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1. Introduction

This paper, on solving the dynamics of recurrent neural networks using none-
quilibrium statistical mechanical techniques, is the sequel of [1], which was devoted
to solving the statics using equilibrium techniques. I refer to [1] for a general in-
troduction to recurrent neural networks and their properties.

Equilibrium statistical mechanical techniques can provide much detailed quan-
titative information on the behavior of recurrent neural networks, but they obvi-
ously have serious restrictions. The first one is that, by definition, they will only
provide information on network properties in the stationary state. For associative
memories, for instance, it is not clear how one can calculate quantities like sizes of
domains of attraction without solving the dynamics. The second, and more serious,
restriction is that for equilibrium statistical mechanics to apply the dynamics of the
network under study must obey detailed balance, i.e. absence of microscopic
probability currents in the stationary state. As we have seen in [1], for recurrent
networks in which the dynamics take the form of a stochastic alignment of neuronal
firing rates to postsynaptic potentials which, in turn, depend linearly on the firing
rates, this requirement of detailed balance usually implies symmetry of the synaptic
matrix. From a physiological point of view this requirement is clearly unacceptable,
since it is violated in any network that obeys Dale’s law as soon as an excitatory
neuron is connected to an inhibitory one. Worse still, we saw in [1] that in any
network of graded-response neurons detailed balance will always be violated, even
when the synapses are symmetric. The situation will become even worse when we
turn to networks of yet more realistic (spike-based) neurons, such as integrate-and-
fire ones. In contrast to this, nonequilibrium statistical mechanical techniques, it will
turn out, do not impose such biologically nonrealistic restrictions on neuron types
and synaptic symmetry, and they are consequently the more appropriate avenue for
future theoretical research aimed at solving biologically more realistic models.

The common strategy of all nonequilibrium statistical mechanical studies is to
derive and solve dynamical laws for a suitable small set of relevant macroscopic
quantities from the dynamical laws of the underlying microscopic neuronal system.
In order to make progress, as in equilibrium studies, one is initially forced to pay the
price of having relatively simple model neurons, and of not having a very compli-
cated spatial wiring structure in the network under study; the networks described
and analyzed in this paper will consequently be either fully connected, or randomly
diluted. When attempting to obtain exact dynamical solutions within this class, one
then soon finds a clear separation of network models into two distinct complexity
classes, reflecting in the dynamics a separation which we also found in the statics. In
statics one could get away with relatively simple mathematical techniques as long as
the number of attractors of the dynamics was small compared to the number N of
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neurons. As soon as the number of attractors became of the order of N, on the other
hand, one entered the complex regime, requiring the more complicated formalism of
replica theory. In dynamics we will again find that we can get away with relatively
simple mathematical techniques as long as the number of attractors remains small,
and find closed deterministic differential equations for macroscopic quantities with
just a single time argument. As soon as we enter the complex regime, however, we
will no longer find closed equations for one-time macroscopic objects: we will now
have to work with correlation and response functions, which have two time argu-
ments, and turn to the less trivial generating functional techniques.!

In contrast to the situation in statics [1], I cannot in this paper give many
references to textbooks on the dynamics, since these are more or less nonexistent.
There would appear to be two reasons for this. Firstly, in most physics departments
nonequilibrium statistical mechanics (as a subject) is generally taught and applied
far less intensively than equilibrium statistical mechanics, and thus the nonequi-
librium studies of recurrent neural networks have been considerably less in number
and later in appearance in literature than their equilibrium counterparts. Secondly,
many of the popular textbooks on the statistical mechanics of neural networks were
written around 1989, roughly at the point in time where nonequilibrium statistical
mechanical studies just started being taken up. When reading such textbooks one
could be forgiven for thinking that solving the dynamics of recurrent neural net-
works is generally ruled out, whereas, in fact, nothing could be further from the
truth. Thus the references in this paper will, out of necessity, be mainly to research
papers. I regret that, given constraints on page numbers and given my aim to
explain ideas and techniques in a lecture notes style (rather than display encyclo-
pedic skills), I will inevitably have left out relevant references. Another consequence
of the scarce and scattered nature of the literature on the nonequilibrium statistical
mechanics of recurrent neural networks is that a situation has developed where
many mathematical procedures, properties and solutions are more or less known
by the research community, but without there being a clear reference in literature
where these were first formally derived (if at all). Examples of this are the fluctu-
ation—dissipation theorems (FDTs) for parallel dynamics and the nonequilibrium
analysis of networks with graded response neurons; often the separating boundary
between accepted general knowledge and published accepted general knowledge is
somewhat fuzzy.

The structure of this paper mirrors more or less the structure of [1]. Again I will
start with relatively simple networks, with a small number of attractors (such as
systems with uniform synapses, or with a small number of patterns stored with
Hebbian-type rules), which can be solved with relatively simple mathematical
techniques. These will now also include networks that do not evolve to a stationary

1 A brief note about terminology: strictly speaking, in this paper we will apply these techniques only to
models in which time is measured in discrete units, so that we should speak about generating func-
tions rather than generating functionals. However, since these techniques can and have also been
applied intensively to models with continuous time, they are in literature often referred to as gen-
erating functional techniques, for both discrete and continuous time.
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state, and networks of graded response neurons, which could not be studied within
equilibrium statistical mechanics at all. Next follows a detour on correlation and
response functions and their relations (i.e. FDTs), which serves as a prerequisite for
the last section on generating functional methods, which are indeed formulated in
the language of correlation and response functions. In this last, more mathemati-
cally involved, section I study symmetric and nonsymmetric attractor neural net-
works close to saturation, i.c. in the complex regime. I will show how to solve the
dynamics of fully connected as well as extremely diluted networks, emphasizing the
(again) crucial issue of presence (or absence) of synaptic symmetry, and compare
the predictions of the (exact) generating functional formalism to both numerical
simulations and simple approximate theories.

2. Attractor neural networks with binary neurons

The simplest nontrivial recurrent neural networks consist of N binary neurons
c; € {—1,1} (see [1]) which respond stochastically to postsynaptic potentials (or
local fields) #;(s), with ¢ = (oy,...,oy). The fields depend linearly on the instan-
taneous neuron states, h;(6) = 3, J;;0; + 0;, with the J;; representing synaptic effi-
cacies, and the 0; representing external stimuli and/or neural thresholds.

