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Abstract. In this article, we study the asymptotic dynamics of a noisy discrete time neural
network, with random asymmetric couplings and thresholds. More precisely, we focus our
interest on the limit behaviour of the network when its size grows to infinity with bounded
time. In the case of gaussian connection weights, we use the same techniques as Ben Arous
and Guionnet (see [3]) to prove that the image law of the distribution of the neurons’ acti-
vation states by the empirical measure satisfies a temperature free large deviation principle.
Moreover, we prove that if the connection weights satisfy a general condition of domination
by gaussian tails, then the distribution of the activation potential of each neuron converges
weakly towards an explicit gaussian law, the characteristics of which are contained in the
mean-field equations stated by Cessac-Doyon-Quoy-Samuelides (see [4—6]). Furthermore,
under this hypothesis, we obtain a law of large numbers and a propagation of chaos result.
Finally, we show that many classical distributions on the couplings fulfill our general condi-
tion. Thus, this paper provides rigorous mean-field results for a large class of neural networks
which is currently investigated in neural network literature.

1. Introduction

The dynamics of large random neural networks and their relations to particle sys-
tems as spin glasses has been investigated by numerous biologists, physicists and
mathematicians in the recent past. An important scope of this research is to obtain
the convergence of the distribution of the neuron activation potentials to a gaussian
law when the size of the system grows to infinity. The equations describing this
limit law are called the mean-field equations.

Amari can be considered as the initiator of the mean-field theory of random
recurrent neural networks. In [1], he stated a kind of central limit property which
allows to compute the empirical mean of a function of individual neuron state from
the empirical mean and the empirical variance of neuron state. His justification re-
lies on a so-called “Boltzmann property” concerning the asymptotic independance
of the individual activation potentials. Then, he managed to derive a mean-field
equation in a continuous-time framework. Later, Amari et al. [2] focused their
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interest on statistical neurodynamics in discrete time neural networks. Their pa-
per contains some interesting neural models, either with several populations or
including neurons with a refractory period. It presents useful concepts, such as a
propagation of chaos definition, and a precise framework relative to some conver-
gence properties in these networks. Moreover, their work is dedicated to the study
of the asymptotic behaviour of the mean activity level for various well normalized
connection weights. They obtained many convergence results, but unfortunately,
their argument relies heavily on a normalization hypothesis of interaction random-
ness, namely the connection weights are supposed to have variance of order #,
where N is the size of the network. They also noticed the importance of finite time
bounds to derive asymptotic results when the size of the networks goes to infinity.
Furthermore, Geman (see [12] and [13]) proved a law of large numbers and a central
limit theorem, in particular cases, and notably for linear models with asymmetric
couplings, which variance is of order % and which might be not gaussian. Geman
pointed out that the interesting case is the normalization condition of order 1/N for
variance of the connection weights in a large random neural network but he failed
to obtain the proof of mean-field equations in spite of “simulation evidence” for
the dynamics of such networks.

Further, Sompolinsky ez al. [17, 7] used non rigorous statistical physics methods
to obtain the mean-field equations and to study the dynamic properties of continous-
time networks in case of asymmetric interactions. Cessac et al. [6] used the same
approach for discrete time models and numerically showed the general occurence
of chaos by a quasi-periodicity route in large size networks. It is stated in [5] that
this chaotic regime can be described in the thermodynamic limit by the mean-field
equations. The mean field equations are considered in these papers and in others
as a key result but a clear proof is still missing. Our purpose is to give a rigorous
proof for these basic equations. Furthermore, the convergence obtained with the
large deviation techniques is stronger than the previously stated law convergence.
It allows us to use Borel-Cantelli’s lemma to obtain almost sure convergence prop-
erties, and to infer our results about some more general large neural networks, the
couplings of which are not necessarily gaussian.

The first part of our demonstration uses the method developed by Ben Arous and
Guionnet in [3]. In that paper, they showed many results in a continous time spin
glass context. Contrary to most of the physicists, and more recently mathematicians
[15], who focused their interest on the symmetric models, Ben Arous and Guionnet
considered here asymmetric interactions. Their couplings are gaussian and centered.
They proved that 7V, the averaged law of the spin’s empirical measure on path space
of these dynamics satisfies a large deviations principle in the high temperature
regime. The study of the rate function, which admits a unique minimum, and the
tightness obtained by Guionnet [15] allowed them to compute the weak convergence
of the law of every spin towards a measure given by an implicit equation. Thanks
to this measure tightness, they did not have any temperature condition for their
“propagation of chaos result”, which is the mathematically rigorous version for the
vanishing correlations of activations states in densely connected recurrent networks.
They nevertheless keep this temperature condition to get a quenched law of large
numbers for the empirical measure ([3], Theorem 2.8), the proof of which requires
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a Borel-Cantelli’s argument and uses the exponentially fast convergence given by
the large deviations principle.

As in [3], our whole proof is built on the effective presence of a gaussian noise,
which is essential, although it might be very small. Although these equations might
remain true without any noise, our demonstration uses a comparison between the
global law of the neurons and the distribution of the noise, which is therefore nec-
essary. In [14], a large deviation principle is proved with a jump noise which leads
to Glauber-type dynamics. The consideration of jump noise may be interesting for
investigating spiking neuron network dynamics. In this paper we consider analog
neurons and a gaussian noise for synaptic summation. The presence of the sigmoid
function and of not centered connection weights in our model leads to some tech-
nical difficulties, but does not have any influence on the general organization of the
demonstration. Moreover, in our discrete time context, we have finite dimensional
gaussian properties which lead to the exponential tightness of the equivalent of the
family V. Therefore, we obtain a large deviation principle and a law of large num-
bers without any temperature condition. Furthermore, the unique minimum of the
rate function is given explicitly, so that we can compute the weak convergence of the
law of each activation potential towards a gaussian distribution, the characteristics
of which are the mean-field equations.

Our most important result will be to extend these properties for connection
weights which are not supposed to be gaussian. Then, although we will not get a
large deviations principle, we will deduce from the gaussian case an exponentially
fast convergence, and we will therefore be able to infer some almost sure conver-
gence properties. We will also obtain the propagation of chaos and a complete proof
of the mean-field equations for these networks. Yet, these results will only be ob-
tained under a domination condition by a gaussian tail for the law of the connection
weights. We will show further that (C) is fulfilled if the couplings distribution is a
well normalized scaling law with bounded support, and in particular if it is uniform
or discrete. Moreover, we will prove that this condition remains stable by mixing,
so that it is satisfied if the connection weights are the products of two particular
independent random variables, where the first one satisfies the condition, and the
second one is a Bernoulli random variable.

Therefore, our model and our results apply to large size diluted neural networks,
which are closer to the brain biology than the fully connected ones.

The presentation of the model and the most important results will be given in
section 2.

In section 3, we will suppose that the connection weights are gaussian and prove
the large deviations principle. Moreover, we will deduce that the minima of the rate
function are the fixed points of an operator L. We will then show that L admits a
unique fixed point.

In section 4, the connection weights are not supposed to be gaussian. We will
compare the law of the activation potentials of the neurons with the equivalent distri-
bution in the gaussian case. We will then use the exponential convergence obtained
in section 3 and a Lindeberg’s argument to deduce our convergence properties and
the mean-field equations.
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Lastly, in in the appendix, we will check the equivalence of the domination by
gaussian tails with a more technical condition which is used in section 4 and we
will show that these conditions are fulfilled for a large class of recurrent random
neural network models.

