Z i f(Yn—l)
X Fo-1] = = AN
| 7ol g Yoo 1>> Te(f (V1))

and, by construction ||X,||* =1 so that E [HXnH \]—"n_l} = 1. Hence the martingale

n
— X, —EIX.|F —
M, =Y = X | P stef 37 p2,

k n—o00
k=1

and by the Kronecker Lemma we obtain
Y
gy e
Yk 1 n—oo
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This yields the announced implication owing to the Césaro Lemma.
(a) The algorithm is bounded by construction since it is [0, 1]-valued. Assumption (A2) implies that
SUP,,>p, B [\|AMn+1H2 |]:n] < 400 a.s. and Assumption (A3) implies that r, <> 0. The set {h = 0}

n—oo
is finite hence Y;, a.s. converges toward a zero of h (see Theorem A.1-(c) in the appendix). Moreover,
it follows from Proposition 3.2 devoted to attractiveness that this zero cannot be a repulsive (a point
at which A/ is negative).

3.4 Weak rate of convergence

To establish a CLT for the sequence (Y,),>0 we need to make the following additional assumptions:
(A4) The addition rules D,, a.s. satisfy

sup,>1 E [HDﬁjH%_é |]:n—1:| <C < +oo forad >0,

Vl<j<d, P .
E [D,{(D,f)t yfn_l} o'}
n—oo
where C7 = (Cijz)léi,lﬁdv j=1,...,d, are d x d positive definite matrices.

2

Note that (Ad) =(A2) since E [HD;ZH? |}"n_1] < (E [||D;{\|2+5|fn_1])2”.
(A5), There exists a sequence (vp,)n>1 such that matrices H, and H satisfy
_ 2
nonk [[[[Hn — HI[F] — 0. (3.20)
Theorem 3.2. Assume (A1), (A3), (A4) and (A5),. We have
Sp (Dh(y)js,) = {11 - A},

where / 1 1 / 1 1

'y ) -y )+ /A=y )y —1+po)
fy )+ f(1—y*h)

(@) If pi+p2—1<0and v, =1, n > 1, then

5 ) L 1 - T w(Dhy )~ D) p (D)~ L
ﬁ(Yn—y>—>N 0 )Y with Z:/O e 2)Te 2) du

A=

n—00 "1 -2\
1\ 1 _ k12
and TI' = fy ) +~f(1 v y*(y")' = a.s.- lim E [AM,AM] | F,—1]. (3.21)
Te(f(y*)) e

(b) If p1 +p2 — 1 > 0, we have three possible rates of convergence depending on the second eigenvalue:

(i) If0< A< 3% and v, =1, n > 1, then

Vi (Va—y') 5N <0, ﬁz) .

(i) If \ =% and v, =logn, n > 1, then

Vo (o) £ 0

(i) If% <A< 1and v, =n'"2" 5 >0, then n’ (lN/'n — y*) a.s. converges as n — +oo towards a
positive finite random variable 1.
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Remarks. e Condition 0 < A < % is satisfied as soon as

(f'A=p) + (A =p))p1 +p2— 1)
f(1—p1)+ f(1—p2)

(f'(p1) + f'(p2))(p1 +p2 — 1)
f(I=p1)+ f(1 —p2)

by using the monotony of f and f’ and that y* € (1 — pa,p1).

1., ..
< 5 if f is concave,

< 3 if f is convex,

o If f(y) =y, then the above criteria reads

2(p1 +p2—1)

1 . 6
<5 te p1+p2<g,
2—p1—p2 2

5
which ensures a CLT for the unique equilibrium point. This case has already been investigated (see [3,
4, 26]) and we can compute the equilibrium point and the second eigenvalue, namely

a_  1—=p 2 1-—p

= , Yo' =——— and A =2-p; —po.
2—p1—p2 2—p1—Dp2

Thus, if p; + ps < %, then the recursive procedure (2.13) satisfies a CLT; if p; +py = %, (2.13) satisfies
Theorem 3.2-2.(ii); and if p; + p2 > 3, (2.13) admits a a.s.-rate of convergence.

e In [13, 28], the properties of the random variable T are deeply investigated in the more standard
framework of Pdlya’s urn with deterministic addition rule matrix. It is shown to be solution to a
smoothing equation obtained by a smart decomposition of the urn into canonical components. Thus,
it is proved that its distribution is characterized by its moments. It is clear that such results are out
of reach of standard SA techniques although it would be challenging to check whether similar results
about T in the randomized and nonlinear framework are true.

