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Abstract

This paper presents the link between stochastic approximation and clinical trials based
on randomized urn models investigated in [4, 5, 6]. We reformulate the dynamics of both
the urn composition and the assigned treatments as standard stochastic approximation (SA)
algorithms with remainder. Then, we derive the a.s. convergence and the asymptotic normality
(Central Limit Theorem CLT) of the normalized procedure under less stringent assumptions
by calling upon the ODE and SDFE methods. As a second step, we investigate a more involved
family of models, known as multi-arm clinical trials, where the urn updating depends on the
past performances of the treatments. By increasing the dimension of the state vector, our SA
approach provides this time a new asymptotic normality result.

Keywords Stochastic approximation, extended Polya urn models, nonhomogeneous generating
matriz, strong consistency, asymptotic normality, multi-arm clinical trials.

2010 AMS classification: 62120, 62E20, 62L05 secondary: 62F12, 62P10.

1 Introduction

The aim of this paper is to illustrate the efficiency of Stochastic Approximation (SA) Theory by
revisiting several recent results on randomized urn models applied to clinical trials (especially [4, 5,
6]). We will first retrieve the a.s. convergence (strong consistency) and asymptotic normality results
obtained in these papers under less stringent assumptions. Then we will take advantage of this
more synthetic approach to establish a new Central Limit Theorem (C'LT') in the more sophisticate
randomized urn model known as “multi-arm clinical test”. In this model, the urn updating which
produces the adaptive design is based on statistical estimators of the past efficiency of the assigned
treatments.

In these adaptive models, the starting point is the equation which governs the urn composition
updated after each new treated patient. Basically, we will show that a normalized version of this

urn composition can be formulated as a classical recursive stochastic algorithm with step v, = %
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which classical Stochastic Approximation Theory deals with. Doing so we will be in position to
establish the a.s. convergence of the procedure by calling upon the so-called Ordinary Differential
Equation Method (ODE method) and to derive the asymptotic normality - a C'LT, to be precise
- from the standard CLT for stochastic algorithms (sometimes called the Stochastic Differential
Equation Method (SDE method), see e.g. [12, 8]). These two main theoretical results are recalled
in a self-contained form in the Appendix. They can be found in all classical textbooks on SA ([8],
[11], [12], [19]) and go back to [18] and [10].

Clinical trials essentially deal with the asymptotic behaviour of the patient allocation to several
treatments during the procedure. Adaptive designs in clinical trials aim at detecting “on line” which
treatment should be assigned to more patients, while keeping randomness enough to preserve the
basis of treatments. This adaptive approach relies on the cumulative information provided by the
responses to treatments of previous patients in order to adjust treatment allocation to the new
patients. To this end, many urn models have been suggested in the literature (see [17], [23], [22],
[13] and [20]). The most widespread random adaptive model is the Generalized Friedman Urn
(GFU) (see [2]), also called Generalized Pélya Urn (GPU). The idea of this modeling is that
the urn contains balls of d different types representative of the treatments. All random variables
involved in the model are supposed to be defined on the same probability space (£2,.4,P). Denote
Yo = (Y§)iz1..a € RL \ {0} the initial composition of the urn, where Y{ denotes the number of
balls of type i, i = 1,...,d. The allocation of the treatments is sequential and the urn composition
at draw n is denoted by Y,, = (Y,i),-:17___,d. When the n? patient presents, one draws randomly (i.e.
uniformly) a ball from the urn with instant replacement. If the ball is of type ¢, then the treatment
i is assigned to the n'" patient, i = 1,...,d, n > 1. The urn composition is updated by taking
into account the response of the n* patient to the treatment 4, or the responses of all patients up
to the n'” one (i.e. the efficiency of the assigned treatment), namely by adding D,/ balls of type
7,7 =1,...,d. The procedure is iterated as long as patients present. Consequently the larger the
number of balls of a given type is, the more efficient the treatment is. The urn composition at n,
modeled by an R?%valued vector Y}, satisfies the following recursive procedure:

Yo =Yn1+DnX,, YoeRL\{0}, (1.1)
with D,, = (Df{ )i<i,j<a is the addition rule matrix and X, is the result of the nth draw and
X, : (Q,AP) = {e!,---,e?} models the selected treatment ({e',---,e?} denotes the canonical

basis of R? and ¢ stands for treatment i). We model the drawing in the urn by setting

=1 T 7 <UnS=g—7
¢ ZZ:l Yn71 ZZ:l Ynfl

A= Zﬂ{zé_i Vi i v, }€’= n2=1, (1.2)

where (Up)p>1 is 1.i.d. with distribution U; £ Ujo,1-
Let F, = 0(Yo, Uk, Di,1 < k < n) be the filtration of the procedure. The generating matrices
are defined as the F,-compensator of the additions rule sequence i; e.

H, = (E [Dizj |‘7:”—1])1§i,j§d’ n =1

The first designs under consideration were the homogeneous GFU models where the addition rules
D,, are i.i.d. and the so-called generating matrices H, = H = ED,, are identical, non-random,



nonnegative and irreducible. Hence by the Perron-Frobenius theorem H has a unique and positive
maximal eigenvalue and an eigenvector with positive components (see [2, 3, 15, 16]). But the
homogeneity of the generating matrix is often not satisfied in practice and inhomogeneous GFU
models have been introduced (see [4]) in which H,, are not random but converge to a deterministic
limit H, under the assumption that the total number of balls added at each stage is constant. As
a third step, the homogeneous Extended Polya Urn (EPU) models have been introduced in [21] in
which only the mean total number of balls added at each stage is constant.