2. The model and the main results

We begin by describing the dynamics of the neural networks model. It is a discrete-
time dynamics which relies on the formal neuron modelization of Mac Culloch
and Pitts. Let N be an integer greater than 1. Integer j between 1 and N labels the
generic neuron of the network. According to the formal neuron model, the state of
a single neuron j at time ¢ is described by its activation potential which is a real
variable (u;); and its activation state (x;), which is primarily a binary variable.
The activation potential (u ), is the algebraic sum of the weighted activation states
of input neurons at previous time ¢ — 1 and of a reference threshold 6;.

() = Z Jji(xi)i—1 +0;

The weights J;; of the sum are called the synaptic weights. In this paper, the set of
variable (Jj;, 6;) is fixed along time. They are called the quenched variable. The
activation state of a Mac-Culloch and Pitts formal neuron is just given by thresh-
olding the activation potential. The neuron is said to be active and it “discharges”
when its activation potential is positive:

() = I+ {ujsl

We shall use the common averaging approximation of the discharge rate by smooth-
ing the thresholding function and replacing the previous relation by

(xj)l = f((uj)t)

where f is a sigmoid function, (x;), may be interpreted as a mean discharge rate
between time 7 and time ¢ + 1. (For more details on neural networks one may refer
to the excellent engineering textbook [16]). Mathematically speaking, f may be any
continuous increasing bijection of R onto ]0, 1[. For instance, one may choose

1 +tanh(u)

f) 5

Furthermore, we shall consider a discrete-time synaptic Gauss white noise [(B;),]
contributing to the formation of the activation potential. The (B;), are random
centered normal i.i.d. variable of standard deviation o. We suppose that o > 0.
Our study does not take the case ¢ = 0 into account. Therefore the evolution
equation from time ¢ — 1 to time ¢ is

N
(X)) =f (Z Jii (Xi)i—1 + (Bj) + e,-)

i=1
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The activation potential of the neuron j at time 7 is denoted by (U;); = f (x i)
If 11 is a probability law on R”, we shall note wf or by [ to shorten notation its
image law on ]0, 1[" by the application which maps the vector () ; into (f(u;));.
Since we are dealing with asymmetric random recurrent neural networks, we con-
sider that for 1 < i, j < N, the weights Jj; are i.i.d. random variables. Their

. . . . 2 .
common law is noted vIJV with expectation % and variance JW For some technical

resaons we suppose in this paper that J =0 = J = 0.If J = J = 0, we will note
§ = 0. In a neural network context, it’s important to consider not centered weights
because it allows to anticipate the behavior of large assemblies of excitatory or
inhibitory neurons. For some technical reasons, we suppose in this whole article
that ] =0 = J =0.If J = J = 0, we will note § = (0. In a neural network
context, it’s important to consider non centered couplings, because it allows one to
anticipate the behavior of large assemblies of excitatory or inhibitory neurons.

Moreover, we suppose that the law vy of these couplings satisfies the following
technical condition, which is denoted by (C) in this whole article :

da > 0,3Dgy > 0, VN > 1, VJj, independent random variable with law vy,

E (explaN(11)?1) = Do

Notice here that this condition is satisfied if v§v is a gaussian distribution, or
more generally when its mass taken outside any compact is dominated by a gaussian
law.

We prove in the appendix that (C) is equivalent to the apparently stronger
condition (C’) :

da > 0,3Dg > 0,VN > 1,Vk < N,V(Jy, .., Ji), independent random vari-
ables with law v}, Y(11, .., Ax) € [0, 11,

aN )
E exP[T()vljl + ..+ MJ0)T) < Do

For 1 < j < N, we are considering the 6, which are independent, identi-
cally distributed random variables, with law N (9_ s 7:2). These variables represent
thresholds in the activation dynamics of the neural network.

The stochastic specification of the network evolution will be completed by the
definition of the initial law of the neural network activation state [(X j)o]. We sup-
pose the random variables (X ;)o are ii.d. with law po. We note (2, A, y) the
probability space of interest and we shall study the distribution of the random vari-
ables (X;);forl < j < Nandfor O <t < T whichrepresent the activation states
of the neurons between time O and time 7' and which take their values in [0, 1].

Let P = uo® (N (@, a2I7) f 1) be the product measure of 1o by N' (@, o2I7)
f’l. Actually, P is the law on (]O, 1 [LOT]y obtained by supposing that there is no
interaction between the neurons (J;;=0), and that the thresholds are constant and
equal to their mean 6.

OV is the law of X = ((Xj))1<j<N,0<t<r under y, and QN the law of
U= ((Ui)t)lfifN,O§t§T~
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We consider the empirical measure :

fn : (0, 1LOTHNy — Ao, 1 10T

1 N
an(x) = Nz;%
1=

where MT(]O, 1[LOT 1) represents the metric space made up of all the prob-
abilities on 10, 1[1%+T} endowed with the Vaserstein distance [11].
Our purpose is to study the averaged behaviour of this empirical measure under

oM.
Let 7"V be the image law of Q" by 1. Thus, we have :
VB € BM{ (10, 11177 h), z¥(B) = 0" (an € B)
We are now able to express the most important results :
Theorem 2.1. We suppose here that the J;; are gaussian. Then, the family N

satisfies a strong large deviations principle when N grows to infinity. We note H
its rate function.

For p € M (10, 1[1%T Nyand 1 <t,5 < T, we consider :

(Ku)t,s = J2/Xt_1xs_1d/1, + ‘[2

cf: f/x,_ld,u

Let (G}")1<;<r be arandom gaussian vector with covariance matrix K* and mean
o
ct.

We prove that a non linear function L from M (10, 1[ LT Do itself can be
defined by :

dL(p)
dP

1< R
0 = [ewl 5 Y6 ) ~0) - 55 S G Iay
=1 t=1

Then, we have, if the J;; are gaussian :

Theorem 2.2. H admits a unique minimum Q, which is the unique fixed point of
L. Qisgivenby Q = LT(M?(T'H)). Moreover, for 0 <t < T, if Q, is the solution
of the problem on [0, t], and F; = o (xy)o<s<s, then Qr = Q,F,

Notice here that L7 represents L iterated T times.
From now on, we are not supposing that the J;; are gaussian any more.

Then we have the following important result :



Asymmetric random recurrent neural networks 47

Theorem 2.3. We suppose that assumption (C) is satisfied by the couplings distri-
bution. Let B > 0. Then :

lim sup %ln (nN(B(Q, ,3)6)) <0

N

In particular, ©" converges weakly towards §¢.

Note that Q is the limit law previously obtained in the gaussian case. This proves
that whatever couplings we consider, 7V converges weakly towards the same limit.
This is quite easily understandable, as the main argument of the demonstration is
directly related to Lindeberg’s theorem and therefore to central limit ideas.

The proof of this last theorem can be deduced from the large deviations principle
that we obtained with gaussian couplings. This theorem gives an exponentially fast
convergence, which enables us to infer many properties, as in [3].

The first one is a propagation of chaos result, deduced by using the symmetry
properties of Q" asin [19, 3].