Proof. We will check the three assumptions of the C'LT for SA algorithms recalled in the Appendix
(Theorem A.3). Let us begin by computing the general differential matrix Dh(y). We obtain

fh pif)+0-p2)f(?) _ f'@?) pif)+A=p2)f*) (1 _
LT 7an+767) ( T+ W) pl) FIORESIOR) ( T+ w?) (1 p2))
Dh(y) =

f(yh (A=p)f W )+p2f¥?) (%) (1=p0) fyH)+p2f(¥?)
T+ ( Fonrres _p1)> L+ moni ( IORESi) _p2>

As the equilibrium points y* lie in the simplex Sy, we have that y*2 = 1 — y*!. Furthermore, using
that h(y*) = 0, we obtain

f/ *1 " 11—y i}
1+W(?Jl_pl) m(?ﬂ—(l—pz))

DA = ) J—y™)
(0% * 11 —y* "
e 0= yT) 1 gty (Lo pe -y

Thus

Py =y + (0 -y )y —1+po) } '

Sp (Dh(y*) \Sg) = {17 1—- f(y*l) +f(1— y*l)
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The condition (A.35) on the spectrum of Dh(y*) requested for algorithms with step 1 in Theorem A.3
reads Sp(Dh(y*)) > 3.
Secondly Assumption (A4) ensures that Condition (A.33) is satisfied since

supE {HAMnHZM \]:n_l] <400 as. and E[AM,AM] |F,_1] :—8> I' as n— oo,
n>1 n—00

where I' is the symmetric nonnegative matrix given by

2

[AMn+1A n+1 |]: j| = Z]P)(Xn—l—l =el |]:n)(]E [ng-i-l( TL—I—I) |]: i|
q=1

—E [Dn+1Xn+1 | F ] E [Dn+1Xn+1 | ]:n]t)
Yq . F(Y,, F(Y,

= Z f E (D, (D) 1 Fa) — (Hn+1%) <Hn+1L~)

as, b f(y*l)C1 + (1 —yHC?

no To(F(y)) RS

Finally, using (A5),, the remainder sequence (ry,),>1 satisfies (A.34) since Tr{;%;))) owing to (2.15).
U

4 Poéblya urn with reinforced drawing rule: a bandit approach

Assume that the drawing rule is given by (2.7), that D, = I3, n > 1, and that the initial urn
composition vector Yy € RZ \ {0}. In this framework, H = H,, = I;, n > 1, therefore H is no more
irreducible and we cannot use the results proved in Sections 2.1 and 3. We still normalize Y,, by setting
Vo Yn

The sequence (Y;,)n>0 satisfies the following recursive stochastic algorithm (obvious consequence
of (2.11))

S 1 - F(Ya) 1
Yo = - Y, - o + AM, 1, >1, 4.22
+1 n+ 1+ Tr(Yp) Tr <f(Yn)> n+ 14 Tr(Yp) +1, T ( )
where
AMn+1 = Xn+1 —E [Xn+1 ‘fn] (423)
Tr(Yn) _ n+Tr(Yo)

is an (F,)n>0-true martingale increment. Let us remark that in this case =1, so

N n+Tr(Yo) = n+Tr(Yo)
that the sequence (Y},)n>0 is bounded and lies in the canonical simplex Sy since it is a non-negative
sequence.

4.1 Special case where f = Id

The special case where f(y) = y follows from the classical Athreya theorem that we recall below.
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Theorem 4.1 (Athreya’s Theorem, see [1]). Let (Y,)n>0 be the urn composition sequence defined
by (1.1)-(1.2) with Dy, = Ig, n > 1. Under the assumption (2.7) with f(z) = x, there exists a random
vector Yoo having values in the simplex Sy such that

U Yn a.s. <>
Y, = — Y a.s.
Tr(Yn) n—00 @8

Furthermore,
(i) Yoo has a Dirichlet distribution with parameter Y.
(ii) In particular, if d = 2, 17010 has a beta distribution with parameter Yy and YZ (in particular, 17010
has a uniform distribution on [0,1] if Y§ = Y =1).

't n+%/rn(yo) are nonnegative and Tr(Y,) = 1, n > 0, it is

clear that (Y,),>0 is bounded and lies in the simplex S; and that P(dw)-a.s., the set Voo (w) of all its
limiting values is contained in S;. We can rewrite the recursive procedure (4.22) for f(x) = x in the
following form

Proof (partial). Since the components of Y, =

et oyt A]\4714-1
Vo1 =Y, +——ntt
R i A

therefore 37” is a non-negative bounded martingale. Consequently 37” 2% 3700 < 400 a.s.
n—o0

We only will prove claim (i7). We will use the moment method to prove that the law of 37010 is the
beta law with parameter Y3 and Y. Indeed, by Lebesgue’s theorem limy,_, 1o E[(Y,)F] = E[(Yoo)*].

Let us recall the moments of the beta distribution (which characterize it since it is compactly
supported). Assume that a random variable X has the beta distribution with parameters « and £.