Finally, in [5] the authors proposed a nonhomogeneous EPU model because in applications,
the addition rule D,, depends on the past history of previous trials (see [1]), so that the general
generating matrix H,, is usually random. Thus the entries of H may not be all nonnegative (e.g.,
when there is no replacement after the draw), and they assume that the matrix H has a unique
maximal eigenvalue A\ with associated (right) eigenvector v* = (v*’i)i:17...,d with Z?:l vt = 1.
Furthermore the conditional expectation of the total number of balls added at each stage were
constant.

The first theoretical investigations on these models focused on the asymptotic properties of
the urn composition (consistency and asymptotic normality). However, for practical matter, it
is clear that the asymptotic behaviour of the vector N, := > ;_; X} which stores the treatment
allocation among the first n patients is of high interest, especially its variance structure in order to
compare several adaptive designs. Thus, in [5] is proved the strong consistency of both (normalized)
quantities Y, /n and N, /n (under a summability assumption on the generating matrices).

By considering an appropriate recursive procedure for the normalized urn composition derived
from (1.1) we prove by the ODE method its a.s. convergence toward v* under a significantly less

stringent assumption, namely the minimal requirement that H, — H. The a.s. convergence of
n—o0

the treatment allocation frequency % toward the same v*.

As concerns asymptotic normality, separate results on these two quantities are obtained in [5]
under an additional assumption on the rate of convergence of the generating matrices H,, toward
H. On our side we propose to consider a stochastic approximation procedure with remainder
satisfied by the higher dimensional vector (%, %) Then, the standard C' LT for SA procedures
with remainder directly provides the expected asymptotic normality result for the whole vector
under an assumption on the L?-rate of convergence of the generating matrices towards their limit

(namely i.e. |||H, — H||| =0 <n_%)) which is again slightly less stringent than the original one. As

a result, we obtain the asymptotic joint distribution with an explicit global covariance structure
matrix.

In the end of [5], an application to multi-arm clinical trials randomized urn models is proposed.
This adaptive design has already been introduced in [6] with first consistency results. This kind of
models is clearly the most interesting for practitioners since it takes into account the past results of
the assigned treatments in the addition rule matrices, denoted S,, at time n (S, denotes the number
of cured patients by treatment i among the N/ treated ones). The above strong consistency results
apply but none of the asymptotic normality works as stated since the generating matrices H,, do not
— in fact cannot as we will emphasize — converge at the requested rate since they themselves satisfy
a CLT. However by increasing again the structural dimension of the problem by considering the
triplet (%, %, %) which can be shown again to satisfy a SA algorithm with remainder for which
a.s. convergence and the C'LT hold (provided the limiting generating matrix is still irreducible,
etc). Thus we illustrate on this example that SA Theory is a powerful tool to investigate this kind



of adaptive design problem. The main difficulty is to exhibit the appropriate form for the recursion
by making a priori the balance between significant asymptotic terms and remainder terms.

The paper is organized as follows. We rewrite the dynamics (1.1) of the urn composition as a
stochastic approximation procedure with state variable for 17” = % in Section 2.1. In Section 2.2
the a.s. convergence of % Z?:l Y;! is established which implies that of Y, and N, = % by using
the ODE method of SA under slightly lighten assumption than in [5]. The rate of convergence is
investigated in Section 2.3: we obtain a C'LT, once again under slightly less stringent assumptions
on the limit generating matrix H than in [5]. Section 3 is devoted to multi-arm clinical tests. In
Section 3.1 we briefly recall the Wei GFU model introduced [22, 6] where the generating matrices
H,, are not random. In this case, the strong consistency and the asymptotic normality follow from
the results of Section 2 (like in [5]). In Section 3.2 we study the adaptive design proposed in [6]
where the addition rule matrices depend on the responses of all the past patients. We use result in
Section 2.2 to prove the strong consistency. We prove in Section 3.3 a new CLT for this model, when
the generating matrix H, satisfies itself a CLT, which relies again on Stochastic Approximation
techniques.

NOTATIONS Vu = (u?);=1, 4 € R?, ||lu|| denotes the canonical Euclidean norm of the column vector
uon R, Tr(u) = Zizl u? denotes its “trace”, u’ denotes its transpose; ||| A||| denotes the operator
norm of the matrix A € My ,(R) with d rows and ¢ columns with respect to canonical Euclidean
norms. When d = ¢, Sp(A) denotes the set of eigenvalues of A. 1= (1---1)" denotes the unit
column vector in R% and I; denotes the d x d identity matrix.

2 Convergence and first rate result
With the notations and definitions described in the introduction, we then formulate the main
assumptions to establish the a.s. convergence of the urn composition.

(A1) The generating matrices H,, = (Hﬁj)lgi,jgd, n > 1, satisfies a.s.
d
Vi, je{l,....,d}, HI>0 and Vje{l,...d}, > HJ=c>0 (2.3)
i=1

We may assume up to a renormalization of Y,, without loss of generality that ¢ = 1.

(A2) The addition rule D, is conditionally independent of the drawing procedure X,, given F,,_;
and satisfies -
Vi<j<d, swk|||Df|* | Fa] < +oo. (2.4)
n>1

(A3) Assume that there exists an irreducible d x d matrix H (with non-negative entries) such that

H, **% H. (2.5)

n—o0
H is called the limit generating matrix.