Theorem 2.4. Vk € N, for any bounded continuous functions fi,... frx from
10, 1[L%T Nzo R, we have :

k
Jim [inie-siende” =T [ rwdow
i=1

Moreover, we deduce the following law of large numbers. In our discrete time
context, there is no large temperature/short time condition for this property :

Theorem 2.5. For any N € N, let (xi n)1<k<n be a family of random variables,
chosen so that the law of (x1 n, .. XN N) IS ON. Let g be a bounded continuous
function on (]0, 1Lo.T1, Then for y-almost all w,

1 N
lim ﬁgg(xi,m(w)= / gdQ

N—+o00

It is then possible to deduce the mean-field equations for the network dynamics
in the asymptotics of large networks. Let X = (X;)o</<r, be a process with law
Q. One can deduce from 2.4 that every X; converges weakly towards X. Let é be
the image law from Q by f~'. Q is a probability on (0, 1[L%7 1), while Q is a
probability on RIO-T'1,

Let U = (Us)o<i<r be a process with law é Each U; converges weakly
towards U. For 1 <t < T. The mean of U, in noted [u(¢), and its variance v(t).
Forl <t,s < T,let A(t, s) be the covariance between U; and U,. Moreover, for
0 <t < T,m(t)is the mean of X,, and ¢(¢) its order-two moment. We finally note
di(h) = 1/«/(27r)exp(—h2/2)dh. If o = (u(t))1<t<T, We have :
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Theorem 2.6. 1)
0 = o ® [N, A) f]

2) Moreover :

1
m(0) :/o xod 110 (x0)

1
q(0) = fo (x0)2d 110 (x0)

forl <t <T, o
n@)=0+Jm@ —1)

v(it) =12+ J2q(t — 1) + o2

+0o0
m(t) = / FO/oOh + A0)dAR)

a0 = [ :o PO + @) dnh)
for2 <t,t' <Tandt #1 :
A, D) = IPmO)m@ —1) + 2
A, t)=J*Ct—1,{' —1) +7°

where for 1 <t,t' <T — 1,

Vo) — A2, ), A t") Wt
canr=[[ 1 ( wo o T ae Y

x f(W'/v(t') + i(t")dr(h)dr(h")

(t)>

One must remember that these mean-field equations, which were stated without
noise in [6] and in [5], are used to draw a bifurcation diagram for mean-field long-

time asymptotic regime.

3. The large deviations principle for gaussian couplings

We are supposing in this whole section that the connection weights are gaussian.
Some results in this section are supported by proofs which are similar to the ones
obtained by Ben Arous and Guionnet. We will often omit them. One might find the

whole detailed proof in [8].

Definitions. We note:
I7 is the identity matrix of size T x T
A* = KM (oI + KM)™!
V) = (1) = 0)i<i<r
T1(w) = —3lnldet (It + 5 KH)]
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To(p) = 1 / ("(V(x) =AMV (x) = M) + 2"V (X)) dp(x)
202 Jgoamor

oM
S llel
with
T
e 117 =) (el?
t=1
r=ri+0I»

We will note dr, the Vaserstein distance on (J0, 1[T%7 1) 1t is a distance which
is compatible with the weak topology (see [11], theorem 2).
We have :

§€E, .y 0<t<T

dr(u,v) = inf \// sup |x; — )’t|2d§(x’ y)

where the infimum is taken on the set E,, , of the laws & on (]0, o7 Iy x
(10, 1{t%T 1) with marginals & and v.

For 1 <t < T, d; is the Vaserstein distance on /\/lfr(]O, 1oy, 1o simplify
the notations, we will still denote by d;(u, v) the Vaserstein distance between the
two marginals on (JO, 1[ [0.11) of two given measures y and v in ./\/l'l"(]O, 1[rory,

3.1. Important preliminaries

We have the following first property :

Proposition 3.1. We obtain :
(a) Ty is well defined from M (10, 1[L%T Hinto R U {+oc0}. Moreover, Vi €
Mo, 1 LoT 1,

P = TP (o 4+ L
202 2J2
(b)Y € M7 (10, 1[LOTD),

1 T
rigo = int [ expl—5 5 Y (GF — cfPlay)
t=1

(c) T'yis a bounded Lipschitz function.
(d) We have the following expression :

1 T
T(p) = f In{ / expl—; ZG“(f ") = 0) = 55 3 (G My} dp(x)
t=1



50 0. Moynot, M. Samuelides

The first step is to check (a).
‘We consider

hx) =" (V(x) —cMHAHF(V(x) — M) + 2V (x)cH

We study h(x) :
Let’s diagonalize K" and A* in the same orthonormal basis. Let D and A be
diagonal matrices, and O be orthogonal, so that :

Kf=0"'DoO
A*=0"'A0
with
Dtt
A= —5—"7~
0%+ Dy

We set W(x) = 0.V (x) and we get:

T
B = Y (AuWel? +2(1 = A Wi (0™, + Au(0c))

t=1

Therefore
_ (0c) (1= AT (021 —2A4)
hx) = AX;O An ([Wt(xw = ] _ o

+2 ) Wix)(0ch,

An=0

Remark that
2

T
Dy = (OK*'0)y = 12/ (Z otsx“) du
s=1

Cauchy-Schwartz inequality gives
J2
(0] < <5 D

Then, if A;; = 0, we obtain D;; = 0 and therefore (Oc*); =0
Moreover, if Ay # 0,
(Octy; _ J%?
Ay T I = Aw)

We can thus infer the following inequality :

TJ%02
12

h(x) Z—(
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_ This achieves the proof of property (a). Notice that the hypothesis (/ = 0 =
J = 0) was necessary to obtain this property.

The following gaussian lemma is useful in this whole paper, and is of great help
to prove the other assertions of 3.1 :

Lemma 3.2. Let X be a gaussian vector taking its values into RT, with mean ¢ and
covariance K. Let a € RT, and b € R. We suppose that all the eigenvalues o of K
satisfy ab > —1. We note

A=Ky +bK)™!

Then :

t by
Elexp(TaX — S{IX|1)]

1 b 1
= exp <tac — el + = (a — bc)A(a — bc))
Jdet(I; + bEK) 2 2

Thus, from this lemma, we can deduce assertions (b) and (d) of 3.1 through
straightforward computations.

The demonstration of (c) is nearly the same as in lemma 3.3 of [3]. O

One consequence of this proposition is that I" is well defined, taking its values
into R U {4o00}. We are now able to define the function H, which will be the rate
function of the large deviations principle :

For any u in MT(]O, 11197 we note :

H(uw) =1I(u, P)—T'(n)

where I (i, P) represents the relative entropy with respect to P, i.e :

du dp .
I(w, P) = | In(5%)== dP P
(. P) /n(dp)dp ifn <

Otherwise, I (i, P) = 4o0.

We have the three following properties, the demonstrations of which are similar
to the ones obtained in [3] (see lemma 3.3 and theorem 3.1) :

Proposition 3.3. (a) Vi € M7 (10, 1[LOT 1) T (u) < I (1, P), i.e H > 0.
(b) There exists real constants e > 1 and f > 0, such that

Ve M0, 11107, P (w) < w

(c) H is lower semi-continuous.

The next lemma represents the center of the proof.
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Lemma 3.4.
doVN

Jpav = e (NT(An(x))

Demonstration. Remember that we denote by pN (J, 6) the conditional law of
the ((Ui)t)lgisN,OStsT for fixed (J;j, 0;)1<i, j<n- The image law of P by f’l is
denoted by P.

Note that:

~

oV = / PN(J,0)dv(J,0)
RN2+N
where v is the gaussian distribution of (J;;, 0)1<i j<n-
For any u € (RLOT )N we are interested in

dPN(J,6)

dF®N ()

Forl <t <Tand1 < j < N, we consider :

(Yj)r = (Bj) + 6

To simplify the notations, we will denote the vector ((u1)o, ..., (un)0) by (4)o.
For any fixed (J, ©, (1)) we consider W(; g, (),), defined from RNT 1o RNT
by :
V.0, (@)1, ...n)r) = (D1, .. (YN)T)
so that
N
e = )i — Y Jji f(Wi)i—1) — 05 — 6

i=1

Let g be a continuous bounded function.
We note :

S =E (g((Uo, ... (Un)T)/(J, ©))
We have :

§=E (8 (W0, s UN0 ¥ (0 (YD1 (Yi)D) ) /(. ©))

As (Yj))1<j<n,1<i<t and (U)g are independent from (J, ®), we obtain :

N T
1 _
S = / 8 (@0, W36 ) (OD1 - (me) [1[exr = 5 (i =07

i=1t=1

» doy)1.don)rdudY
(0/2m)NT

Using the change of variables
(D1 N T) = (@)1, @) T) =W g o (D1, - (N)T),
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we get:
S — [, ¥ @ ( L, s annes
o2V Jan RNT
X (—%@((ul)l, (uN)T))du{..du;V)
with

2

1 T N N _
P, (N = = 3 Y ((uj), = i f(wi)i) = 0 — 9)

=1 j=I i=1

For any fixed u and j, we now consider :

N
Gi(fa) =Y Jji f(i)i1) +6;

i=1
Therefore, we have :

dPN(J, ®)
d P®N

(1) = h(u)
where
1| L& _ 1
h(u) = h((uo, ..(un)T) = exp—3 Z Z (((“j)t —0)(Gj) — 5((Gj)t)2>
t=1 j=1
It follows that :
QN

Y ®N(u) E(h(],@,u)):/h(],@,u)dv(], ®)

For any fixed j and u, one should notice that the distributions of the two gaussian
vectors G j (u) and GV /) are the same (their means and covariances are equal).