Then for every k > 1,
k—1 .
a—+1
E[X*] = _—
X7 E)oz—l—5+i

We set, for n > 0,

— YHY 41 (Y E—1)

Mo = TR+ TV 1) (n L T (Vo) + k= 1)

Let us show that (Mn)nzo is an (Fp,)n>o-martingale. We have P-a.s.

EMpi1|Fal = EMnpalixr oyl Fo] + E[Mppalys [ Fnl

n+ Tr(Yy) — V! YIYI+1) (Y E—1)

n+Tr(Yy) (n+Tr(Yo)+1)(n+ Tr(Yo) +2)--- (n + Tr(Yo) + k)
N Y} Y+ +2) (Y +k)
n+ Tr(Yp) (n+ Tr(Yp) + 1)(n + Tr(Yo) + 2) -+ (n + Tr(Yo) + k)
YIYI+1)-- (VP +k—Dn+Te(Yo) =YD+ (Y + k)]
(n+ Tr(Yp))(n + Tr(Yp) + 1) - (n + Tr(Yo) + k)

YIvI+1)-- (Y 4+ k—1) —~

T e+ Tr(Yo))(qz—k Tr(Yp) + 1) - (n+T(Yo) +k—1) A
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i vl 1 Yitr >1 ~ S
ince Y, —> Y a.s. then also n — Y a.s. for every fixed r, so that M,, — (Y.
S n ’fL+Tr(Y0)+T n + o0 y b n n + ( OO)

a.s. and, as 0 <M, <1, hmn_>+ooE[]\7n] = E[(VL)]. (Mn)nzl being a martingale

k—1

— _ .
E[M,] =E[Mo] = [] %-
r=0

4.2 Multi-dimensional bandit model with convex (or concave) skewed drawing rule

In this section we investigate the typically no-irreducible case, namely H = I; we will see that it
requires new tools, especially a method to avoid the so-called “traps” in the SA literature.

Theorem 4.2. (a) Let I C {1,...,d} be non-empty. If f satisfies either f.(0) > |I|f(ﬁ) Then for

every deterministic initial value such that YOj > 0 for some j¢ I,
P (Yoo =21) =0.

(b) If d = 2, the above conclusion still holds if f/(0) =1 and f/(1) + 0 (0) > 1.
(¢) If f 1is strictly concave then & = {€,,I C {1,...,d}, I # (0} by Proposztz'on 2.3(c). Then for every
starting value Yy € (0, +00),

a.S. ~

Y, L% eq,..day = y(d) as n — 400

Remarks. e Notice that in the previous theorem, no convexity property is requested on the function
f. This result is indeed more general than the convex/concave framework that we usually study in
this section.

e In claim (b), if f(0) =0, f(1) =1, f(0) =1 and f is convex or concave, then f = Id so this case is
out of the convex/concave framework.

o If Yoi = 0 for some i € {1,...,d}, then, as proved below, Y,;! = 0 for every n > 0. So, as soon as
Yy € Ri \ {~0}, one may apply the above result (c) to the urn restricted to I’ = {i€ I, Y§ > 0} to
prove that Y,, — €y as n — 4o00.

Proof. (a)-(b) STEP 1: Tt follows from (1.1) and the fact that D, = I; that, if Y = 0 then, for
every instant n > 0, Y, = 0. So, up to a reduction of the dimension d, we may always assume that all
Yi > 0.

As a consequence we may assume that, for every n > 0, min; EN/; > 0. Now we will prove that
P (370]0 = 0) = 0 for every j ¢ I. Without loss of generality we may assume that 1 ¢ I and j = 1.

Define the function h by h(y) =1 — 1%r(( () 5 1¢,1—0} which satisfies h(y) <1 for ye S;\ {y* = 0}.

Starting from the dynamics of Y1 given by (4.22), we have, for n > 0,

T N T [ ) 1 1
Yn+l = n n+1+ TI“(Y()) < n Tr(f(ﬁﬂ)) n+1+ TI'(Y())AMn-i-l

_ 7

1l-——— n(Y} —  AM!
”< n+1+Tr<%>(")>+n+1+ﬂ%) m
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We derive that the sequence

~ yl
L, = ”1 —— , n>0 (4.24)
n
[T (1 - mrmmmh(Bl))
is a non-negative martingale satisfying
~ ~ 1 AM}
Lpi1 =Ly + ntl n > 0.

n+ 1+ Tr(Yp) g <1 _ mﬁ(f/kl_l))

o If £/(0) > \I\f(ﬁ), then h(y) — K = 1—% < 0asy — ¢,. Therefore, on the event {Y,} — ¢, },

)
1
1]

h(Y,L) < Kk < 0so that [T}, <1 — mﬁ(f@l—l)) 2% 400 a.s.. Tt follows from its definition

in (4.24) that L %% 0 on {?nl — 51} since V! < N?T(E/(QO) 2% 1. Consequently

{17;} —>'€I} C {fn —>0}.
o (Case d=2) If f/(0) =1 and f/(1) + @ > 1, then h(y) < 0 for y in the neighborhood of 0. So we
still have {17” — 62} = {?nl — 0} C {Zn — 0}.