This assumption guarantees by the Perron-Frobenius Theorem (see [9]) that 1 is the maximal
eigenvalue of H and that the components of its right eigenvector v can be chosen all positive.
Therefore, we may normalize this vector v* such that Tr(v*) = 1.



2.1 The dynamics as a stochastic approximation procedure

Our aim in this section is to reformulate the dynamics (1.1)-(1.2) into a recursive stochastic al-
gorithm. Then we aim at applying the most powerful tools of SA, namely the “ODE” and the
“SDE” methods to elucidate the asymptotic properties (a.s. convergence and weak rate) of both
the urn composition and the treatment allocation. We start from (1.1) with Yy € R% \ {0}.

Yn+1 =Y, + Dn+1Xn+1 =Y, +E [Dn—i-an—i-l ‘fn] + AMn—i—la (26)

where
AMpt1 = Dyp1 Xnt1 — E D1 X1 |

is an F,,-martingale increment. By the definition of the generating matrix H,,, we have

d d
E [Dpi1 Xni1 | Fn] = ZE [Dniilix, =y | Fn] =D E[Dpi1 | Fol P (Xni1 = €' | Fy) €
- n+1 TI‘(Yn)
Yy
SO that Yn+1 Y + Hn+l Tr (Yn) + AMn+1

Now we can derive a stochastic approximation for the normalized urn composition Y,,. First we
have for every n > 1,

Y1 Yo 1 Y, Y, AM,, 1
— e (Hype - .
n+l n n+l Tr(Y,) n n+1
~ Y
Consequently, Y,, = —, n > 1, satisfies a canonical recursive stochastic approximation procedure
n
17—17+1(H I)Y+1AM+n 1) HypnY,
n+l — n n+1 n+l — 1d n+1 n+1 Tr(Yn) n+lin
~ 1 1
with step v, = % and a remainder term given by
n ~ ~

Furthermore, in order to establish the a.s. boundedness of (?n)n21 we will rely on the following
recursive equation satisfied by Tr(Y},):

Tr(Yn41) = Te(Ya) + % + Tr(AMp41).
By the properties of the generating matrix Hn+1, we obtain
d d
Tr(Hn—l—lyn) = Z(Hn+lyn)i = ZZH;LJ—FIY] Z <Z Hfzj+1> Y] = Tr(Yn)
i=1 i=1 j=1 j=1
Consequently
Tr(Yot1) = Tr(Y,) + 1 + Tr(AMy41). (2.9)



2.2 Convergence results

Theorem 2.1. Under the assumptions (A1), (A2) and (A3),

TT(Yn as Y a.s. *
(a) — 1 and ) v

N, 1
N n _ = a.s. *
(b) Nn——n n E_lenjo'U .
Remarks. ¢ We simply need that H,, —> H whereas the assumption in [5], namely
n—oo

Sl =l
oo a.s.
n

n>1

D) s,

e Assumption (A3) is not necessary to prove that
n—oo

Proof. We will first prove that (a) = (b), then we will prove (a).
(a) = (b). We have

d .
YZ Yn—l
EXn | Fni] ;Tr( Tr(Yn_l)

and, by construction || X,[* = 1 so that E |:HXnH2 ‘]:n_l] = 1. Hence the martingale

~— =X, -E[X _1] as —~
i, =3 M (X | Fe—1] RIS T

k n—o00
k=1

and by the Kronecker Lemma we obtain
I~ Y1 as
— X —— —— 3 0.
Z k Z Tr(Yk 1) n—oo

This yields the announced implication owing to the Cesaro Lemma.

(a) FIRST STEP: We have

d
Dpi1 Xnp1 = Z D;l]'f‘l]l{XnJrl:ej}
j=1

where Dnj—l—l = (Dnj—i-l)i=17---,d' Therefore

d
”Dn—l—an—i-1”2 = ZHDTL-‘ﬂH ]l{XnJrl =el}

I
M:“ I

sothat B || Duy1 Xt | 5 [HDWH ]J-"n] P (Xni1 =€ | F)
7=1
2
< dsup sup E [HD#HH ].7:”] < 400 a.s.

n>01<;j<d

6



Consequently sup,,~; E [\|AMn+1H2 |]~'n] < +4o00. Therefore thanks to the strong law of large

My, 2% (). Consequently

n—oo

numbers for conditionally L?-bounded martingale increments, we have
it follows from (2.9) that

Tr(Y, Tr(Yp) —1  Tr(M,
) _ oy D0 1 TrMn) s, (2.10)
n n n n—00
SECOND STEP: Since the components of Y,, are non-negative and Tr(ffn) = % R T
n—oo

clear that (i;n)nzl is a.s. bounded and that a.s. the set ), of all its limiting value is contained in
V=TrY1} = {u € RY | Tr(u) = 1} .

So we may try applying the ODE method (see Appendix Theorem A.1). Since Y, and Hn+1}~/'n are
a.s. bounded, (2.10) and (A3) imply that r, :—s> 0.

The ODE associated to the recursive procedure reads
ODE[d_H = y = —(Id — H)y.