Using the independence of the (G j)’ s, we deduce :

d oV % u 1 ]
dPQ®N () = ]‘[ E [exp_ (Z GINUT @) (), — §) — (Gymf( )))2”

j=1
Therefore :
aoV
JpeN ——(u) = exp (NT (in (f ())))
Finally, we get
doVN

JpeN — &P (NT (an (x))) - 0



54 0. Moynot, M. Samuelides

3.2. Proof of the large-deviations principle

We now need to prove that I" is lower semi-continuous. Thanks to 3.1, we already
know that "y is continuous, so that we only have to show that I'> is lower semi-
continuous which is given by the application of [3].

More precisely, for any M > 0, we consider

1
Y (u) = 792 / Lgveon=m ("(V(x) = ARV (x) = ') + 2"V (x)ct

Il +d) dpx) — d
where
d=Ti (L 4!
- 202 2J2
so that the function defined under the integral is always positive (see proposition

3.1(a)).
First, for any u € ./\/lfr(](), 11197 1) we have

[(KM)es — (KV)is| < 2J%dr—1 (18, v)

This implies that © — K* and therefore © — A* are Lipschitz functions.
Moreover, u — c* is Lipschitz too.

‘We now deduce that Fé"[ is continuous :

Let 1 € M (10, 11197 1) be a given probability and w, € M (10, 1[LOT])
be supposed to converge weakly towards .
We consider :

1
d(u, x) = pl(llV(x)HfM) ("(V(@x) =AMV (x) — ) + 2"V (x)c*
—lIc |7 +d)
Thus, we have :

Y ) = T ()| < |f¢w,x>du—/¢>(u,x>dun|

+|/¢(M,x)dun —/¢<un,x>dun|

The weak convergence of 1, towards  implies that the first term converges to
0 when n grows to infinity. As u — A" and u — c* are lipschitz, we can compute
that there exists a real constant F', which does not depend on x and #n, such that :

[ (e, x) — @ (pn, x)| < Fdr (un, 1)
We are now able to conclude that Fé” 18 continuous.
Therefore, as for any u € MT(]O, 1 Lo-rly, Fé”(,u) grows to 'z () when M

grows to infinity, we obtain that I'; is lower semi-continuous. O
Hence :
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Lemma 3.5. T'is lower semi-continuous

It is from this property that we are going to infer the first part of the large
deviations principle :

Proposition 3.6. If O is an open set in M (10, 1[LOT ), then :
. NS B
—inf H < liminf —Inm" (O)
0 N

Proof. Let RV be the image law of P®N by iy. Sanov’s theorem allows one to
assert that the family R satisfies a large deviation principle with good rate function
u — I(u, P). Because of lemma 3.4, we have :

7N (0) =/0exp (NT (1)) dR™ (1)

As T is lower semi-continuous, we are able to conclude the demonstration by
using a Varadhan’s argument (see [10], thm 2.1.7). U

Remark that the large deviations principle we are proving is derived from the
one satisfied by the noise, the importance of which is thus underlined.

We now use the explicit expression of I' to obtain the exponential tightness
without any temperature condition. We first give a gaussian lemma which will be
very useful :

Lemma 3.7. Let X be a gaussian vector, with covariance K and mean c, taking its
values in RT. Let otherwise a € RT, and b € R™. The eigenvalues of the matrix
K are denoted by (11, ..A7) We consider A = sup |A;|.Then :

A||a—bc||2>

E (exp(aX — 9||X||2) < exp('ac — é||c||2)exp
2 - 2 2(1 + Ab)

Therefore, we are able to deduce that :

Lemma 3.8.

L
N

Ja > 1, sup (/ exp(ole"([LN))dP@N) < 00
N

For1 < j < N, we note :
1 & 1
iy (x) AN (x)\2
bj(x) = /exp—g2 I_El <G;‘N x Vilxj) — E(G;‘N ) )d)/

The largest eigenvalue of matrix K AN @) s smaller than T (J2 + 12).
We consider o > 1, such that
aT (J% +1%)
B=— T .0
o2+ T(J?+12)
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As a direct consequence of lemma 3.7, we get:

T
1 A (x X i (x
bj(x) < exp [2(”2 S (BiGy) = N 4 20V, (epef ) — e >>2)}
t=1

As |c:2N(x)| < |J|, we deduce :

T

(bj(x)” < exps— Z(ﬂ(vt(xj))2+2(a_:3)|J_Vf(xj)|)

Therefore, we can find a real constant C such that :

f exp(aNr(uN(x»)dP@N(x)<HH / exps— (ﬁ 1)((uj>t)2+C|<uj>z|)

j=1t=1
d(“])t
O'\/

This achieves the proof. O
We obtain :

Proposition 3.9. The family &V is exponentially tight.

We use the same ideas as in [3] (see page 471). We recall them here. Let o« > 1
be the real constant obtained in the previous lemma.
We consider§ = 1 — é Holder’s inequality gives : VB € li"(./\/l;r 10, 1[LO-T Iy),

7V (B) < RY(B).exp(—)

We know by Sanovs’ exponential tightness property that, for any L > 0, there
is a compact set Ky, such that :

im sup —In(RN (K¢)) < —
hmsulen(R (K;)) <-—L

n—-+00

Therefore, for any L > 0, we just have to take K r+c/« to obtain the tightness.
$
|

Proposition 3.10. For any compact set K ofMT(]O, 1 L0.71y;
. 1 N .
lim sup ﬁln(n (K)) < —infH
See Lemma 3.8 of [3] to get the ideas of the proof, or [8] to obtain all the details.

Gathering 3.8, 3.9 and 3.10, and remarking that H is a good rate function because
of 3.3 (b), we can achieve the proof of Theorem 2.1. O
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3.3. The minima of the rate function
We recall here that for any u € /\/lf'(]O, 1LIOT ], L(w) is the probability defined
on M (10, 1[ 10T 1) by :

dL ()
dP

1 & I
0 = [ewl 5 36l ) —0) - 55 3G lay
t=1 t=1

Note that L is well defined because Fubini’s theorem and first integration with
respect to P imply :

dL(w) L2 —1 N
f —5 (AP () = / exp | 55 D (G ) exp | 55 D _(GI)? |dy =1
=1 t=1
Then:

Proposition 3.11.
H(Q) =0 L(Q) =0
Asintheorem 5.1 of [3], the proof is based on the study of a variational equation
around a given minimum of the function H.

We thus have to characterize the fixed points of L :

Proposition 3.12. L admits a unique fixed point given explicitly by Q =
T, ®T+1)
L (Mo )-
In our discrete time context, the proof is much simpler than in [3].