2.1. Closed macroscopic laws for sequential dynamics

First I show how for sequential dynamics (where neurons are updated one after the
other) one can calculate, from the microscopic stochastic laws, differential equations
for the probability distribution of suitably defined macroscopic observables. For
mathematical convenience our starting point will be the continuous-time master
equation for the microscopic probability distribution p,(o)

p(8) = Y nFiolp (o) —w(@)plo)}.  wile) = 5[1 - o tanh[Bh(o)]

(1)

with F;®(¢) = ®(oy,...,0,_1,—0;, Ciy1,...,0y) (see [1]). I will discuss the condi-
tions for the evolution of these macroscopic state variables to become deterministic
in the limit of infinitely large networks and, in addition, be governed by a closed set
of equations. I then turn to specific models, with and without detailed balance, and
show how the macroscopic equations can be used to illuminate and understand the
dynamics of attractor neural networks away from saturation.

2.1.1. A toy model

Let me illustrate the basic ideas with the help of a simple (infinite range) toy model:
Jij=(J/N)n;§; and 6; =0 (the variables m; and &; are arbitrary, but may not
depend on N). For n; =&, =1 we get a network with uniform synapses. For
n,=§& €{-1,1} and J > 0 we recover the Hopfield [2] model with one stored
pattern. Note: the synaptic matrix is nonsymmetric as soon as a pair (ij) exists such
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that n;§; # n,&;, so in general equilibrium statistical mechanics will not apply. The
local ﬁelds become 4;(6) = Jn;m(e) with m(e) =+ >, & 0. Since they depend on
the microscopic state ¢ only through the value of m, the latter quantity appears to
constitute a natural macroscopic level of description. The probability density of
finding the macroscopic state m(¢) = m is given by 2,[m] = > p,(6)d[m — m(s)]. Its
time derivative follows upon inserting (1):

4 pm Zzpt pus(@) {3~ m(0) + L ucn| o1~ (o]}
-4 {;m«)&m - m(on%g akcka<c>} +o(y)

Inserting our expressions for the transition rates w;(¢) and the local fields %;(e)
gives:

d d
—P[m] = am {J/’t m— —Z &, tanh[n;pJm]

}+@(N1).

In the limit N — oo only the ﬁrst term survives. The general solution of the resulting
Liouville equation is 2,[m] = [dmg Py[m]8[m — m(t|mo)], where m(t|mg) is the
solution of

—m= 11m Z &, tanh[n, pJm| — m(0) = my. (2)

This describes deterministic evolution; the only uncertainty in the value of m is due
to uncertainty in initial conditions. If at # = 0 the quantity m is known exactly, this
will remain the case for finite time-scales; m turns out to evolve in time according
to (2).

2.1.2. Arbitrary synapses

Let us now allow for less trivial choices of the synaptic matrix {J;;} and try
to calculate the evolution in time of a given set of macroscopic observables
Qo) = (Qi(5),...,Q,(6)) in the limit N — oco. There are no restrictions yet on the
form or the number n of these state variables; these will, however, arise naturally if
we require the observables © to obey a closed set of deterministic laws, as we will
see. The probability density of finding the system in macroscopic state € is given

by:
= p(e)3[Q — (o). 3)

Its time derivative is obtained by inserting (1). If in those parts of the resulting
expression which contain the operators F; we perform the transformations ¢ — Fo,
we arrive at
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Crio =323 plo)u(e) (30 - Q(Fio)] - 32 - (o).

Upon writing Q,(F;6) = Q,(6) + A (6) and making a Taylor expansion in powers
of {A;, (o)}, we finally obtain the so-called Kramers—-Moyal expansion:

d (_1)6 n n al
aft[ﬂ];szg—agmmmw{J,[Q] O, @0}, 4)

It involves conditional averages (f(6))q, and the ‘discrete derivatives’
Aju(e) = Qu(Fj6) — Qy(0): 2

( <Z WI Jlll e A/W(o-)> ’
Q:t

2.5 P1(0)8[Q — Q(o) ]/ (o)
> s i(0)3[Q — Q(o)]

Retaining only the ¢ = 1 term in (4) would lead us to a Liouville equation, which
describes deterministic flow in Q space. Including also the ¢ = 2 term leads us to a
Fokker—Planck equation which, in addition to flow, describes diffusion of the
macroscopic probability density. Thus a sufficient condition for the observables
Q(o) to evolve in time deterministically in the limit N — oo is:

1\}2& Z él Z Z Z |Ajy, (0) - IW(G)DQ;t =0. (6)

=1 pe=1j=

f(0))a, = (5)

In the simple case where all observables €, scale similarly in the sense that all
‘derivatives’ Aj, = Qu(F6) — Qu(o) are of the same order in N (i.e. there is a

monotonic function Ay such that A = @(AN) for all ju), for instance, criterion (6)
becomes:

lim nAyvVN = 0. (7)

If for a given set of observables condition (6) is satisfied we can for large N describe
the evolution of the macroscopic probability density by a Liouville equation:

_ i agu {Z",[Q]Flfl)[g; t]}

2 Expansion (4) is to be interpreted in a distributional sense, i.e. only to be used in expressions of the
form [dQ 2,(Q)G(Q) with smooth functions G(€), so that all derivatives are well-defined and finite.
Furthermore, (4) will only be useful if the Aj;,, which measure the sensitivity of the macroscopic
quantities to single neuron state changes, are sufficiently small. This is to be expected: for finite N any
observable can only assume a finite number of possible values; only for N — oo may we expect
smooth probability distributions for our macroscopic quantities.
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whose solution describes deterministic flow: 2,[Q] = [ d€Q,2[]|3[Q — (/)]
with Q(#|€) given, in turn, as the solution of

00 =FIR0:, Q0) = Q. 8)
In taking the limit N — oo, however, we have to keep in mind that the resulting
deterministic theory is obtained by taking this limit for finite t. According to (4) the
£ > 1 terms do come into play for sufficiently large times ¢; for N — oo, however,
these times diverge by virtue of (6).