Owing to Assumption (A3), I;— H admits v* as unique zero in V. The restriction of ODE},_ g to
the affine hyperplane V is the linear system Z = —(I; — H)z, where z = y — v* takes values in Vy =
{ue R Tr(u) =0}. Since Sp ((I; — H) Vo) C {X € C, Re(A) > 0}, owing to Assumption (A3).
As a consequence v* is an uniformly stable equilibrium for the restriction of ODEy,_g to V, the
whole hyperplane, as an attracting area. The fundamental result derived from the ODFE method
(see Theorem A.1 in Appendix) yields the expected result

37” L3 p*, O

n—oo

Remark: If we assume that the addition rule matrices (D, ),>1 satisfy (A1), then we can directly

write a stochastic approximation for Tr)?;/ ) in which the remainder simply reads (H,+1 — H) Tr}(/

and prove the a.s. convergence under the same assumptions.

n
Yn)

CoMMENTS. We could apply directly the ODE method because we first proved that (Y;,),>1 is
a.s. bounded without using the standard Lyapunov machinery developed in SA Theory. That is
why the assumption on the remainder sequence (ry,),>1 simply reads

Another approach is the martingale one. It relies on the existence of a Lyapunov function V : R4 —
R, associated to the algorithm satisfying

Ja>0, YyeR:, y#0, (VV|Ij—H)(y)>0 and (VV|I;—H)>a|VV|*. (211)

In this framework the existence of a Lyapunov function can be established. Hence, the natural
condition on the remainder sequence (ry,),>1 reads (see [11])

2
Z M < 400 a.s.
n
n>1



H, — H||]?
In that perspective, the assumption on the generating matrices would read Z M < +o00
n
n>1
a.s. which is still slightly less stringent than assumption on the generating matrices made in [5].

2.3 Rate of convergence

In the previous section we proved the a.s. convergence of both quantities of interest, namely Y,, and
N,,, toward v*. In this section we establish a “joint CLT” for the couple 6, := (Y,, N,)! with an
explicit asymptotic joint normal distribution (including covariances). To this end we will show that
6, satisfies a SA recursive procedure which (a.s. converges toward 6* = (v*,v*)" and) fulfills the
assumptions of the C'LT Theorem A.2 for SA algorithms (see Appendix), with a special attention
paid to Condition (A.23) about the remainder term. As concerns Y,,, we derive from (2.7) that

- -1 - -1
> = — — — E—— r
Vnzl, Ve =Yi- — (Id 2 Tr(Yn))H> Vot =g (AMugr + ),

Hop1 — H V,) - 1?2\ <
where Tl = L + (Tr(Y, )~ D) H\Y,.
Tr(Y,) Tr(Y,)

For Nn we have, still for every n > 1,

Ny = N, — ni (R 2 - T + n%l (AMyar + 7o)

(Tr(Yn) —1)*

ith AM, 11 := Xn+1 — E[X, = Xpi1 — = and Ty = — Y,
wi +1 +1— E[Xpnp1 | F H T Ry 2 e ™)
Thus, we obtain a new recursive SA procedure, still with step =, = %, namely

0 =0 —Lh(H)—i-L(AM + Ryy1) >1
n+l1 — Un n+1 n n+1 n+1 n+1) n-1,

. AMy 11 Tn+1

th AM, 41 := — y Rpy1 =1 d
A +1 (AMn—i-l) +1 (Tn+1 o

Vo= <§> Ly eRY yeRY R() = <(Idy__((22__TTTr(§’;))g )y> with  h(6%) = 0.

The function A is differentiable on R?? and its differential at point 6* is given by

. I;— H+v*1t 0
Dh(0*) = < i 1, A}c;(R)).

To establish a C LT for the sequence (6,,),>1 we need to make the following additional assumptions:

(A4) The addition rules D,, a.s. satisfy

sup,>; E [HDﬁjHH& |]:n_1} <C<ox forad >0,

V1<j<d, R .
Cov [Dg(Dnﬂ)wfn_l} — O,

8



where C7 = (Cgé)lgi,lgda j=1,...,d, are d x d positive definite matrices.
(A5) The matrix H satisfies
nE (|| Hn — H|I[P] — 0. (2.12)
Theorem 2.2. Assume (A1), (A3), (A4) and (A5) and
Re (Sp(H) \ {1}) < 1/2 (2.13)

Then, 0, — 0* a.s. as n — oo and

+oo
Vil —0) 55 N(0,%)  with %= / ((DR(O") = 1) P u(DRO) 1) g,
0

n—o0

d
Z vk Ck H (diag(v*) — v*(v*)")
and T = k=1 = a.s.- lim E[AM,AM,, [ F, 1] .
(diag(v*) — v*(v*)t)t Ht  diag(v*) — v*(v*)!
(2.14)

Proof. We will check the three assumptions of the C'LT for S A algorithms recalled in the Appendix
(Theorem A.2). Firstly, the condition (A.24) on the spectrum of Dh(6*) requested for algorithms
with step 1 in Theorem A.2 reads Re (Sp(Dh(6*))) > 1. This follows from our Assumption (2.13)
since by decomposing R? = Rv* @ Ker(Tr), one checks that

Sp(Dh(67)) = {1} U{1 = A, Ae Sp(H) \ {1}}.
Secondly Assumption (A4) ensures that Condition (A.22) is satisfied since

supE |[|[AM,, ||**? |]:n_1} <+o00 as. and E[AM,AM! |F,_1] “3 T as n— oo,
n>1

n—oo

where T" is the symmetric nonnegative matrix given by (2.14) as established below. To this end we
have to determine three blocks since I' reads

I'= <II‘;1 2122> where I'1,I'5,I'15 € Md(R).
12

Computation of T'y.

E [AMn+1AM +1 |-7: ] ZP(XTWI =el | ]:n)(E [D:+1( n+1) |-7: ] [ n+1Xn+1 |]:n] E [Dn+1Xn+1 |]:n]t)

d
;g . *
:ZTr(Yn)COV (Dn+1( n+1) |]: —> I = Zv 101,

Computation of I's.