It is essential to remark that the mean and covariance of G only depend
on the restriction of u to F;_1. Therefore, let © and v be two probabilities in
M0, 1[LOT )y, Then, for0 <t < T —1:

wyF = viF = Lw)yF, = L)Fy,
It follows that if we consider the sequence of probability measures defined on

MT(]O, 1oy by Vp = u?(TH), and V,11 = L(V;), we are able to infer a step
to step convergence of V; towards its limit Q. More precisely, we observe that

(Vo),7, = L(Vo) 7, = Ho
We deduce that Ve > T, V; = Vpr = Q, and that Vi < T, (V1),7, = (V1) ,F,.
This gives the existence of a fixed point for L. The uniqueness of this fixed

point is based on the following argument : if x and v are two fixed points of L, we
have

L(w); 7y =L(O)F = 1o
Therefore, LT+ () = LT+ (v), and then u = v.

If we note L, the operator associated to the same problem on [0, ], witht < T,
we have L, (u/F,) = L(1),7, Yu € MT(]O, 1[L%T 1) The proof of theorem 2.2
is thus achieved. O
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4. Convergence properties for general couplings

In this whole section, we will consider more general connection weights satisfying
the condition (C) of domination by a gaussian tail. It must be remembered that
OV is the global law of the activation potentials of the neurons. We note Q(])V the
distribution associated to the gaussian couplings.

Our purpose is to compare the respective densities of Q" and Q(l)V relatively to
P®N_We prove that these two densities are close enough for deducing the result
of theorem 2.3 from the large deviation principle obtained for gaussian connection
weights.

More precisely, let v(J, ®) be the distribution of the couplings and the thresh-
olds.

The calculations made in the proof of lemma 3.4 give that :

oV X
9 _ [Tai
j=1

2PN
with
aj(x) = exp (2}7 ZTj Vz(xj)2> f exp (%z ZTjKG i) — V:(xmz)dvu, )
t=1 =1
where

N
(Gi(x) =Y JjiCxi)i1 +6;

i=1
If the couplings are gaussian, one can use lemma 3.2 to calculate this expression.
Thus, we have :

oy X
d P®N = l_[bj(x)
j=1

1

1
bj(x) = exp (Fff’(x))

AN ()

det (I + £5—)
with
$00) =" (V) = VOV AND —Ip)(V (xj) = ) 4+ TV @V ()

Remark that a; and b; depend on N, but we will neglect it in the notations in
order to be simpler.

This section is divided in two subsections. The first one is dedicated to prove
theorem 4.1, which consists in proving conclusion of theorem 2.3 if four hypothesis
are checked. In the second part, we show that if the couplings fulfill assumption (C)
of section 2, then the four conditions of the theorem are satisfied. Thus, theorem
2.3 is completely proved.
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4.1. An exponential convergence result

In subsection 4.2, we will check that theorem 4.1 applies to probabilities Q" and
Qf)v defined above. As this theorem remains true under more general hypothesis,
we prove it here for a larger class of probabilities. We voluntarily choose to keep
the same notations for Q" and Q(’)V to simplify the reader’s understanding.

Thus, in this subsection, let QN satisfy :

oV N
apen = [ 4@
j=1

where P is the law defined in section 2, and where the notations omit the
dependance of a; on N. Moreover, let Q(Z)v be another family of probabilities on
(0, 1[t%T HNy " the image of which by the empirical measure satisfies a large
deviation principle when N grows to infinity. We suppose that the associated rate
function H is good and admits a unique minimum Q such that H(Q) = 0. We have

oy X
d P®N = l_[bj(x)
j=1

7™ is the image law of Q¥ by the empirical measure.
We suppose that (a;) and (b;) satisfy the four following assumptions :
(H1)3A, B > 0,VN > 1,V¥j € {1,.., N},Vx € ((J0, 1[L T hN),
T
aj(x) = A.exp(=B Y _ |Vi(x))])
=1
with
Vi) = fN (o -6
(H2)3x < 1,3C > 0,YN > 1,Vj € {1, .., N}, ¥x € ((J0, 1[LOT Ny,

I
aj(x) < Cexp (ﬁ ;[X(Vz(x]'))z + CW:()C;)I])

(H3)Vn > 0,30 > 0,¥N > 1,Vk < N,if & < o then
Vs, injection from {1, .., k} into {1, .., N}, Vj & {s(1), .., s(k)}, 3a,; (x), which
only depends on (x;)is(1),...sk)» Yx € (10, 1{LOTHNy

a;(0) () -
sup <,_ ,_) <(1+ n)exp# (Z(vt(x,;))z)

aj(x) aj(x) por
(H4) 3D > 0,Vn > 0,¥8 > 0,3No, VN > No,Vj € {1,., N},¥x €
(0, 1L HN)

a;(x) 1 (v 1 ¢
b ST (t;(vt(x,-)ﬂ) +Bexp (ﬁt;wum%mvt(x,m)
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The first and second assumptions are useful to control the a;’s. The third hy-
pothesis means that a; does not much depend on a small set of x;’s, such thati # j.
The fourth condition means that the quotient between a; and b; is close to one, it is
a contiguity relation between probability measures Q% and Qév . From these four
hypothesis, we can’t deduce that 7V and rrév are exponentially equivalent (what
would imply that nON satisfies a large deviations principle, see [9]). But we are able
to derive the following weaker property :

Theorem 4.1. We suppose that the four conditions (HI ), (H2), (H3) and (H4) given
above are satisfied. Then : ¥§ > 0,3b > 0,3INy, VN > Ny,

7N (B(Q, 8)°) < exp(~bN)
Proof. We have

d N
JTN(B(Q,S)C)=/1ﬁN(x)e(B(Q,a)f)dg dQy

Let’sfixq € R,suchthat1 < ¢ < % and A +2(g — 1) < 1, where X is defined
in assumption (H2).
Holder’s inequality gives, for % + cl; =1:

2V (B(Q. 8>><[/<

As the rate function H of the large deviation principle is good, we know that
3’ > 0,3IN;, VN > Ny,

1
)quo] 100 (an(x) € (B(Q, 817

O (an(x) € (B(Q, 8)°) < exp(—Nb)
Thus, for N > Ny,

q
7V (B(Q. 8)°) <exp(——) f( )q‘ldQN (1)
dQ0
Our purpose is now to control Zy, defined by
Zy = / e )q 14V
Letn > 0, 8 > 0. Because of (H4), we know that for N large enough,

N T 1 T
Zy < / I1 ((1 +mexplsts I Vilsp)’1+ Bexp(5 5 Y _I(Vi(x))?
j=1 t=1 t=1

+DIV,(xp)? " a oV
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Therefore, we have, by using Cauchy-Schwarz inequality and that2(g — 1) < 1,
which implies that for any positive reals y and z, (y +2)>@~D < y2(@=D 4 z2(@=D.

Zy < L+ V=D (Wy)z.(Yy)? ®)

where

WN—/He )”Zw x)21d Q" 3)

N _1 T
Yy = f [1 (1 + ﬂz("‘”exp(% D Vi) + D|v,<x,->|])) doN 4
j=1 t=1

The rest of the proof consists in controlling Wy and Y. To control Wy, we
split the integral in two parts and get :

N
Wy < exp (;\/ﬁ(q - 1)) + En )

)n
EN _/l_[e ZVI(XJ) 12/ 121 I(Vt(xj)2)>*dQ

Leté < 1,and g > 0, such that A +2(g — 1)ng < &.
We then use the second hypothesis (H2) of the theorem to deduce :
v < no,

| I
Ey < CN/ l_[ exp (—2 D IE = D))+ C|(Mj)t|]) 121,,\;1 S P2
j=1 t=1 '

du)..dun)r
(o/2m)NT

Thus, 3C}, real constant, such that :

— DN
Ey < C{VT.exp(u)
402 /7
Therefore, coming back to equation (5), we have, for n small enough :
¢ —-1DN

Wy < exp (2N /n(g — 1)) + C{'" .exp( ) (6)

402 /1

We now study Yy. For any k < N, let 1 Ilf, be the set of injective applications
from {1, .., k} into {1, .., N}.
We develop the product of equation (4)

N pa=1)

=143 =—— > O

k=1 sel
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e [ (25

Our purpose is now to control Oy j for fixed s and k by Cz, where C> is a real
constant.