2.1.3. The issue of closure

Eq. (8) will in general not be autonomous; tracing back the origin of the explicit
time dependence in the right-hand side of (8) one finds that to calculate F(") one
needs to know the microscopic probability density p;(c). This, in turn, requires
solving Eq. (1) (which is exactly what one tries to avoid). We will now discuss a
mechanism via which to eliminate the offending explicit time dependence, and to
turn the observables Q(s) into an autonomous level of description, governed by
closed dynamic laws. The idea is to choose the observables Q(e¢) in such a way
that there is no explicit time dependence in the flow field F<1>[Q;t} (if possible).
According to (5) this implies making sure that there exist functions ®,[Q] such
that

lim > w;(6)Au(0) = ©,[2(0)] 9)
j=1

N—oo

in which case the time dependence of F") indeed drops out and the macroscopic
state vector simply evolves in time according to:

d

EQ:(D[QL (D[Q]:((Dl[gLach[Q])

Clearly, for this closure method to apply, a suitable separable structure of the
synaptic matrix is required. If, for instance, the macroscopic observables Q, depend

linearly on the microscopic state variables ¢ (i.e. Q,(o) :ﬁ jV:] ®,;6;), we obtain
with the transition rates defined in (1):

d 1Y

Q= lim = " o, tanh(Bh(6)) - Q (10)

in which case the only further condition for (9) to hold is that all local fields 4 (o)
must (in leading order in N) depend on the microscopic state ¢ only through the
values of the observables €; since the local fields depend linearly on ¢ this, in turn,
implies that the synaptic matrix must be separable: if J;; = 3, Ky o,; then indeed
hi(6) = >, KyQyu(o) + 0;. Next I will show how this approach can be applied to
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networks for which the matrix of synapses has a separable form (which includes
most symmetric and nonsymmetric Hebbian type attractor models). I will restrict
myself to models with 6; = 0; introducing nonzero thresholds is straightforward and
does not pose new problems.

2.2. Application to separable attractor networks

2.2.1. Separable models: description at the level of sublattice activities
We consider the following class of models, in which the interaction matrix has the
form

1
_NQ(§i§€j)7 éi—(éu-“:ip) (11)

The components &, representing the information (‘patterns’) to be stored or pro-
cessed, are assumed to be drawn from a finite discrete set A, containing n, elements
(they are not allowed to depend on N). The Hopfield model [2] corresponds to
choosing Q(x;y) =x-y and A ={—1,1}. One now introduces a partition of the
system {1,...,N} into 7} so-called sublattices Iy

W={ilg=nt (L. Ny =k men (12)
n

The number of neurons in sublattice 7, is denoted by |I,| (this number will have to be
large). If we choose as our macroscopic observables the average activities (‘mag-
netisations’) within these sublattices, we are able to express the local fields /4 solely
in terms of macroscopic quantities:

Z o, () = paQ(&m)my (13)
n

‘ 'l| icl

with the relative sublattice sizes py = |Iy|/N. If all p, are of the same order in N
(which, for example, is the case if the vectors &; have been drawn at random from the
set A”) we may write Aj, = O(”AN~') and use (7). The evolution in time of the
sublattice activities is then found to be deterministic in the N — oo limit if
limy_ p/log N = 0. Furthermore, condition (9) holds, since

N
Z = tanh [Ban om;n) ] — my.

We may conclude that the situation is that described by (10), and that the evolution
in time of the sublattice activities is governed by the following autonomous set of
differential Eqgs. [3]:

d
™= tanh lBZPn’Q(‘]? n,)mn’] — My (14)

"/
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We see that, in contrast to the equilibrium techniques as described in [1], here there
is no need at all to require symmetry of the interaction matrix or absence of self-
interactions. In the symmetric case O(x;y) = O(y;x) the system will approach
equilibrium; if the kernel Q is positive definite this can be shown, for instance, by
inspection of the Lyapunov function® % {my}:

1 1
g{mn} = 5 anan(Tl; n/)mn’Pn’ - B an log cosh |F Z Q(Tl; n/)mn’Pn’]
' n n
which is bounded from below and obeys:

d d , d
53’——Z[pn@mn]Q(n;n){pn/amn/] <0. (15)

rlr

Note that from the sublattice activities, in turn, follow the ‘overlaps’ m (o) (see [1]):
1 &
my (o) :NZE”HGi = annpmn- (16)
i—1 M

Simple examples of relevant models of the type (11), the dynamics of which are for
large N described by Eq. (14), are for instance the ones where one applies a non-
linear operation ® to the standard Hopfield-type [2] (or Hebbian-type) interactions.
This nonlinearity could result from e.g. a clipping procedure or from retaining only
the sign of the Hebbian values:

Jij = ]1,‘I’<Z i?@?)i

u<p

—K for x<K
eg Ox)=4qx for —K<x<K or ®(x)=sgn(x).
K for x=K

The effect of introducing such nonlinearities is found to be of a quantitative nature,
giving rise to little more than a re-scaling of critical noise levels and storage ca-
pacities. I will not go into full details, these can be found in e.g. [4], but illustrate this
statement by working out the p =2 equations for randomly drawn pattern bits
g € {—1, 1}, where there are only four sublattices, and where p, = }1 for all . Using
®(0) = 0 and ®(—x) = —®(x) (as with the above examples) we obtain from (14):

d 1
3= tanh 1 BD(2)(my — m_y)| — my. (17)
Here the choice made for ®(x) shows up only as a rescaling of the temperature.
From (17) we further obtain & (my +m_y) = —(my 4+ m_y). The system decays ex-

3 A function of the state variables which is bounded from below and whose value decreases mono-
tonically during the dynamics, see e.g. [5]. Its existence guarantees evolution towards a stationary
state (under some weak conditions).



Statistical mechanics of recurrent neural networks Il — dynamics 607

ponentially towards a state where, according to (16), my = —m_y for alln. Ifat 1 =0
this is already the case, we find (at least for p = 2) decoupled equations for the
sublattice activities.

2.2.2. Separable models: description at the level of overlaps
Equations (14) and (16) suggest that at the level of overlaps there will be, in turn,
closed laws if the kernel Q is bilinear:*, Q(x;y) = va XAy, Or:

1 P
JU :Néétu/lllv }/7 ai = (§117 ?éf)) (18)

We will see that now the & need not be drawn from a finite discrete set (as long
as they do not depend on N). The Hopfield model corresponds to 4,, = d,, and
g € {—1,1}. The fields A; can now be written in terms of the overlaps m,:

N
hi(6) =&, - Am(q), m= (m,...,m), my (o) = ]i\/z o, (19)
i1

For this choice of macroscopic variables we find A;, = O(N~'), so the evolution
of the vector m becomes deterministic for N — oo if, according to (7),
limy oo p/v/N = 0. Again (9) holds, since

N N
> 0 (@)Au(6) = 1> & tanh[pE, - Am| — m.
j=1 k=1

Thus the evolution in time of the overlap vector m is governed by a closed set of
differential equations:

Gm = (Ganh[ps ), —m, (@), = [ d&p(Eo) (20)

with p(€) = limy_.. N~' 3", 8[§ — &]. Symmetry of the synapses is not required. For
certain nonsymmetric matrices 4 one finds stable limit-cycle solutions of (20). In the
symmetric case A,, = Ay, the system will approach equilibrium; the Lyapunov
function (15) for positive definite matrices A now becomes:

L{m} = %m -Am — % (logcosh[BE - Aml]);.
Fig. 1 shows in the mj, my-plane the result of solving the macroscopic laws (20)
numerically for p = 2, randomly drawn pattern bits &!' € {—1, 1}, and two choices of
the matrix 4. The first choice (upper row) corresponds to the Hopfield model; as the
noise level 7 = B! increases the amplitudes of the four attractors (corresponding to
the two patterns &" and their mirror images —&") continuously decrease, until at the

4 Strictly speaking, it is already sufficient to have a kernel which is linear in y only, i.e.

(x;y) = 22, Sv(X)w.
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Fig. 1. Flow diagrams obtained by numerically solving Eq. (20) for p = 2. Upper row:
Ay = 6,y (the Hopfield model); lower row: 4 = (_11 i (here the critical noise level is
T.=1).
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Fig. 2. Comparison between simulation results for finite systems (N = 1000 and N = 3000)

and the N = oo analytical prediction (20), for p=2, T =0.8 and 4 = <_1 1 } )

critical noise level 7, = 1 (see also [1]) they merge into the trivial attractor m = (0, 0).
The second choice corresponds to a nonsymmetric model (i.e. without detailed
balance); at the macroscopic level of description (at finite time scales) the system
clearly does not approach equilibrium; macroscopic order now manifests itself in the
form of a limit-cycle (provided the noise level T is below the critical value 7, = 1
where this limit-cycle is destroyed). To what extent the laws (20) are in agreement
with the result of performing the actual simulations in finite systems is illustrated in
Fig. 2. Other examples can be found in [6,7].
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Fig. 3. Asymptotic relaxation times 7, of the mixture states of the Hopfield model as a
function of the noise level 7 = Bfl. From bottom to top: n=1,3,5,7,9,11,13.

As a second simple application of the flow Eq. (20) we turn to the relaxation
times corresponding to the attractors of the Hopfield model (where A4, = d,.).
Expanding (20) near a stable fixed-point m*, i.e. m(¢) = m* + x(¢) with |x(¢)] < 1,
gives the linearized equation

& x = 3 [BE, tanh[Be - m g — B, + ) @
The Jacobian of (20), which determines the linearized Eq. (21), turns out to be minus
the curvature matrix of the free energy surface at the fixed-point (c.f. the derivations
in [1]). The asymptotic relaxation towards any stable attractor is generally expo-
nential, with a characteristic time t given by the inverse of the smallest eigenvalue
of the curvature matrix. If, in particular, for the fixed point m* we substitute an
n-mixture state, i.e. my, = m, (u < n) and my, =0 (n > n), and transform (21) to the
basis where the corresponding curvature matrix D (with eigenvalues D7) is dia-
gonal, x — X, we obtain

(1) = %.(0)e P 4 - -

so t~! =min; D7, which we have already calculated (see [1]) in determining the

character of the saddle-points of the free-energy surface. The result is shown in Fig. 3.
The relaxation time for the n-mixture attractors decreases monotonically with the
degree of mixing n, for any noise level. At the transition where a macroscopic state m*
ceases to correspond to a local minimum of the free energy surface, it also destabilizes
in terms of the linearized dynamic Eq. (21) (as it should). The Jacobian develops a
zero eigenvalue, the relaxation time diverges, and the long-time behavior is no longer



610 A.C.C. Coolen

obtained from the linearized equation. This gives rise to critical slowing down (power
law relaxation as opposed to exponential relaxation). For instance, at the transition
temperature 7. = 1 for the n = 1 (pure) state, we find by expanding (20):

d
dr
which gives rise to a relaxation towards the trivial fixed-point of the form m ~ re.
If one is willing to restrict oneself to the limited class of models (18) (as opposed to
the more general class (11)) and to the more global level of description in terms of p
overlap parameters m, instead of n/} sublattice activities my, then there are two re-
wards. Firstly there will be no restrictions on the stored pattern components &!' (for
instance, they are allowed to be real-valued); secondly the number p of patterns stored
can be much larger for the deterministic autonomous dynamical laws to hold (p < VN
instead of p < log N, which from a biological point of view is not impressive.

my = my, Emi - mz] + O(m’)

2.3. Closed macroscopic laws for parallel dynamics

We now turn to the parallel dynamics counterpart of (1), i.e. the Markov chain

pea(e) =2 Wloiwln(s) Wisio| = [0+ oanhiprie)] (2

(with o; € {—1, 1}, and with local fields 4;(6) defined in the usual way). The evo-
lution of macroscopic probability densities will here be described by discrete map-
pings, instead of differential equations.

2.3.1 The toy model

Let us first see what happens to our previous toy model: J;; = (J/N)n,§; and 6; = 0.
As before we try to describe the dynamics at the (macroscopic) level of the quantity
m(6) =+ >, &0 The evolution of the macroscopic probability density 2;[m] is
obtained by inserting (22):

Pealm) =3 8lm — m(e)|W[o; (o /dm Wy, m|2 ] (23)

oo’

i) = S O~ ()3l (&)W o3 ()
> Olm" —m(a’)|pi(a’)

We now insert our expression for the transition probabilities #[o;6’] and for the

local fields. Since the fields depend on the microscopic state ¢ only through m(s), the

distribution p,(c) drops out of the above expression for W; which thereby loses its
explicit time dependence, W;[m,m'| — W{m,m']:

Wim,m'] = e 2 logCOSh(Wmln")<5[m — m(c)]eP™ > ni6f>
o
with ( — N Z
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Inserting the integral representation for the d-function allows us to perform the
average:

W[m m l:BN:| /dk N‘I’mmk

¥ = ipkm + (log cosh BlJnm’ — ikE]), . — (logcosh BlImm']), .

Since W[m,m'] is (by construction) normalized, [dm W[m,m']| = 1, we find that for
N — oo the expectation value with respect to W[m,m'] of any sufficiently smooth
function f(m) will be determined only by the value m*(m’) of m in the relevant
saddle-point of ¥:

5 dmdk N‘}’mm k)
[ am i) = LESLOEEEET ) v = o

Variation of W with respect to k and m gives the two saddle-point equations:
m = (§ tanh Blnm’ — &), ., k=0.

We may now conclude that limy .. W[m,m'] = 8[m —m*(m')] with m*(m') =
(§tanh(BJnm')), -, and that the macroscopic Eq. (23) becomes:

Pri[m /dm 8 m — (tanh(BImm’)) . | 2,[m'] (N — o0).