Consequently N N
P(YL =0) <P(Lo = 0).

STEP 2: The end of the proof is based on the following (short) key lemma (see [25]) reproduced here
for the reader’s convenience.

Lemma 4.1. Let (My,)n>0 be a non-negative martingale. Then

B8 (05, 1 7]

Vn >0, P(My=0]|F,) < T

Proof of Lemma 4.1. It is sufficient to observe that, for every n > 0,

2
E []l{MooZO}an ’fn] < I |:(M00 B Mn) ’fn}
M3 - M2

P(Me =0|F,) =

First we note that
1 >2 E [(AML,))? | F)
n+ 1+ Tr(Yp) ( n+1 (1_ LR )>)2

k=1 (Vo) "\ k-1

E [(AMn—H)z ‘}—n] = <

and _ - ~
FED (e(FF) — FTD) _ d-1
(7)) = Tjap

E((AM}a)* | F,) =
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since Tr(f(y)) > f(max; Y;) > f(1/d). As a consequence
1 FED(T(f(Va) — F(V)
~ 2 ~_ N2 :
(4 1+ T ()2 (T (1 - ek P )) (Te(F(7)))

E[(AM41)? | 7] =

Then, applying Lemma 4.1 to the non-negative martingale (En)nZI yields

E [A <J\7>n+l | Fo }

M2

n

P(Moo = 0| F)

IN

1 G 1 =
= —=E SFE(Y, ) | Fa

MG 1S (ke + Te(Yp))? (H?:l (1 - Wl%)ﬁ(?fl—l)»

1 ry _ 1
M )Ei((?(y)))))g(y ))7 y € (0,1] x [0,1]*" is clearly non-
Y

negative and bounded by kg := (d — 1)/f(1/d)?. Consequently,

where the function F' is defined by F(y) :=

P(Moo = 0| Fp)
(') -l _ %N v B
M3 Sy TP ! (1 - (V) T (1 - by V)
L :Zkfl .

Let At := max(h,0) so that h < ht < Hh*’H Now ht(y) <1,y €8y \ {y* =0}, since f(y') > 0 on
(0,1] and lim sup,1_, h(y) <1— f.(0)infs, —t— Tr(f( 5 <1-— f/(0)/d < 1 since f/(0) > 0 by assumption.

In 2-dimension, under the additional assumption in the critical care (f/(0) = 1), the extension of
the function h over [0, 1] is negative so that h™ = 0.

Finally, we obtain

1 o O\ 1 )
(1‘mh<’”k—l>> §<1 FrTe 1 H) BLES
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Then, as E {Mk_l \]—"n} = Mn since M is a (P, F,)-martingale,

P(Me = 0| Fn)
Rd - 1 Mn
< Z . _ n
Mg Sy b+ T 0D (1 - s ) T (1= sy POV 0) T (1~ by 1)
_ i i 1
Mo Tl (1 - momh (V) o5t (1= e 1) (4 (60 T (1 = i 1)
_ iy g1 L
oY) gn:ﬂ (+ Te(Y)2 ( gznzﬂln <1 0+ Tr(Yo)
_ GGy + Tr(¥o)) 5~ [[7]] 1 S G2S
B Y, L (Rt Tr(Yp))?
~ 1
since Yn1 = 71—1—};‘77;(1/0)' Hence
P(Moo =01]F,) < Ynlszn(Yo)
_ FaCn Cr(n + Tr(Yp)) S (n+ r(ve)) 17l
Y v (k + Te(ve)2 1l
 raGu G+ ) e & |
Ya k=n+1 (k + Tr(YO))Z_H}NﬁHoo
RanOC}NL

<

Now, it remains to prove that V! 2% t+00. One checks that

R
{Yolo<+oo}: U ﬂ {Uk> - - f (= 1+Tr(Y0)) - )}7

E—1+1r(Y0) )+ f(1 == 110 (Y0)

n>0k>n
then
1 1_ .\ B fly/(k =1+ Tr(Yp))) _
Vel P (¥e < oo Yy =y) ‘,}1(1 P/ =1+ T(Yo) & F0—y/(k— 1+ () ) "
since ), f(y/k+Tr(3(,g)/)k:]%(YZ%+Tr(YO)) = 400 because f.(0) > 0. Therefore Y1 = lim, Y,! = +o0 a.s..
Consequently,

P (M =0) =0
which in turn implies

P (37; - o) = limE (P(f{}o - oya)) < limE (P(JTJOO - 0]&)) —0
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(where we used that bounded martingales converge in L').
(¢) First assume that all Y; > 0, i€ {1,...,d}. From what precedes, we derive that ]P’(f/'n — 984)) = 0.
As a consequence, following Theorem A.1, P(dw)-a.s., the set ©>°(w) of limiting values of (Y;,(w))n>0