Let now o > 0 be defined as in the third hypothesis (H3) of the theorem. We
choose o smaller than 5. Then :

-if % > .

Z[(V:(xw))) + D|V,<xg<,>)|]> do"

The second condition of the theorem and the property A +2(qg — 1) < 1 allow
us to write that there is a constant C3 such that O; y < Cév , and therefore we have:

1
Os < Oy n < (CPHF (7)

ek
-1fﬁfa

T N
z:[(vf(xs(j)))2 + D|Vt(xs(j))|]> l_[ a;(x)dP®N (x)

k
qg—1
O, =
R 4
j=1 =1 j=1

Forany j & {s(1), .., s(k)}, let a; be defined as in the third hypothesis.
For any j € {s(1), .., s(k)}, we use the second condition (H2) to bound a;.
We are thus obtaining that the integral is bounded by the product of two terms,
and therefore get :
Osik < (1 +mN.Fy.Gy (8)

Fy=C* f H exps— (Z[(x +2(g — D) (Vi (xy(j))* + 2D(g — 1) + C)

|vz(xs<,->>|])dP®N(x>

on=[ Tl awens Z(mx,))zdP@N(x)
JEsD),...s(k)}

As (A 4+ 2(g — 1)) < 1, itis clear that there is a constant Cy4, such that
Fy < C%

We use (H3) to replace a; by a;, and then (H1) to introduce the missing (a;)’s
and to recover d QN
We thus have:

1 N
Gy < L1 +”) / ﬂexp(—Z(mx,)))

k T
[Texp@B ) 1ViCasy)h | d”

j=1 =1
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Therefore:
(1+mN

Gy =—x

(N + IN)

N T
In= / expl %ZZ Vi) +BZZ|vr<xm>>ulz~ Stz 40”

j=11t=1

In= f exp[ w<x,> +BZZ Ve (sl lzwﬂ ST Wi 2 4Q%

jltl j=11t=1

Asa < nand

1
2

kT N T
SN il = [ D0 vip? | VAT

j=11t=1 j=11t=1

we obtain

Iy < expN[f +B\/_n

Moreover, one can bound Jy the same way as Ey. Therefore, coming back to
equation (8), we obtain that there is a constant Cs such that for 1 small enough and
for N large enough :

N

s = (%)k'(l +m <exPN[? +BVTyi]+ CsNexp(—(E _ DN))

402, /7

Let
Cy
—)

1
Coy = max(Cy, 3

We can thus deduce that

Yy <1420 C)N (1+mY. (w‘pf\’[;/—zﬁ+Bﬁni]JrcsNemv(—(é = UN))

4o /n

Thanks to equation (2) and (6), it’s now possible to bound Zy. We choose n
and then 8 small enough to get, for N large enough :

ZN < exp
2p

Letb = %. We deduce from (1) that

7N (B(Q, 8)¢) < exp(~bN) 0
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4.2. The four conditions of Theorem 4.1

This subsection is dedicated to check the four assumptions of the theorem 4.1 if
the couplings satisfy (C). As a matter of fact we will replace condition (C) by the
equivalent condition (C’). The equivalence of (C) and (C’) is shown in the appendix.
We choose a in (C’) such that :

f exp(af})dv < +oo ©)

Note that

1 < 1 &
aj(x)=exp <m§ :vt(x,»z) f exp <26—2§ 1(G))i(x) — vt(xj)F)dv(J, ®)
=1 t=1

Then hypothesis (H1) is a direct consequence of Jensen’s inequality.
We are now going to check (H2) :
We study

—1 T
rjx) = few (20—2 ;[(Gj)t(x) - Vt(xj)]z) dv(J, ®)

Remark that if %1, .., hr are integrable real valued functions such that V¢ <
T,0 < hy < 1, and if v is a probability measure, Cauchy-Schwartz inequality

gives :
/ 1

€1

T 2T
hdv < ]_[ (/(h,)Tdv>
1 =1

T

Thus:

L
aT

T
-T
ri <J] [f exp (m[(Gj»(x) - V1<x,-)]2> dv]
t=1
First, we suppose that V;(x;) > 0.
Then:
v )2
Vit — G = T 6

Therefore,

/ex _—T[(G<) xX) = Vix )P} dv < ex (_—TV(x<)2)+v[ex 2G>
p20_2 jt (X _p80_21J P2 Jot

aVi(xj)?

> exp( 3

)]

We obtain the same result if V;(x;) < 0.
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Moreover, we easily get
N
(G* <20 JjiGxi) ] +267
i=1

so that we are able to obtain from (C) and (9) a constant D such that

-T
/€XP<F[(G,-%(X) = Vi(x;)] ) dv <exxﬂ( Vz(x,) )+Dlexp(——Vz(x]) )
therefore, we can bound r; (x) and achieve the proof. O

We are now going to focus our interest on the checking of the third condition
(H3):

Lets € IX and j & {s(1), ..s(k)}.

Let us split (G ) (x) into two parts, and set :

Ghi = Y Tilxi)i-1 +0
ig{s(l),..s(k)}

G = > i1 = (G0 — (Gh(x)
ie{s(l),..s(k)}
Let

1< 1<
aj(x) = /exp (0—2 2GRV = 5 Z[(G}»]Z) dv(J, ©)
=1 t=1

We use Holder to get :
1 L
aj(x) < (Kj)r.(Lj)a (10)

1
7

T T
K= /exp (G% Y GV = 505 Z[(G,-),]Z) dv(J, ©)
t=1 t=1

where % +

T
Lj= / exp(—Z DGV + 5 22[2«: (G — (G%)?]) dv(J, ©)

(o2
t=1

Thus, we have

T T
Kj<exp (2% > Vt(xj)2> ./exp(ﬁ D G ix) - V,(xj)]z) dv(J, ®)
t=1 t=1

‘We can deduce that

Kj <exp (p2

_1 T
. th(xﬁ) a;(x)
t=1



66 0. Moynot, M. Samuelides

If we apply (H1) :

Il] ( ) p ! )
; X).—yex
2qo

T B T
SV + = |vt<x,-)|>
t=1 q t=1

a + % Therefore:

Moreover, let ¢ > 0. For any a, b > 0,ab < 5-

T
qe
Lj <exp (p Z V,(xj)2) M
t=1

where :

T
M; / (exp Z[(G )] ).(expai28 Z[(Gi»]Z) dv
t=1

Thus, from Cauchy-Schwartz, we deduce :

s T % ) T 2
M; = (/ exp(% Z[(Gj),]zdv> (/ expﬁ Z[(G?),]Zdv>
=1 t=1

‘We choose

- 4qT

where a is the real number defined in condition (C).
Remark that if &y, .., hr are integrable real valued functions such that V¢ <
T, h; > 1, and if v is a probability measure, Cauchy-Schwartz inequality gives :

T T %
/Hh,dv =TI (/(ht)”dv)
t=1 t=1

Hence :

r a 5 aN 5. o
M; < 1_[ |:</ exp(E(Gj)t )a’v) . (/ exp[T(Gj),]dv>]
t=1

Then condition (C) implies that there is a constant D; such that

T

Lj <exp (iT DR )
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Therefore, on can deduce from equation (10) that for any n > 0, if % is small
enough (so that g is large enough), :