This describes deterministic evolution. If at 1 =0 we know m exactly, this will
remain the case for finite time scales, and m will evolve according to a discrete
version of the sequential dynamics law (2):

mee1 = (§tanh[BInmy]),, . (24)

2.3.2. Arbitrary synapses

We now try to generalize the above approach to less trivial classes of models. As for
the sequential case we will find in the limit N — oo closed deterministic evolution
equations for a more general set of intensive macroscopic state variables
Qo) = Qi(0),...,Q,(c) if the local fields #;(¢) depend on the microscopic state o
only through the values of Q(o), and if the number » of these state variables nec-
essary to do so is not too large. The evolution of the ensemble probability density (3)
is now obtained by inserting the Markov Eq. (22):

P[0 = / 49 70, Q)7,[Q) (25)

2 s O — Q(0)]5(Q — Q(c")][0: ¢'|pi(0")
Y 01 — Q()|pi(o')
= (3]Q — Q(0)( ez,[Bthi(G/)*logCOSh(Bhi(G/))]>Q,;I)G (26)

mQ.Q =
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with (...); =27V 3" ..., and with the conditional (or sub-shell) average defined as
in (5). It is clear from (26) that in order to find autonomous macroscopic laws, i.e.
for the distribution p(s) to drop out, the local fields must depend on the micro-
scopic state ¢ only through the macroscopic quantities Q(c): /;(6) = h;[Q(e)]. In
this case W loses its explicit time dependence, W;[Q, Q'] — W[Q,Q]. Inserting
integral representations for the d-functions leads to:

WiQ, Q) = [g—ﬂ / dK VR K)

1
_ K. B>, 0ilil@]-iNK-Q(o
ipK Q+Nlog<e > E log cosh[BA;[€Y]].

Using the normalization [dQ W[Q, Q] = 1, we can write expectation values with
respect to W[Q, Q'] of macroscopic quantities f[Q] as

fdeKf[ ] NY(Q,Q K)

K 27
[dQdK NV@aK) 27)

/dgf Q) =

For saddle-point arguments to apply in determining the leading order in N of (27), we
encounter restrictions on the number » of our macroscopic quantities (as expected),
since n determines the dimension of the integrations in (27). The restrictions can be
found by expanding W around its maximum ¥*. After defining x = (Q,K), of di-
mension 2n, and after translating the location of the maximum to the origin, one has

Y(x) =¥ - *quvauv + ) maxpLy + O(x)

uvp
giving
[dxg(x)eV¥X)
]‘dxeN\y(X) _g(o)
fdx g(0)]exp(—3NX-HX+N Y, xuxxpLynp + O(NX*))
fdxexp —INX-HX+N Y xuxuXpLyyy + O(Nx4))

_ [dy [9(y/VN)—g(0)] exp(—%y ‘Hy+ vapJ/uJ’VJ’pLuvP/\/N‘F O(y*/N))
Jdyexp(=3y-Hy+ 3, oL/ VN + O(y*/N))

[ ay[N 7y Vg(0)+ Oy /N) [ exp(=3y-HY) [ 14 52, 5L/ VN + O /)|
Jdyexp(—3y-Hy) [1 +z:uvpqu’vJ’pLLWp/\/N+CO()’G/N)}

= 0(n*/N)+ O(n* /N*) + nondominant terms, (N,n— oc)

with H denoting the Hessian (curvature) matrix of the surface W at the minimum
¥*. We thus find
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lim n/vVN =0: lim [ d Q) V[Q, Q] = Q" ()],

N—oo

where Q*(Q') denotes the value of Q in the saddle-point where ¥ is minimized.
Variation of W with respect to Q and K gives the saddle-point equations:

B[, o) —iNK-Q(o)] ),
(>, coili[Q]-iNK-Q(0)] ) ’

c

K=0.

0. (00
(ef

We may now conclude that limy_,., W[Q, Q'] = §[Q — Q*(Q)], with

(Q(c) P 2o om@y
< eB Zi Gih’[g/]>

Q(Q) =

and that for N — oo the macroscopic Eq.(25) becomes £,[Q]=
[ dQ' 3[Q — Q" (Q')|2,[Q']. This relation again describes deterministic evolution. If
at t = 0 we know Q exactly, this will remain the case for finite time scales and Q will
evolve according to

(Q(o) B, Gihi[g(t>]>o_
(P2 omi@ly

Q(+1)= (28)

As with the sequential case, in taking the limit N — oo we have to keep in mind that
the resulting laws apply to finite ¢, and that for sufficiently large times terms of
higher order in N do come into play. As for the sequential case, a more rigorous and
tedious analysis shows that the restriction n/ V/N — 0 can in fact be weakened to
n/N — 0. Finally, for macroscopic quantities (o) which are linear in o, the re-
maining c¢-averages become trivial, so that [8]:

meo, Pt ) = lim = me tanh|[B/;[Q(1)]] (29)
(to be compared with (10), as derived for sequential dynamics).

2.4. Application to separable attractor networks

2.4.1. Separable models: sublattice activities and overlaps

The separable attractor models (11), described at the level of sublattice activities
(13), indeed have the property that all local fields can be written in terms of the
macroscopic observables. What remains to ensure deterministic evolution is meeting
the condition on the number of sublattices. If all relative sublattice sizes py are of the
same order in N (as for randomly drawn patterns) this condition again translates
into limy_., p/log N = 0 (as for sequential dynamics). Since the sublattice activities
are linear functions of the o;, their evolution in time is governed by Eq. (29), which
acquires the form:
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Fig. 4. Evolution of overlaps m, (o), obtained by numerical iteration of the macroscopic
parallel dynamics laws (31), for the synapses J; = 3> &'} +'N;Vzu ghtl ¥, with p = 10
and 7 =0.5.

my(t+1) = tanh [BY " py Q(m; )y (1) . (30)
T

As for sequential dynamics, symmetry of the interaction matrix does not play a role.

At the more global level of overlaps m,(¢) = N~'>",&'s; we, in turn, obtain
autonomous deterministic laws if the local fields /;(c¢) can be expressed in terms if
m(c) only, as for the models (18) (or, more generally, for all models in which the
interactions are of the form J;; = 3=, _ , fi,&}), and with the following restriction on
the number p of embedded patterns: limy_ ., p/v/N =0 (as with sequential dy-
namics). For the bilinear models (18), the evolution in time of the overlap vector m
(which depends linearly on the o;) is governed by (29), which now translates into the
iterative map:

m(¢ + 1) = (Etanh[Bg - Am(7)]), (31)

with p(&) as defined in (20). Again symmetry of the synapses is not required. For
parallel dynamics it is far more difficult than for sequential dynamics to construct
Lyapunov functions, and prove that the macroscopic laws (31) for symmetric sys-
tems evolve towards a stable fixed-point (as one would expect), but it can still be
done. For nonsymmetric systems the macroscopic laws (31) can in principle display
all the interesting, but complicated, phenomena of nonconservative nonlinear sys-
tems. Nevertheless, it is also not uncommon that the Eq. (31) for nonsymmetric
systems can be mapped by a time-dependent transformation onto the equations for
related symmetric systems (mostly variants of the original Hopfield model).