(o]
is a connected compact set of S;. We know that 51 is a uniformly attracting point for ODFE} and

that the flow of ODE}, (y(yo, t))t>0 & converges toward %1, S0 it converges uniformly with respect
20,y0€54
to Yo € ©°°(w). The conclusion of Theorem A.1 then provides the expected a.s. convergence. O

5 Applications

5.1 Function with regular variation for the drawing rule

Let define the law of the drawings as follows

. yi
Vi<i<d, P(Xpt1=¢€"|F)= df(in)j, n >0, (5.25)
t
where f has regular variation with index o > 0, namely V¢ > 0, J;((j)) —2 t* and f is bounded on
[f(tx)

each interval (0, M]. Then, by applying Theorem 1.5.2 p.22 in [10],

each (0,b], 0 < b < 0.
We can reformulate the dynamics (1.1)-(1.2) into a recursive stochastic algorithm like in the Sec-
tion 2.1, and we obtain the following recursive procedure satisfied by the sequence (Y,),>0, namely

— t% uniformly in ¢ on

f(z) 2=

«

- - 1 - 1
Ypp1=Yp—-——— |V, -H—2 | +
i n+Tr(Yy) + 1 ( Tr(yg)) n+Tr(Yp) + 1

(AMn-i-l + ?n-i-l) (526)

~ o ~ . . _ 1 . :
where Y& = ((Y;)O‘) \cicd with step v, = T (Y0) and a remainder term given by

AN,
Tr(f(Yn)) Tr(Y,9)

?n+1 = Hn+l S .Fn (527)

Notice that, in the convex case, the remainder term was r,11 = (Hpy1 — H) Tr](c,(;(/%)))’ therefore as-
sumption (A3) implied directly that r, —~> 0. Here we have to use the uniform convergence of the

n——+o0o
regular variation to prove the required assumption on 7,41.

_ By the same arguments like in Section 2.1, Tr(Y,,) satisfies (2.16). Moreover, for the quantity
N, = % > r—1 Xk, we also devise a stochastic recursive procedure in the same way as before, namely

- - 1 o

~ Y 1 —
Nyii=N, — N, — —n (AM 7 )
n+l n T ( n Tr(Y,f‘)) + ] n+1 + Tn+1)

(Ya) vy

n

Te(f(Y,) Te(Ve)

where 7,41 = , thus 7,11 € F,,.

28



Theorem 5.1. Assume that (A1), (A2) and (A3) hold and d = 2.
If 0 < a <1, then h has a unique zero y* € I* and

Tr(Yn) a.s, Y, a.s. ~  a.s, (y*)a
) asg g T as e foes, W
n+ Tr(Yy) n—oo ~ Tr(Y,) n—oo yoan n—oo Tr((y*))

If a > 1, then h has a unique zero y* € I* or ODE}, has two attractive equilibrium points in I* (as we
have established in Section 2.3). Thus, the stochastic recursive procedure a.s. converges to one of the
possible limit values.

Proof. By the same arguments like in Section 2.3, Tr(Y},) satisfies (2.16), therefore Proposition 2.1
holds. Consequently, Y;, lies in a compact of R, thus

SN I 10 2:) Y RS R A

1<i<d | f(n + Tr(Yp)) n + Tr(Yp) n—+oo
Set af, = % and b, = (Y,)), i € {1,...,d}. Then, for every i € {1,...,d},

G M b d (| Tie)

Tr(a,) Tr(b,)  Tr(b,)  Tr(a,) Tr(b,) )
But . N
d i) _ Vv o g
Tr(h) = S (7 > (L V) =m@)e it aeon
im1 d'Tr(Y,)® if a>1,

therefore

Tr(Y,)® (n + Tr(Yp))®
Tr(bn) = da—11 qs. dle=1)+
Consequently, for every i € {1,...,d},

ap by _ maXigicg lai, — b5 + Y0 |ad — b
Tr(an)  Tr(bn) ~ Tr(by)
i.e. ' '
a% b% d + 1 ) 7 a.s,
_ —b .
19524 | Tr(an)  Te(by) |~ Tre(by) 12i2a jan = bpl =73 0
Thus ‘ |
al b,

Pna | < [|[HI]] max

a.s,
1<i<d + H’HTH_1 N H’H n—>—+>oo 0

Tr(a,)  Tr(b,)
and in the same way 7ny1 —> 0. Consequently item 1. follows from Proposition 3.1-1. and

n—-+4o00
Theorem 3.1.
2. We have to check the assumption on the remainder term to apply result on traps for SA. We have
that ' '
A, by,

Tr(an) Tr(by)