T
aj(x) < a;(x).(1+n).exp(n y_(Vi(xj)?

t=1

The same method can be used to bound Z’ g; O

We study the fourth hypothesis (H4) : i

Let (fi ])1<l j<n be gaussian, independent random variables, with mean 1{,,
and variance N These variables are also supposed to be independent from the 6;’s
and the J;;’s. The distribution of 6; is denoted by vy, and the jointed law of the
couplings (J;, jij) is Vi)

Forany 1 <t < T, we consider :

N
(Gj) = Z Jji(xi)e—1 + 6,
i=1
Then,
aj(x)
bj(x)

1| < Nj(x).0;(x) (11)

where

AN (x)

Nj(x) = \/det(l + ). exp( ¢(x))

$00) =" (V) = VO AND — Iy (V (x) —cW)) + V)V

0j(x) = ‘ / [exp (2 2Z[(G ) — vf(x,-nz)
—1 T -
—exp (ﬁ D UG~V (xmzﬂ vy jydve

Recall here that the eigenvalues of ARNG) gre positive and bounded by 1.
Moreover, we have : -V1 <t < T, |cle(x)| < Ifl,

V1 <t,s < T, KM@ < g2 422,

It follows that we can find two real constants C; and C; such that :

LT
Nj(x) < Ciexp (ﬁ Z[Vt(xj)2 + C2|Vr(xj)|]>
=1

We shall now prove that O, (x) is uniformly small in x for N large enough.

We first get the following lemma. Its proof is close to the demonstration of
Lindeberg’s theorem (see [18]).
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Lemma 4.2. Let N be fixed, and let Y1, .., Yn be N independent, centered, RT-
valued random variables on a given probability space (2, A, v). We consider:

(Mi)is = E((Yi): (Yi)s)

Let Yy, .., Yy be independent, centered, R -valued gaussian random variables. We
suppose that the covariance of Y; is M; and that the Y;’s are independent from the
Yi's.Vie{l,..,N},let Sy =Y1 + .. +YN,andSN_Y1+ +YN

Let ® e Cg (RT, R), whose derivatives of first, second and third order are
uniformly bounded by a constant C3.

If W is a RT-valued vector, let ||W|| = Zthl | Wi ).

Then, if

0= Vcb((sml,..,(SN>T>dv—/<I>((§N)1,.., Swr ) dv

we have :
Ve > 0,

N N
<G ([EZ/||YiI|2dv]+Z[/||17i||3dv+/(||Yi||21||y,~||>e)dV])
i=1 i=l

Proof. ¥i € {1, .., N}, let

(U)—ZYw Z Y

k=i+1
where the first sum is taken to be 0 if i = 1 and the second sumis 0 if i = N.

We then have easily
N
=)0
i=1

with
_ ‘/@(UmLY,-)dv—/q)(Ui—i-ﬁ)dv

‘We consider

T

Ri(€) = ®(U; + &) — @(U,)—Zstaq)wl ZZ% (Ul)

tlal

Therefore (because Y; and 17, are centered, independent of U; and have the same

covariance matrix),
= ‘ f Ri(Y))dv — f R; (Y;)dv
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so that
0i <| / Ri(Y)dv] + | / Ri (7]
Thanks to Taylor’s theorem, we obtain :

2 ||$||3

IRi (§)| = Csinf(lI§]I7, )

therefore
1 Y N o
113 - o113 ny
0 < Cs <3 l_}_l:E(HYlH 1y <o+ ,-2_1:[6E(”Y’” ) + E(I|Yi]] 1||yi||>e>]>

‘We thus deduce the result of the lemma. |
Let
J— N
ar = Qj + N Z(xi)t—l - Vt(xj)

i=1
Let’s define

T
(1. yr) = |6 +a)

t=1

where
2

z
P(z) = exP(2o_2)

Notice that the derivatives of first, second and third order of function ® are
uniformly bounded by a real constant.
Let’s define

J
Y =i — N)(xi)t—l
- - J
Y =i — N)(xi)tfl

We focus our interest on O; and first integrate with respect to Vs Jy
Then let € > 0. Lemma 4.2 gives that there is a constant C3 such that:

N N
0j(x) < C3 ([g > f(||Yi||2)dv(,,,~)] + Z[/(Hﬁnﬁdv(,j)
i=1 i=1

+/(|IY,-||21||Yl->e)dV(J,i)]>

We have :
J2r?

[awipias, 5, < 75
dy J3T3
f(||Y|| v, j, < f(|y| exp—(—)—y
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Moreover,

27 J?
ri(e) = /(||Yi||21||Y,-||>e)dV(]’j) < T[ﬁ + /(NHin||21HY,4||>e)dU(qu)]

If a is the real defined in condition (C), let C;, = sup,.5 xzexp(—ax).
Hence, from Cauchy-Schwartz, we get:

-<><2—T2[£+<")c(f @NJ%)d ~>é]
ri(e) = -+ v ) exp(a@NJj)dv; ;

Therefore, using (C) and summing over i, we can conclude that for any 8 > 0,
for N large enough, for any x € ((]0, 1[I 0.T )Ny we have :

Oj(x) =B

We finally come back to equation (11) to conclude. g

This achieves the proof of Theorem 2.3.

Finally, we are able to study the limit probability Q and to prove the mean-field
equations (theorem 2.6 ) which characterize this limit distribution.

We proved in proposition 3.12 that Q is the unique fixed point of L. We denote
by Q' the restriction of Q to o (x1, .., x7). We then have Q = 1o ® Q’. We consider
Q’, the image of Q' by f.

We note V(1) = (u; — 0, ..., ur — 0). Then, from the expression of L (see
section 3), we deduce :

d—Q—< ! )7 ! expx (u)
du ~ Var Jaaollr 1 ko) X

with
1
x) = 53— (") = A2 ~ IV - )

One can deduce from this expression that (U;)1<,<7 is a discrete time gaussian
process, with mean ¢ + # and covariance matrix defined by

R=0c%(A2 - D!

By diagonalizing K € in an orthonormal basis, we can deduce, after some cal-
culations, that :

R=K%+o%Ir

This gives the mean-field equations. (]
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5. Appendix: about the condition (C) of domination by gaussian tails

This appendix will be devoted to the consequences of condition (C). First we will
show that the technical condition (C’) is the consequence of condition (C). Since
condition (C”) obviously implies condition (C), this proves the equivalence of condi-
tion (C) and condition (C’). Then we show that condition (C) is stable by barycentric
combination. Eventually, we show it is checked by “natural” models with appro-
priate scaling. We prove here the equivalence between the two conditions (C) and
).
We first give a sufficient condition on the couplings to satisfy (C’) :

Lemma 5.1. Let J| be a random variable with law vy . We suppose that :
iCy > 0,VN > 1,VI > 2,

E<|J1—z|1)<<&)l /!
N )T \VYN/ (E®))

Then the technical condition (C’) on the couplings is fulfilled.

This means that if the moments of the connection weights decrease with N as
fast as in the gaussian case, then condition (C’) occurs.

Recall here (C’) :

da > 0,3Dg > 0,VN > 1,Vk < N,V(Jy, .., Jx), independent random vari-
ables with law v}, ¥(A1, .., &) € [0, 115,

aN ’
E exp[T(MJl + ..+ AJ)]) < Do

Let N > 1,k < N. Let Jy, .., J; be independent random variables with law
b o
W.

Remark that (C) is satisfied if J = 0. When J # 0, we define, for 1 <i <k:

7 (1)

v?’ . Their common mean is % and their common variance

Wi=-—(s-=
J N

so that E(W;) = 0, E(W?) = 1.