As an example we show in Fig. 4 as functions of time the values of the overlaps
{my} for p =10 and T = 0.5, resulting from numerical iteration of the macroscopic
laws (31) for the model
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Za“&“ Z&““a“ (n: mod p)

ie. Ayp=Vdip+ (1 — V)3 ps1 (A, p:mod p), with randomly drawn pattern bits
&' € {1, 1}. The initial state is chosen to be the pure state m, = §,;. At intervals of
At = 20 iterations the parameter v is reduced in Av = 0.25 steps from v = 1 (where
one recovers the symmetric Hopfield model) to v =0 (where one obtains a non-
symmetric model which processes the p embedded patterns in strict sequential order
as a period-p limit-cycle). The analysis of Eq. (31) for the pure sequence processing
case v =0 is greatly simplified by mapping the model onto the ordinary (v =1)
Hopfield model, using the index permutation symmetries of the present pattern
distribution, as follows (all pattern indices are periodic, mod p). Define
my(t) = My_(t), now

M (t+1)= <<§u+t+l tanh [BZ épHMP,(t)] > = (€, tanh[BE - M(?)]),.

g

We can now immediately infer, in particular, that to each stable macroscopic fixed-
point attractor of the original Hopfield model corresponds a stable period-p mac-
roscopic limit-cycle attractor in the v =1 sequence processing model (e.g. pure
states < pure sequences, mixture states «» mixture sequences), with identical am-
plitude as a function of the noise level. Fig. 4 shows for v=0 (i.e. ¢ > 80) a relax-
ation towards such a pure sequence.

Finally we note that the fixed-points of the macroscopic Egs. (14) and (20)
(derived for sequential dynamics) are identical to those of (30) and (31) (derived for
parallel dynamics). The stability properties of these fixed points, however, need not
be the same, and have to be assessed on a case-by-case basis. For the Hopfield
model, i.e. Egs. (20) and (31) with 4, = d,y, they are found to be the same, but
already for 4,, = —d,, the two types of dynamics would behave differently.

3. Attractor neural networks with continuous neurons

3.1. Closed macroscopic laws

3.1.1. General derivation

We have seen in [1] that models of recurrent neural networks with continuous neural
variables (e.g. graded response neurons or coupled oscillators) can often be de-
scribed by a Fokker—Planck equation for the microscopic state probability density

Pt(“):

dtpt Z 36, [pi(o )]+ TZ e 2pt (32)

Averages over p,(6) are denoted by (G) = [de p,(6)G(s, ). From (32) one obtains
directly (through integration by parts) an equation for the time derivative of aver-
ages:
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da- <a§> " <Z {f,(c) " aii] §§> (33)

In particular, if we apply (33) to G(e, ) = 5[Q — Q(s)], for any set of macroscopic
observables Q(6) = (Q;(0),...,Q,(c)) (in the spirit of Section 2), we obtain a dy-
namic equation for the macroscopic probability density P() = (3[Q — Q(s)]),
which is again of the Fokker—Planck form:

d

0 o] 0
aPI(Q) = *zu:a—gu {R(Q)<Z {ﬁ(") + TG—GJ a—GiQu(G)>Q't}

GR ) 0
T ————<P(Q —Q, —Q, 4
T s | )<Z[ao,- )] |5 200 >m (34)
with the conditional (or subshell) averages:

_ Jdopi(6)3]Q — ©(0)]G(o)
(G(o))q, = [do pi(0)3[Q — Q(a)]

(35)

From (34) we infer that a sufficient condition for the observables Q(e) to evolve in
time deterministically (i.e. for having vanishing diffusion matrix elements in (34)) in

the limit N — oo is
2
1 > =0. (36)
Qi

([
If (36) holds, the macroscopic Fokker—Planck Eq. (34) reduces for N — oo to a
Liouville equation, and the observables (o) will evolve in time according to the
coupled deterministic equations:

d . 0
S0, = lim <Z [ﬁ(o) + Ta—c,} af,,au<c>>m. (37)

1

The deterministic macroscopic Eq. (37), together with its associated condition for
validity (36) will form the basis for the subsequent analysis.

3.1.2. Closure: a toy model again.

The general derivation given above went smoothly. However, Eq. (37) are not yet
closed. It turns out that to achieve closure even for simple continuous networks we
can no longer get away with just a finite (small) number of macroscopic observables
(as with binary neurons). This I will now illustrate with a simple toy network of
graded response neurons:

&) = S gl 0] — ) + o) (38)
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with g[z] = }[tanh(yz) + 1] and with the standard Gaussian white noise n,(¢) (see
[1]). In the language of (32) this means f;(u) = >, Jijgu;] — u;. We choose uniform
synapses J;; = J/N, so fi(u) — (J/N) >, gluj] — u;. If (36) were to hold, we would
find the deterministic macroscopic laws

d 0
dtQ”NITSO<Zl > glu] - wit T

In contrast to similar models with binary neurons, choosing as our macroscopic
level of description ©(u) again simply the average m(u) = N~!' 3", u; now leads to an
equation which fails to close:

d
amhmJ< Zgu]> —m.
m;t

The term N~' 37 g[u;] cannot be written as a function of N=' Y7, u;. We might be
tempted to try dealing with this problem by just including the offending term in our
macroscopic set, and choose Q(u) = (N7'Y" u;, N"' 3", glu;]). This would indeed
solve our closure problem for the m-equation, but we would now find a new closure
problem in the equation for the newly introduced observable. The only way out is to
choose an observable function, namely the distribution of potentials

W = >0~ u, mm=<me>=<§§:aw—w>. (40)

This is to be done with care, in view of our restriction on the number of observables:
we evaluate (40) at first only for n specific values u, and take the limit » — oo only
after the limit N — oco. Thus we define Q,(u) =1 >, 8[u, — u;], condition (36) re-
duces to the familiar expression limy_, n/\/]V =0, and we get for N — oo and
n — oo (taken in that order) from (39) a diffusion equation for the distribution of
membrane potentials (describing a so-called ‘time-dependent Ornstein—Uhlenbeck
process’ [9,10]):

0
a_mg“(“)> . (39)
Q:it

d 0 L 0’

o) = =5 o7 [ aprald) o] 475000 )
The natural® solution of (41) is the Gaussian distribution

p, (1) = [2 12 (1)) 2 e 2l m /2 0) (42)
in which £ = [T+ (2} - 7) 6*2’]%, and # evolves in time according to