- . Y Yq t
t — t — " =
E[AMunAMLyy | F] = E[Xon1 Xl | F) Tr(Y,) <Tr(Yn)>
Y,

Y,
Y, Y4 t
= di n . n LI DT Y o (o)
1ag <Tr(Yn)> Tr(Y,,) <Tr(Yn)> n_;go 2 lag(v ) —v*(v")




Computation of I'1o.
E AMnHAMfLH |}—n} =  E[Dp1 X1 X 1 | Fn] = E[Dpp1 Xns1 | Ful E [Xpg1 | Fol
= E[Dn1 | Fa)E [Xn1 X, | Fo] = E[Dngt | Fal E [(Xnst | Fol B [Xpga | Folf

Y, Y, Y, \'
— H,, . 1di — | - H,
s <Tr<Yn>> T(Y,,) (Tr%))

2% Ty = H (diag(v*) — v*(v*)").

n—oo

Finally, it remains to check that the remainder sequence (R),),>1 satisfies (A.23) for an € > 0:

E [(n +1) |an+1\\2]1{”9”_9*”§6}} ) (2.15)

n—oo

We note that || ;41 12 = ||Fnp||*+ 17041 12 It follows from the definition of 7,11 and the elementary
facts ||Y,, — v*|| < ||0,, — 0*|| and Tr(Y},,) > ||Y,| that

_ 2 (Tr(Yo) = D' | [[[Hor — H|IP Y 3, .
* < - *
HTn+1H ]]-{Hgn_g*ngllvz H} < 2 < ”1)2*” + ”1)2*” 2HU ”]]'{Hgn_g*ngllvz H}

< 60 s 1) 1 i

But Tr(Y,) — 1 = M where sup,,>( E [\Tr(AMnH)]ZM | ]-"n} < ', 6 > 0, owing to (A4).
Now using that |Tr(y)| < Cqlly|l,

. [n ‘Tr(?") - 1‘41{uen—e*n<”§”ﬂ < CsnkE UTr(f/n) —~ 1(2%} = %E [|Tr(AMn)|2+5] <

!/
Cd
nit3’

where C§ > 0 is a real constant. Consequently

£ [ Tr(¥a) - 1‘41{||9n—6*||<“”§“ }} —¢ (%) ‘

_ 1
E |:Hrn+1”2]l{||9n_9*||gl|712*||}:| =0 <;> .

~ 1
The same argument yields E [||7‘n+1\|2 ﬂ{H@ o< 1271 ] =0 <—> , therefore (2.15) is satisfied. O
n— = n

2

Thus, by (A5) we obtain

3 Application to urn models for multi-arm clinical trials

3.1 The Wei GFU Model

We consider here the model presented in [22] and in [6], where balls are added depending on
the success probabilities of each treatment. Define an efficiency indicator as follows: let (T}.),>1,
1 <4 < d, be d independent sequences of [0, 1]-valued i.i.d. random variables, independent of the
i.i.d.sampling sequence (Up)p>1 so that

E[T}]=p', 0<p'<1, 1<i<d (3.16)

10



Remark. If (Tfl)nzl, 1 <4 < 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
TP =1 to indicate that the response of the i treatment in the n'® trial is a success and T} = 0
otherwise.

In this framework one considers the filtration F,, = o (Yp, Uk, T, 1 <k <n), n > 0. Consider
the following addition rules: a success on the treatment ¢ adds a ball of type 7 to the urn and a
failure on the treatment 7 adds dT11 balls for each of the other d — 1 types. Thus the addition rule
proposed in [22] is as follows

71 T Ta
n+1 a—1 a1
1_Tnlb+1 2 1_Tg+1
Dy = | —4=1 Ty -~
1_T71L+1 1_T72L+1 . Td
d—1 d—1 n+1
so that ) .
1 q° g
P g d—1
qt 2 ¢4
Hyp1=EDpi1 | Fol=EDpp1=H=|g=x P - a3,
1 2
qg 9 .. d
-1 d-1 p

where ¢ = 1 —p?, 1 < i < d. The strong consistency has been first established in [3], then redone
in [5] and in this paper with Theorem 2.1, and the asymptotic normality

Y, —nv* .

Tn —— N(0,Y)

results from Theorem 3.2 in [5] and from Theorem 2.2 of this paper where we obtain a joint CLT
for (Y, N). Furthermore we know that

) 1/q*
o _ M g

d ) — _—
2= 1/

Note that if p° > p’, then v** > v*/. Hence the components v** are ordered according to the
increasing efficiency p’ of the treatments. Furthermore, it is clear that, if p* 1+ 1 and all other
probabilities p/ stand still, then

hm ’U*j = 5ij

p'—1

where §;; denotes the Kronecker symbol. Consequently, since v** is the asymptotic probability of
assigning treatment ¢ to a patient, the procedure asymptotically allocates more patients to the
most efficient treatment(s). Following the practitioners, the fact that a marginal allocation of less
efficient treatments is preserved is justified by some comparison matter.
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However this model only takes into account in the addition rule matrix D,, the response of the
n* patient without considering the ones of past patients. This led the author of [6] to introduce
a new model based on statistical observations of the efficiency of the assigned treatments to past
patients.