So, for @ > 1, under assumption (A3) on the generating matrices,

Z rnstll? < +o0.
n>0

(d+1)d=D+ S B
< P il N
~ (n+ Tr(Yp))> 112%}{(1 |ay, — by| = o(n™%). (5.28)

max
1<i<d
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The end of the proof follows from Proposition 3.1-2.-3. and Theorem 3.1. O

To establish a C'LT for the sequence (Y3,),,>0 we need that the remainder term (r,,),>1 satisfies (A.34).
Then we will assume that the addition rule matrices (D,,),>1 satisfy (A1)-(i7) to ensure that (Y,)n>0
lies in the simplex (which implies that the rate in (5.28) is no more a.s.) and we assume also that
a>1/2.

Theorem 5.2. Assume that the index of reqular variation o > 1/2, that the addition rule matrices
(Dp)n>1 satisfy (A1)-(ii), (A3), (A4) and (A5),. We have

Sp (Dh(y")s,) = {1.1 = A},

where o X / 1 )
o S -y )+ A -y )y — 14 po)
fly ) + f(L—y*)
(a) If p1+p2—1<0 and v, =1, n > 1, then

v o) £ 1 - T (DR -5 pu(Dhy) - )
ﬁ(Yn—y>n:)>ON 07=5x%) with 2= e )Te 2 du

G Ayt t
Te((y7)%) Y (y") = as.- lim E[AMAM, | Fp]. (5.29)

If p1 + po — 1 > 0, we have three possible rate of convergence depending on the second eigenvalue:

(i) If0< A< andv,=1,n>1, then

and T =

n—oo

\/ﬁ(ffn—y*> £, N(o,%%lz:).

(ii) If \ =% and v, =logn, n > 1, then

n <Yn—y*) £, N(0,5).

logn n—00

(iii) If% <A< 1and v, =n""27 5 >0, then n? (Yn — y*) a.s. converges as n — +0o towards a

positive finite random variable Y.

This result follows from Theorem A.3 and Theorem 3.2.

5.2 An application to Finance: adaptive asset allocation

Such urn based recursive procedures can be applied to adaptive portfolio allocation by an asset manager
or a trader or to optimal split across liquidity pools. Indeed the first setting has already been done
in [25] and successfully implemented with multi-armed bandit procedure. We develop in this section
the adaptive portfolio allocation, but the optimal split across liquidity pools can be implemented in
the same way, by considering that the different colors represent the different liquidity pools, and the
trader want to optimally split a large volume of a single asset among the different possible destinations.

Imagine an asset manager who deals with a portfolio of d tradable assets. To optimize the yield of
her portfolio, she can modify the proportions invested in each asset. She starts with the initial allocation
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vector Yj. At stage n, she chooses a tradable asset according to the distribution (1.2) or (1.3) of X,
then evaluates its performance over one time step and modifies the portfolio composition accordingly
(most likely virtually) and proceeds. Thus the normalized urn composition Y,, represents the allocation
vector among the assets and the addition rule matrices D,, model the successive reallocations depending
on the past performances of the different assets. The evaluation of the asset performances can be carried
out recursively with an estimator like with multi-arm clinical trials (see [4, 26]). In practice, it can be
used to design the addition rule matrices D,,. For example, we may consider sequences of d independent
[0, 1]-valued random variables (T}),>1, i € {1,...,d}, independent of the drawing X,,, such that

E[T}] =p;, O0<p <1, i€e{l,...,d}

If (T)p>1, 1 € {1,...,d}, is simply a success indicator, namely d independent sequences of i.i.d. {0,1}-
valued Bernoulli trials with respective parameter p;, then the convention is to set 77 = 1 if the return
of the it asset in the n'* reallocation is positive and T} = 0 otherwise.

Let N% :=>"}_, X! be the number of times the " asset is selected among the first n stages with
Nt =1,i€{l,...,d}, and let S,, be the d dimensional vector defined by

Si=8 | 4+TiXi n>1, Si=1, ie{l,...,d},

denoting the number of successes of the i" asset among these N reallocations. Define II,, an estimator

of the vector of success probabilities, namely II¢, = %, i €{1,...,d}. We can prove that II,, %
n n——+0o0

pi=(p',...,pH)¢ (see [4, 26]). Then we build the following addition rule matrices

Tl H}'L(I_Tzfl) . H}L(l_T’gfl)
ntl > I > T
H%(l_TnlmL_ﬂ T2 H%(l_Tfffﬁ
Dn+1 = Zj;él I, n+1 Zj#d I, R (530)
Hg(l_Tnlmt_l) Hg(l_Trzbfl) . Td
5 I Pt n+l

i.e. at stage n + 1, if the return of the 4t asset is positive, then one ball of type j is added in the
urn. Otherwise, % (virtual) balls of type i, i # j, are added. This addition rule matrix clearly

satisfies (A1)-(i) and (A2). Then, one easily checks that the generating matrices are given by

1 M .. H}L(l—Pd_)

i n > jzalln

113 (1—p1) D o IR(-pa)

Hpq :E[Dn—kl‘fn] = | Xl 2 > izallh

Me(-p) (01-ps)
S TE R SIS TE)

Pd
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and satisfy (A1)-(ii). As soon as Yp € RL\ {0}, H,, “5 H (see [4, 26]) where

Pt pla=p? . p(-pY)
2jpal’? 2jral’
p*(1—p") 2 )
H=| % b 2 jta P’
pli-p') pl-p?) p
2P Dz ?’