%a:J/ng[z;+2z}—a (43)

5 For non-Gaussian initial conditions py(u) the solution of (41) would in time converge towards the
Gaussian solution.
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<u> | b p(s)
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Fig. 5. Dynamics of a simple network of N graded response neurons (38) with synapses
Jiy=J/N and nonlinearity g[z] =1[l +tanh(yz)], for N —o0, y=J=1, and T¢€
{0.25,0.5,1,2,4}. Left: evolution of average membrane potential () = #, with noise levels 7
increasing from top graph (7 = 0.25) to bottom graph (T = 4). Middle: evolution of the width
¥ of the membrane potential distribution, £> = (1?) — (u)?, with noise levels decreasing from
top graph (T =4) to bottom graph (7 = 0.25). Right: asymptotic (¢ = co) distribution of
neural firing activities p(s) = (3]s — g[u]]), with noise levels increasing from the sharply peaked
curve (7 = 0.25) to the almost flat curve (T = 4).

(with Dz = (2n)_% e~¥'dz). We can now also calculate the distribution p(s) of neu-
ronal firing activities s; = g[y,;] at any time:

p(g™[s])
p(s) = [ dup(udls — gl = 2L
Jy d'p(g™[5])
For our choice g[z] =} + jtanh[yz] we have g"™[s] = 5 log[s/(1 — )], so in combi-
nation with (42):

Nl o I e o
S P T (=112 logls /(1 — )] — /)

The results of solving and integrating numerically (43) and (44) are shown in Fig. 5,
for Gaussian initial conditions (42) with #, = 0 and oy = 1, and with parameters
vy =J =1 and different noise levels 7. For low noise levels we find high average
membrane potentials, low membrane potential variance, and high firing rates; for
high noise levels the picture changes to lower average membrane potentials, higher
potential variance, and uniformly distributed (noise-dominated) firing activities. The
extreme cases I’ = 0 and 7 = oo are casily extracted from our equations. For 7= 0
one finds X(r) =Zge™" and $u=Jglu] —i. This leads to a final state where
i =1J +1J tanh[ya] and where p(s) = 8[s — i1/J]. For T = oo one finds = = oo (for
any t > 0) and $# =1J —i. This leads to a final state where @ =1J and where
p(s)=1forall0<s < 1.

None of the above results (not even those on the stationary state) could have
been obtained within equilibrium statistical mechanics, since any network of con-
nected graded response neurons will violate detailed balance [1]. Secondly, there

(44)
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appears to be a qualitative difference between simple networks (e.g. J;; = J/N) of
binary neurons versus those of continuous neurons, in terms of the types of mac-
roscopic observables needed for deriving closed deterministic laws: a single number
m=N"13".c; versus a distribution p(c) = N~! 3. §[c — 5;]. Note, however, that
in the binary case the latter distribution would in fact have been characterized fully
by a single number: the average m, since p(c) = $[1 + m]d[c — 1] + 1[I — m]d[c + 1].
In other words: there we were just lucky.

3.2. Application to graded response attractor networks

3.2.1. Derivation of closed macroscopic laws

I will now turn to attractor networks with graded response neurons of the type (38),
in which p binary patterns & = (£},...,&}) € {—1, 1}V have been stored via sep-
arable Hebbian-type synapses (18): J;; = (2/N) iv:l E””Aw&; (the extra factor 2 is
inserted for future convenience). Adding suitable thresholds 6; = —%Z ;Jij to the

right-hand sides of (38), and choosing the nonlinearity g[z] = 1 (1 + tanh[yz]) would
then give us

Zé Auv Z év tanh Yuj - ui(t) + ni(l)

Y

so the deterministic forces are f;(u) = N~} > & Ay 3, &) tanh[yu;] — u;. Choosing
our macroscopic observables Q(u) such that (36) holds, would lead to the deter-
ministic macroscopic laws

dQ”A}EEOZA”V<[ ZatanhquHZ&, ]>
nv Q¢
+1}EEO<Z{T6E; u,-] aauQ“(“)> . (45)
i ] ] Qi

As with the uniform synapses case, the main problem to be dealt with is how to
choose the Q,(u) such that (45) closes. It turns out that the canonical choice is to
turn to the distributions of membrane potentials within each of the 27 sublattices, as
introduced in (12):

LS5 palt) = (py(usw) (46)

Iy={ilg;=n}:  py(u;u)
| “| i€l
with n € {—1,1}” and limy_. |Iy|/N = py. Again we evaluate the distributions in
(46) at first only for n specific values u, and send n — oo after N — oo. Now con-
dition (36) reduces to limy .o, 2?/v/N = 0. We will keep p finite, for simplicity. Using
identities such as 3-,... =32, >, ... and
, 0 40 0’ L0

i€ly: a—u[pn(u;u) = —|Ly| aﬁ[u —u), an(u;u) = |Ly] WS[M —u),

i
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we then obtain for N — oo and n — oo (taken in that order) from Eq. (45) 27
coupled diffusion equations for the distributions p,(u) of membrane potentials in
each of the 27 sublattices /y:

d

a G i / ! /
apn(u) =5 {pn(u) Lg;l NpApv Zn;pn/nv/du py (') tanh[yu'] — u] }

o
+ TW Py (). (47)

Eq. (47) is the basis for our further analysis. It can be simplified only if we make
additional assumptions on the system’s initial conditions, such as &-distributed or
Gaussian distributed p, (u) at ¢ = 0 (see below); otherwise it will have to be solved
numerically.

3.2.2. Reduction to the level of pattern overlaps
It is clear that (47) is again of the time-dependent Ornstein—Uhlenbeck form, and
will thus again have Gaussian solutions as the natural ones:

Pun(te) = [2RZ2 (1)) 2 e M- mOL /50 (48)

in which Z,(t) = [T 4 (£;(0) — T) e~2]%, and with the ity(f) evolving in time ac-
cording to

d _ _
G = pw(n- Aw) [ Dz tanbly(iy + 242)] ~ in (49)
Tl/

Our problem has thus been reduced successfully to the study of the 27 coupled scalar
Eqgs. (49). We can also measure the correlation between the firing activities
si(u;) = 3 [1 + tanh(yu;)] and the pattern components (similar to the overlaps in the
case of binary neurons). If the pattern bits are drawn at random, i.e.
limy .o |[Iy|/N = py =277 for all n, we can define a ‘graded response’ equivalent
my(u) = 2N Y Elsi(u;) € [—1,1] of the pattern overlaps:

mu(“) = %Z E,.lHSi(u) = ]l\fz &IM tanh(’yui) + @(N_%)
=Py / du py (u;u) tanh(yu) + O(N ") (50)
n

Full recall of pattern p implies s;(u;) = $[€}' + 1], giving my(u) = 1. Since the dis-
tributions p,(u) obey deterministic laws for N — oo, the same will be true for the
overlaps m = (my,...,m,). For the Gaussian solutions (49) of (47) we can now
proceed to replace the 22 macroscopic laws (49), which reduce to % Uy =1 - Am — iy
and give iy = uy(0)e™" +1- Af(; dse*'m(s), by p integral equations in terms of
overlaps only:
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my(t) = Z]:pnnu / Dz tanh [y (ﬁ“(O) e +n- A/Otds e 'm(s)

+2y/T +(22(0) - T) e*zfﬂ (51)

with Dz = (27[)7% ¢ ¥ dz. Here the sublattices only come in via the initial conditions.