3.2 The Bai-Hu-Shen GFU Model

We consider now the model introduced in [6] (and considered again in [5]) where (T}.),>1,1 < i < d,
are d independent sequences of i.i.d. {0, 1}-valued Bernoulli trials satisfying (3.16) and the filtration
(Fu)n>o is defined as in the previous section. Let N, = (N}, ..., N9 and S, = (S},..., 89,
where N! = Ni_| + X!, n > 1, still denotes the number of times the i’ treatment is selected
among the first n stages and

S, =5, 1 +TpX,, n>1,

denotes the number of successes of the it" treatment among these N? trials, i = 1,...,d. However,
to avoid degeneracy of the procedure, we will make the following initialization assumption

N.=1,8=1, i=1,...,d

(which makes the above interpretation of these quantities correct “up to one unit”).

Remark. Like with the Wei model, we can simply assume that 7} is a [0, 1]-valued efficiency
indicator.

Define Qp, = (QL, ..., Q%)!, where Qi = %, i =1,...,d and E, = Y%, Q. In [6] the authors
consider the following addition rule matrices,

. Q-T2  QLu-TY,))
n+l En_Q% En—leiL

o Q%(l_Tnlle) T2 . Q%(l_Tfde)
Dy = Bn—QL n+1 En—Qd )

Qi-T ) Qu(-T7 ) 7d
En_Q'}z En_Q% TL—|—1

i.e. at stage n + 1, if the response of the ith treatment is a success, then one ball of type i is added
in the urn. Otherwise, EnQ_ng% (virtual) balls of type j, j # i, are added. Then, one easily checks

that the generating matrices are given by

1 n 2 nod
p —TEn_an o« e En_Qf,ilq
Q2 1 2 2 d
Hy1 =E[Dpi1 | Fol = | Bogrd p T E—qd
d‘ d‘ ‘ ’
E;Q—"Q}L ¢' EanQ% @ - P’

12



As soon as Yy € RE\ {0}, H,, “ H (see Lemma 3.1 below or [6] when Yj € (0,00)%) where

1 p! 2 vod
p E—p24 E—pi4
p: 1 2 p?  d 1 d
H=| g4 p B—pad where £ = p! + - +p%.
d d ’
GETUAN =LA

The matrix H is clearly irreducible since 0 < p* < 1, 1 < i < d. Then Theorem 2.1 (or following
the direct proof from [6]) we obtain

s Yn a.s, ~ Nn a.s. *
Y, =— v* and N,=— — v". (3.17)
n n—oo n n—oo

Note that the normalizes maximal eigenvector v* (associated to the eigenvalue 1) is given by
S B—pt
e

‘E—pi’
. opizpl
Zlg;gdp 1—pi

U*i

i=1,...,d.

Note that if p* > p7, 5—; g:ﬁ ; > 1 and i:’; Z > 1 so that v** > v*/. Hence the entries v** are ordered
according to the increasing efficiency p’ of the treatments. This model can be considered as more
ethical than the Wei model since a better treatment will be administrated to more patients. Indeed,

when d > 2, for any i # j, 1 <1i,j <d, if p* > pJ,

*7 *7
VpHs > Uy
*J *J
Upas w

>1

(when d = 2 both matrices H coincide).

Remark. Note that in that model the “balls” in the urn become virtual since there exists no
N € N such that, for every n > 1, ND,, € My(N).

3.3 Asymptotic normality for multi-arm clinical trials for the BHS GF'U model

In order to derive a C'LT', not with the bias EY,, but with nv*, from their own general asymptotic
normality result (which statement is similar to Theorem 2.2) they need to fulfill the following
convergence rate assumption for H,

[Hn — H]ll
Yo I o as. (3.18)
n>1 \/ﬁ

In [6], the a.s. rate of decay |||H, — H|||co = o(n_%) is shown which is clearly not fast enough to
fulfill (3.18).

13



However, by enlarging the dimension of the structure process of the procedure by considering
the 3d-dimensional random sequence

we will establish that a C LT does hold for the BHS GFU model.

The first step is to notice that the generating matrix H, 1 can may be written as a function de-
pending on S,, and N, i.e. Hy11 = ®(Sp, Ny,), where ® : RZ x (0,00)¢ — M,(R) is a differentiable
function defined by

@ii(s,u):pi 1<:<d

_ 5] . i .
O(s0) = (¥V(s: ) 1<y jcq where {@Zf(sw)zizk;/;/yk ¢ 1<ij<d it

Then the following strong consistency and C'LT hold for (6,)n>1-

Theorem 3.1. Assume that (A1), (A4), (A5) and (2.13) hold. Then, as soon as Yy € RL\ {0},
0“5 0 and Vi (6. 6%) 5 N (0.5),
n—oo n—o0

where .
0" == (v, 0", diag(p)v*)", ¥ = / eUPh(O7)=5) FeuDhE)~5)" gy
0

with T = a.s. limy, 400 E [AMHHAMZH \]—"n] (with (Amn)nzl a sequence of martingale incre-

ments defined in the proof below) reads

kf:lv*kok H (diag(v*) —v*(v™)!)  (diag(v*) — v*(v*)!) diag(p)
b (diag(v*) — v*(v*)!)" H! diag(v*) — v*(v*)! (diag(v*) — v*(v*)") diag(p)
diag(p) (diag(v*) — v*(v*)")"  diag(p) (diag(v*) — v*(v*)")"  diag(p) (v* — v*v* diag(p))
" Li—H+vl —2 @0y oy~ @0)) g
Dh(6) = v 1t — I I Oty (R)
diag(p) (v*1' — I,) Opty(R) I

which is invertible.