Let remark that H is R-diagonalizable since it is symmetric with respect to its invariant measure.
Therefore, the number of each asset in the portfolio Y;, follows the dynamics (1.1) and the repartition
of the portfolio in each asset follows the dynamics (2.13) or (5.26) depending on the drawing rule.

Here the components of the limit generating matrix H can be interpreted as constraints on the
composition of the portfolio. Indeed, in presence of two assets (or colors), we prove that the first
component of the allocation vector y*! lies in I* (see Proposition 3.1), therefore the portfolio will
contain at least p; V (1 — p3)% and no more than p; A (1 — p2)% of the first asset. Such rules may be
prescribed by the regulation, the bank policy or the bank customer, and our approach is a natural way
to have them satisfied (at least asymptotically).

The idea of reinforcing the drawing rule (instead of considering the uniform drawing) like in (1.2)
or (1.3) can be interpreted as a way to take into account the risk aversion of the trader or the customer.
Indeed, if f is concave the equilibrium point will be in the middle of the simplex (see Theorem 3.2
and Theorem 3.3), so the trader prefers to have diversification in her portfolio. On the contrary, if
f is convex, the equilibrium points will lie on the boundary of the set of constraints induced by the
limit generating matrix H, so she prefers to take advantage of the most money-making asset (like in a
“winner take all” or a “0-1” strategy).

Numerical experiments. We present some numerical experiment for the drawing rule defined
by (1.2), firstly with a concave function f :y + ,/y and secondly with a convex function f :y yt.
Therefore we have a unique equilibrium point in the first setting and two attractive targets in the
second framework. We consider an asset manager who deal with a portfolio of 2 tradable assets. We
model the addition rule matrices like in the multi-arm clinical trials, namely D,, is defined by (5.30).
We use the same success probabilities, namely p; = 0.7 and ps = 0.75, and the initial urn composition
is chosen randomly in the simplex S,.

> Convergence of the portfolio allocation with concave drawing rule. We have that y*! € (0.25,0.7)
and y*! and y*? are close to %, so the portfolio is diversified because in this case the investor is risk
adverse.

> Convergence of the portfolio allocation with convex drawing rule.

In the convex framework, we have two possible strategies and they are close to the boundaries
defined by regulation. Moreover the repartition of the portfolio between the two assets is more asym-
metric, because the trader chooses to invest two times more in one asset than in the other.

Acknowledgement. We thank Frédéric Abergel (MAS Laboratory, ECP) for suggesting us to inves-
tigate the nonlinear case in randomized urn models and for helpful discussions in view of application
to financial frameworks.
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Figure 4: Convergence of Y, toward y* for f(y) = \/y with p; = 0.7 and py = 0.75.
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Figure 5: Convergence of Y, toward y* for f(y) = y* with p; = 0.7 and py = 0.75.
Appendix

A Basic tools from Stochastic Approximation
Consider the following recursive procedure defined on a filtered probability space (2, A, (Fp)n>0,P)

Vn > no, 9n+1 =0, — '7n+1h(9n) + Ynt1 (AMn—I—l + Tn—i—l) 5 (A31)
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Figure 6: Convergence of Y, toward y* for f(y) = y* with p; = 0.7 and py = 0.75.

where h : R? — R? is a locally Lipschitz continuous function with linear growth, ,,, an J,,,-measurable
finite random vector and, for every n > ng, AM, 1 is an F,-martingale increment and r,, is an F,-
adapted remainder term.

Note that the assumptions of the theorems recalled below are possibly not minimal, but adapted
to the problems we want to solve.

> A.s. Convergence. Let us introduce a few additional notions on differential systems. We consider
the differential system ODE}, = & = —h(z) where h : R? — R is a continuous vector field. We assume
that this system has a flow ®(t,2),cr, yera: for every x € RY, (®(t,2))¢>0 is the unique solution to
ODE), defined on the whole positive real line. This flow exists as soon as h is locally Lipschitz with
linear growth.

Let K be a compact connected, flow invariant subset of R? i.e. such that ®(t, K) C K for every
teR,.