The condition (D) in proposition 2.7 gives a constant D;, which does not depend
on k and N, such that, forany / > 2,for 1 <i <k:

E(W!) < D} (12)

(E()!

Let (A1, .., Ax) € [0, 115,
It is sufficient to find a > 0O such that

a
S—E <exp[E(x1W1 T Aka)2]>
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is uniformly bounded with regard to k and N.
Let By, = {i = (i1, ..ix) € (N = {ID¥, iy + .. + ix = 2p}).

As the first order moments of the W;’s are zero, we can deduce that :

i i
2

S_Jf(Zp)!ap 5 S,
N kppl L= D! (in)! Lo Tk

p=0

Thus (12) gives

P aP@2p)! 1
S < Z 2 ! Z (—

E(%)!..E(%)!)

i€By p
Let
B, = {i = (i1, ..ix) € Bk p,11,..,ir 0dd, iry1, .., iy even }
Then
2p
2p p(2 )‘ 1nf( k)
-
S = Z kP p! Z CSr
r=0
where |
= L e ey
ieB, E(3)..E(%)!

Notice that r is necessarily even, and consider the following change of index :

forl <p <54 letj,= 11,273.
FOI'% <p= r,let]p — ’pz—ll.
Forr+1<p<kletj,=7%.
Therefore : |
D S
< L
Jit.+jk=p—r Uo!l.Go!
kP
S, < —
(p—r)!
As
kr
Ci=—
we deduce
2 'D 2p 2a)P |
$= Z< pID;" Q0

(p’)2 ~ J1-2D%

We are thus able to choose a small enough and to complete the proof of the
lemma. (]

We are now going to prove that (C) implies the hypothesis of the lemma.
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If (C) is satisfied, it is possible to find a constant D; such that : VN > 1,

E exp[EN(Jl — N) 1) <D

‘We obtain :
VN >1,Vk > 1,
2%k PN )=
Therefore : _ .
J D.2%.(2k)!
E (- Ly < P2 e
N (aN)* k!
As

we deduce that conditions of lemma 5.1 are satisfied, and therefore that (C)
implies (C). ([l

Furthermore, we also have the following mixing stability property :

Proposition 5.2. We suppose that condition (C) is fulfilled by couplings with re-
spective laws p1 and p>. Let § > 0 and consider couplings with law p = Bp1 +
(1 — B)pa. These connection weights satisfy (C’), and therefore (C).

Proof. Let N > 1,k < N.Let Jy, .., J; be independent random variables with law

p.
Then

k
N
E <exp[a7()~1fl + ..+ Kka)z]) =) CiB (1 —p*7z,
r=0

aN :
Zr = /exp <T[M)’1 + oo+ Ay A1 Ze o+ kak]Z) [ [dor()
i=1

k
[] deatzi)

i=r+1

We suppose that (C) is satisfied by p; and p, with the same real number ay.

Then leta = %" and remark that :

r r k k
N N
er/exp(aT[E x,-yi]2>]_[dp1(y,~>./exp 1) wzl| [ deata)
i=1 i=1

i=r+1 i=r+1

we are therefore able to conclude. O
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We are finishing this section by giving some concrete examples, among others,
of couplings law that fulfill (C). The parameters are chosen so that the mean of the

. . . . . 2
connection weights is % and their variance JW

1) The law vﬂv is a uniform distribution on [% - % % + %3].

sotribut Nioal _J J _J J
2) The distribution v} is a 5 (84 + 8p), where a = 5, — I andb =  + Wi
3) The couplings are the product of a gaussian random variable N (FLN, ;—; +

jz{\;{;;zl)) and of a Bernoulli with parameter p € [0, 1].
This gives the mean-field equations for some diluted networks.

6. Conclusion and perspectives

Our work gives a rigorous basis to previous results obtained by statistical physicists
about dynamics of large size recurrent neural networks. In the case of gaussian cou-
plings, we proved a large deviations principle and deduced a law of large numbers,
a propagation of chaos property and the mean-field equations which describe the
limit behavior of the neurons.

An adapted generalization of Lindeberg’s theorem allowed us to extend these
results for some more general connection weights distribution, and in particular for
discrete or uniform couplings and for diluted networks. It seems that this method-
ology can be used in a spin glass context, although it should be more technical.
Remark, moreover, that obtaining our mean-field properties for non gaussian cou-
plings is important in a Neural Network context : although our models are still far
from biological realism, they try to reproduce certain features of the brain, which
is a sparsely connected neural network. A next step would be to establish a proof
for the dynamics of large size networks composed of spiking neurons.

As underlined in [3, 20], mathematicians have now obtained few results about
symmetric or asymmetric neural networks and spin glasses. We are far from proving
all the physicists assertions completely rigorously. As a matter of fact, our study
is only completed for bounded time. The determination of the dynamics of large
networks without any temporal limit is an open problem.

References

[1] Amari, S.: Characteristics of random nets of analog-like elements. /[EEE Trans. Syst.
Man. Cyb., SMC-2(NS), 1972

[2] Amari, S., Yoshida K., Kanatani K.: A mathematical fundation for statistical neurody-
namics. SIAM Journal appl. math., 1977

[3] Ben Arous, G., Guionnet, A.: Large deviations for langevin spin glass dynamics. PTRF,
102: 455-509 (1995)

[4] Cessac, B.: Propriétés statistiques des dynamiques de réseaux neuromimétiques. PhD
thesis, Université Paul Sabatier, Toulouse, 1994

[5] Cessac, B.: Increase in complexity in random neural networks. Journal de Physique I,
5:409-432 (1995)



Asymmetric random recurrent neural networks 75

(6]
(7]
(8]
(9]

(10]
(11]

[12]
[13]
[14]
[15]
[16]
[17]

(18]
[19]

(20]

Cessac, B., Doyon, B., Quoy, M., Samuelides, M.: Mean-field equations, bifurcation
map and route to chaos in discrete time neural networks. Physica D, 74: 24-44 (1994)
Crisanti, A., Sommers, H.J., Sompolinsky, H.: chaos in neural networks: chaotic solu-
tions Preprint, 1990

Daucé, E., Moynot, O., Pinaud, O., Samuelides, M.: Etude de la dynamique de réseaux
neuronaux aléatoires récurrents. ONERA/DTIM, 1999

Dembo, A., Zeitouni, O.: Large Deviations techniques ansd Applications. jones and
Bartlett Publishers, 1992

Deuschel and Stroock. Large Deviations. Academic press, New York, 1989
Dobrushin. Prescribing a system of random variables with conditional distributions.
Theor. Proba. Appl., 1970

Geman, S.: Almost sure Stable oscillations in a large system of randomly coupled
equations. Siam J. Appl. Math., 42: 695-703 (1982)

Geman, S., Hwang, C.R.: A chaos hypothesis for some large systems of random equa-
tions. Z. Wahr. Verw. Gebiete, 60: 291-314 (1982)

Grunwald, M.: Sanov results for glauber spin-glasses. Prob. Theory and Rel. Fields,
1996

Guionnet, A.: Averaged and quenched propagation of chaos for spin glass dynamics.
PTRF, 109: 183-215 (1997)

Haykin, S.: Neural Networks, a comprehensive foundation. Prentice Hall, New York
1999

Sompolinsky, H., Crisanti, A., Sommers, H.J.: Chaos in random neural networks. Phys.
Rev. Lett., 61: 259-262 (1988)

Stroock.: Probability theory. Cambridge University Press, (1993)

Sznitman, A.S.: Equations de Boltzmann spatialement homogenes Z.F. Wahrschein-
lichkeitstheorie Verw. Gebiete, 1984

Talagrand, M.: The Sherrington-Kirkpatrick Model: a challenge for mathematicians.
Probability Theory and Related Fields, 1998