Proof. STEP 1(Strong consistency). We will show with Lemma 3.1 that S, :—8> diag(p)v* and
n—oo

that H, % H so that, using what precedes gn 25 gx,

n—oo n—oo
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Lemma 3.1. If the assumptions (1.1), (2.8), (2.4) hold and Yy € RY such that Tr(Yy) > 0, then,
Qn 5 p=(p',....pY) asn— oo

so that Assumption (2.5) holds i.e. Hy, :—s> H.

Remark. If we assume that Yoi > 0,1 < i < d, then we can prove that lim, N! = 4+ a.s.,
1 < i < d, faster than below by using that Y,! > Y{, 1 <i < d, n > 1. The following proof consider
the more general case where Yy € R4 \ {0}.

Proof of the lemma. Step 1. It follows from the dynamics (1.1) and the definition of D, and
H,, 1 that, for every n > 0, Tr(Y,,) = Tr(Yy) + n and that, for every i€ {1,...,d},

n =Y, +ZHrZLj+1TrY +AM, |

where (AM}),>1 is a sequence of martingale increments satisfying sup,, E [|AM:* | F_1] < +o00

owing to (2.4). Now using that Sj = N¢ = 1 by convention, one derives that
1
: ij : _
Vi#g, H > —, with kg = 2—d11211<d(p q) >0

so that, using that H +1 = p’, there exists a deterministic integer ng such that for every n > nyg,

; Di
P> (1 Pi _ )YZ AM;,
ntl = + n nTrY +ot

<1+ 2Tr(Y )>YZ—|-— —l—A]\JZ

n—1

3 3 A Pi L
Standard computations show that, setting a!, = Hk:no(l + m), 1=1,...,d,

yi Y "L Ko AM!
Vn>mng, —2>-10 — K
nzm, Hrime Y My

Since there exists x1, ko > 0 such that kin

n 1 i ,
LEUNDS Aiﬁjk )
=ngo+1

Finally, there exists a positive real constant ¢’ such that, for every i =1,...,d,

so that ) .
Vie {1,...,d}, liminfY} ZC// W Tdu >0
" 0
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and, as a consequence, » 4 Y, = +o00-a.s. Now using that for every i = 1,...,d,

i - i i Tr(Yo)
N, = Zl{Xk:ei} and P(X, =¢"|Fno1) =Y, <1 Ty, )> , n>1,

we get by the conditional Borel-Cantelli Lemma that N = lim,, N = +o00 a.s.

Step 2. First we note that ' '
o _ ThaTiAN]
and we introduce the sequence (@n)nZl defined by

n

~ - . AN}
U= T —p)—k —  n>1.

v

It is an F,,-martingale since, T; ,ﬁ being independent of Fr_; and Xy,
E((T} — p)ANL | Fer ) = B(T] = p)P(Xp = ' | Fyr) =

It has bounded increments since |7} — p’| < 1 and

((AN)?| Fie—1)
Z < k‘ i
Q Z (Ni_y +1)?

It follows, using (AN,i)2 = AN,@, that, for every n > 1,
~ L AN? " AN
E@) < E(Y mr—tes) SB(Y ) < I
o Wi+ 1) = NN T N

Consequently @; — @ZOO € LY(P) a.s. as n — oo. This in turn implies by Kronecker’s Lemma that

i a.s. 4
Q,—=p' as n— oo

since N! — oo by the first step. [
It follows from the lemma and Theorem 2.1 that (Y, N») — (v*,v*). Furthermore diag(S,) =
diag(Qn)N,, — diag(p)v* = u* so that 8, — 6* as n — co.

STEP 2 (Asymptotic normality). We will show now that (gn)n21 satisfies an appropriate recursion
to apply Theorem A.2 (CLT). First, we write a recursive procedure for S,,. Having in mind that
Sn =1+ 3 cpep diag(Th) X, we get

. -1
Sn+1 = Sn n+ (S — dlag( n+1)Xn+1>
~ 1 - ‘ }7”
= S (Sn — diag(p) Tr(?n)) + o 1AMn+1
< 1 os o o 1=
= Su— g (Su - diag@)2 - TVY) + g (AMuir +70s1)  (319)
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Yo,

where A]/W\n+1 = diag(Th4+1) Xn+1 — E [diag(Ty4+1) Xnt1 | Frn] = diag(Th4+1) X1 — diag(p) To(Y,)

(Tr(va)-1)"

is an F,-martingale increment and 7,41 = diag(p) Tron) Y,. Then we rewrite the dynamics

satisfied by Y,, as follows

~ ~ 1 ~ ~ 1 B
Y1 =Y, — ] (Id - (2- TI"(Yn))Hn+1) Y, + P (AMpq1 + Trg1) (3.20)
- 2
(Tr(Yn) . 1) ~ ~
where 741 ;= ————— H,11Y,. Finally, we get the following recursive procedure for 6,

Tr(Y,)

~ ~ 1 ~ ~ 1 — ~
_aJ _ - >
s = b = ——h00) + —— (AMgs + R ) nz1,

where, for every 0 = (y,v,s)te R‘id,

o (Ua=2=Te(y)d(s, )y AMni _ Trt1
h(0) := v—(2-Tr(y)y y AMypy = | AMyy | and Ryypy = | Toga
s — (2 —Tr(y))diag(p)y AM,, Tnt1

The function ® being differentiable at the equilibrium point 5*, we have

Ig— H+v1t =2 (s, V)Y) G- — 2 (D(s, V)Y) -
Dh(6*) = v*1t — I Iy Op, (R)
diag(p) (v*1' — I,) O, (R) I,

which is invertible since by Schur complement we have det(Dﬁ(g*)) = det(Iy — H + v*1!) thanks
to 2 (2(s,1)y) g_ge = —diag(p) £ (2(s,1)) 5_g-

At this stage, the proof follows the lines of that of Theorem 2.2: the computation of the
covariance matrix ' and the treatment of the remainder term uses the same tools as before. The
details are left to the reader. [

Remarks. e The asymptotic variances of ffn and an in Theorem 3.1 are different from those in
Theorem 2.2 because the differential matrices Dh(6*) and DiNL(g*) are not the same.

e In the SA Theory, there also exists some results on the rate of convergence without CLT. For the

sake of simplicity, in this paper we only treat the case where L > %, with L = min {Re(\); A € Sp (Dh(6%))}.