A subset A C K is an internal attractor of K for ODE)}, if

(i) A¢ K,

(73) Jep > 0 such that sup dist(®(¢,2), A) — 0 as t — +oo0.
ze K, dist(z,A)<eg

A compact connected flow invariant set K is a minimal attractor for ODE}, if it contains no internal
attractor.

Theorem A.1l. (A.s. convergence with ODE method, see e.g. [9, 17, 23, 18, 5]). Assume that h :
R? — R? is a locally Lipschitz function with linear growth,

250 and sup E [||AMM+1||2 |fn] <40 a.s.,

n—oo n>ng

34



and that (yn)n>1 15 a positive sequence satisfying

Z% =400 and Z%% < +o00.

n>1 n>1

On the event Aoy = {w | (h(65(w)))n>0 is bounded}, P(dw)-a.s., the set ©(w) of the limiting values
of (On(w)n>0) as n — +oo is a compact connected flow invariant minimal attractor for ODE}, (see
Proposition 5.3 in Section 5.1 in [5]).

Furthermore
(a) If dist(®(0o,t), {h = 0}) — 0 as t — +o0, for every 6y € R?, then ©°(w) N {h = 0} # 0.

(b) If {h = 0} = {0*} and ®(Ay,t) — 0* as t — +o0o locally uniformly in 6y, then OF(w) = {0*} i.e.
0,, =% 0% as n — +o0.

(c) Ifd =1 and {h = 0} is locally finite, then O (w) = {s} C {h =0} i.e. 0, =5 0 € {h = 0}.
> Traps (unstable equilibrium point). This second theorem deals with “traps” i.e. repulsive

zeros of the mean function h. It shows that, provided such a trap is noisy enough, such a trap cannot
be a limiting point of the algorithm.

Theorem A.2. (Non-a.s. convergence toward a trap, see e.g. [12, 16]). Assume that z* € R? is a
trap for the stochastic algorithm (A.31), i.e. (i) h(z*) = 0, (ii) there exists a neighborhood V (z*) of
z* in which h is differentiable with a Lipschitz continuous differential, (iii) the eigenvalue of Dh(z*)
with the lowest real part, denoted by Amin, satisfies Re(Amin) < 0. Assume furthermore that a.s. on
I'(z*) = {0, n%)O z*},

ZHrnH2 <400 and limsupE |]AMn+1H2 | Frn| < 4o0.
n>1 "

Let K, the subspace of R? spanned by the eigenvectors whose associated eigenvalues have a non-
negative real part and K_ the subset of R% spanned by the eigenvectors whose associated eigenvalues

have a negative real part (then R* = K, @ K_). By setting AMT(LT_Bl the projection of AMy+1 on K_
alongside K, assume that a.s. on T'(z*)

lim inf [HAM,(QlH yfn} > 0. (A.32)

Moreover, if the positive sequence (yn)n>1 satisfies

Z’yn =400 and Z’yﬁ < +00,

n>1 n>1

then the event T'(z*) is negligible.

> Rate(s) of convergence. We will say that h is e-differentiable (¢ > 0) at 6* if

h(0) = h(0%) + Dh(6*)(6 — 6*) + o(]|0 — 0% ") as 6 — 6*.
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Theorem A.3. (Rate of convergence see [17] Theorem 8.111.14 p.131 (for the CLT see also e.g. [9,
23])). Let 0* be an equilibrium point of {h = 0}. Assume that the function h is differentiable at 0*
and all the eigenvalues of Dh(0*) have positive real parts. Assume that for some § > 0,

sup E || AMi1|2° \fn} <tooas, E[AMuaAMy,|F)] =5 T, (A.33)

n>ng

where T € 8T(d,R) (deterministic symmetric positive matriz) and for an € > 0 where

nu,E [HTTL—HHzﬂ{||9n—€*||§€}:| — 0. (A.34)

n—-+00
Specify the gain parameter sequence as follows

1
Vn>1, vy, = e (A.35)

Let Ayin denote the eigenvalue of Dh(0*) with the lowest real part and set A := R(Amin)-

(a) If A > % and v, = 1, n > 1, then, the above a.s. convergence is ruled on the convergence event
{0, — 0} by the following Central Limit Theorem

+o0 N t o I
Vv (6, —0%) LN <0, 721&2 1) with % ::/ <e_(Dh(€ )_Td)u> Fe_(Dh(G )_Td)udu.
- 0

n—-+0o
(b) If A = %, v, = logn, n > 1, and h is e-differentiable at 0*, then

n o L

(c) If A€ (0, %), vp = 0?21 0 > 1 for some n > 0 and h is e-differentiable at 6* for some € > 0,
then n® (0, — 0*) is a.s. bounded as n — +oc.

If, moreover, A = Amin (Amin s real), then n® (0, — 6*) a.s. converges as n — +oc toward a finite
random variable.
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