When L = %, \/n can be replaced by , /W, a > 0, and when L < %, we have an a.s. convergence

toward a finite random variable at a rate n=% (see [12]).

Corollary 3.1. Under the assumptions of Theorem 3.1,
Vi(H, — H) =5 N(0;Tg)
n—oo

where Ty is a d? x d* matriz given by Ty = D<I>(u*,v*)[§i+d,j+d]1§,~7j§2dD<I>(u*,v*)t.
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Proof. This is an easy consequence of the so-called A-method since
H, = ®(Sy, Ny) = ®(u*,v*) + DO (u*, v*).(S, — u*, Ny — v*) + [|[(Sn — u*, N — v)||e(Sy, Np)
with lim,_, ¢, ,+) €(y) = 0. Consequently
Vii(Hy = H) = DO 0*).(s/i(Sn — u), VAN, — v%)) + e (n)

where ep(n) goes to 0 in probability (as the product of a tight sequence and an a.s. convergent
sequence). This concludes the proof. [

Remark. This corollary shows a posteriori that it was hopeless to try applying Theorem 2.2 in its
standard form to establish asymptotic normality for multi-arm clinical trials since the assumption
E|||H,, — H|||*> = o(n™!) cannot be satisfied. Our global SA approach breaks the vicious circle.

NUMERICAL EXAMPLE: BHS MODEL. We consider the case d = 2, so v* as the same form as in
the example in Subsection 2.3.

Convergence of Yln/n toward v Convergence of Yﬁ/n toward v
0.8 ; T T 1
0.7 4 0.9}
0.6 9 0.8}
0.5 0.7
0.4 | A
e 0.6 ¥
0.3 1
0.51
0.2f 1
0.41
0.1p
0.3f
0 . . . . . .
0 500 1000 1500 2000 0 500 1000 1500 2000
Convergence of Ni/n toward v’ Convergence of Nﬁ/n toward v’
0.7 T T T 1
0.6 4 09r
0.5 |l 08
04 H\Mﬁ\\n 1%
0.6
0.3 1
0.5
0.2 1
0.4
0.1
0.3
0 . . . . . .
0 500 1000 1500 2000 0 500 1000 1500 2000

Figure 1: Convergence of % toward v* (up-windows) and of ]\;L"

n =2.10%, p!' = 0.5, p?> = 0.7, Yy = (0.5,0.5)" and Ny = (1,1)".

toward v* (down-windows): d = 2,
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Appendix

A Basic tools of Stochastic Approximation
Consider the following recursive procedure defined on a filtered probability space (£, A, (Fy,)n>0,P)
Vn>ng, Opy1=0,— ’7n+1h(9n) + Yn+1 (AMn—l—l + Tn—l—l) ’ (A21)

where h : R? — R? is a locally Lipschitz continuous function, 6y, an JF,,-measurable finite random
vector and, for every n > ng, AM, 1 is an F,-martingale increment and r, is an JF,-adapted
remainder term.

Theorem A.1. (a.s. convergence with ODE method, see e.g. [8, 12, 19, 1/, 7]). Assume that h is
locally Lipschitz, that

rm 250 and  sup E [HAMH+1H2 ].7:”] < 400 a.s.,

n—oo n>no

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

Z%=+oo and Z%% < +-o00.

n>1 n>1

Then the set ©% of its limiting values as n — 400 is a.s. a compact connected set, stable by the

flow of
ODE), =0 = —h(6).

Furthermore if 0* € O is a uniformly stable equilibrium on ©>° of ODE}y,, then

00 =% 0.

n—oo
COMMENTS. By uniformly stable we mean that

sup |0(0p,t) — 0" — 0 as t— +oo,
0eO>

where (0, t)g,co~ ter, is the flow of ODE}, on 6.

Theorem A.2. (CLT see e.g. [8, 12, 19]). Let 0* be an equilibrium point of {h = 0}. Assume
that the function h is differentiable at 6* and all the eigenvalues of Dh(0*) have positive real parts.
Assume that for some § > 0,

sup E ||| AMqq||*° \]:n] < +ooa.s., E[AM, 1AM |F,] najsgo T, (A.22)

n>ng

where I' is a nonrandom symmetric definite positive matriz and for an € > 0,

E |0+ 1) st I Lo, —ei<g | —2, 0. (A.23)

o0
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Specify the gain parameter sequence as follows

a 1
Yn>1 n = —, _— A.24
=5 9 n @ = 2Re(Amin) ( )
where \pin denotes the eigenvalue of Dh(6*) with the lowest real part. Then, the above a.s. con-

vergence is ruled on the convergence set {6, — 0*} by the following Central Limit Theorem

n—oo

+o0 o I t o
Vi (0, —0%) =5 N(0,a%) with ¥ := / <e_<Dh(6 )‘2i>“> re (PRO)=38)u g,
0
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