3.2.3. Extracting the physics from the macroscopic laws
The equations describing the asymptotic (stationary) state can be written entirely

without sublattices, by taking the # — oo limit in (51), using &ty — 1 - Am, X, — VT,
and the familiar notation (g(§))e = limy oo x >; 9(&) = 277 > eef—11y 9(8):

mp—<§u / thanh[y(g-Amﬂ\/T)D py () = [2nT] Hedu-mAn/T (59
g

Note the appealing similarity with previous results on networks with binary neurons
in equilibrium [1]. For 7 = 0 the overlap Eq. (52) becomes identical to those found
for attractor networks with binary neurons and finite p (hence our choice to insert
an extra factor 2 in defining the synapses), with y replacing the inverse noise level
in the former.

For the simplest nontrivial choice 4,y = 3,y (i.e. J; = (2/N) 3, &/'E}, as in the
Hopfield [2] model) Eq. (52) yields the familiar pure and mixture state solutions. For
T = 0 we find a continuous phase transition from nonrecall to pure states of the form
my = md,, (for some v) at y. = 1. For T > 0 we have in (52) an additional Gaussian
noise, absent in the models with binary neurons. Again the pure states are the first
nontrivial solutions to enter the stage. Substituting m, = md,, into (52) gives

m= /Dz tanh[y(m + zV'T)). (53)

Writing (53) as m? = ym [ dk[l — [ Dztanh’[y(k +zv/T)]] < ym?, reveals that
m =20 as soon as y < 1. A continuous transition to an m > 0 state occurs when
y'=1-[Dz tanh? [yzv/T]. A parametrization of this transition line in the (y, T)-
plane is given by

Yl =1- / Dz tanh®(zx),  T(x) =x*/y*(x), x=0. (54)

Discontinuous transitions away from m = 0 (for which there is no evidence) would
have to be calculated numerically. For y = co we get the equation m = erf[m/+/2T],
giving a continuous transition to m > 0 at T, = 2/ ~ 0.637. Alternatively, the latter
number can also be found by taking lim, ., 7(x) in the above parametrization:

I(y = o0) = lim x* [1 - /Dz tanh2(zx)r

X—00

= lim {/Dz%tanh(zx)]z [2/D28(Z)]2 2/m.
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Fig. 6. Left: phase diagram of the Hopfield model with graded-response neurons and
Jij=(2/N)>_, gl ;‘, away from saturation. P: paramagnetic phase, no recall. R: pattern
recall phase. Solid line: separation of the above phases, marked by a continuous transition.
Right: asymptotic recall amplitudes m = (2/N) Y, El's; of pure states (defined such that full
recall corresponds to m = 1), as functions of the noise level 7, for y~' € {0.1,0.2,...,0.8,0.9}

(from top to bottom).

The resulting picture of the network’s stationary state properties is illustrated in
Fig. 6, which shows the phase diagram and the stationary recall overlaps of the pure
states, obtained by numerical calculation and solution of Egs. (54) and (53).

Let us now turn to dynamics. It follows from (52) that the ‘natural’ initial
conditions for &y, and X, are of the form: u,(0) =n-ko and Z,(0) = X, for all n.
Equivalently:

1=0:  py(u) = 203 Fe el ke B e R
These would also be the typical and natural statistics if we were to prepare an initial
firing state {s;} by hand, via manipulation of the potentials {u;}. For such initial
conditions we can simplify the dynamical Eq. (51) to

m(f) = <ap / D= tanh Ma. [ko e+ A /0 tdse‘”m(s)}
+2/T+(E-1) eztﬂ > . (55)

g

For the special case of the Hopfield synapses, i.e. 4,y = ., it follows from (55) that
recall of a given pattern v is triggered upon choosing ko, = ko9, (With ko > 0), since
then Eq. (55) generates m,(¢) = m(t)d,, at any time, with the amplitude m(#) fol-
lowing from

m(t) = / D: tanh [y[ko el + /0 dsertmls) +2/T+ (53— T) e (56)

which is the dynamical counterpart of Eq. (53) (to which indeed it reduces for
t — ).
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Fig. 7. Overlap evolution in the Hopfield model with graded-response neurons and
Jij = (2/N) >, ¢, away from saturation. Gain parameter: y =4. Initial conditions:
pa(u) = 8[u — kom,] (i.e. triggering recall of pattern v, with uniform membrane potentials
within sublattices). Lines: recall amplitudes m = (2/N) ", &/'s; of pure state v as functions of
time, for 7' = 0.25 (upper set), 7 = 0.5 (middle set) and 7 = 0.75 (lower set), following dif-

ferent initial overlaps my € {0.1,0.2,...,0.8,0.9}.

We finally specialize further to the case where our Gaussian initial conditions are
not only chosen to trigger recall of a single pattern &', but in addition describe
uniform membrane potentials within the sublattices, i.e. ko, = ko, and Xy = 0, so
Py(u) = d[u — kom,]. Here we can derive from (56) at =0 the identity mg =
tanh|yko], which enables us to express ko as ko = (2}()_l log[(1 + mo)/(1 — myp)], and
find (56) reducing to

m(t) = /Dz tanh [e’ log “t—nmﬂiy {/0[ dse~'m(s) + z\/WH .

(57)

Solving this equation numerically leads to graphs such as those shown in Fig. 7 for
the choice y =4 and T € {0.25,0.5,0.75}. Compared to the overlap evolution in
large networks of binary networks (away from saturation) one immediately observes
richer behavior, e.g. nonmonotonicity.

The analysis and results described in this section, which can be done and derived
in a similar fashion for other networks with continuous units (such as coupled
oscillators), are somewhat difficult to find in research papers. There are two reasons
for this. Firstly, nonequilibrium statistical mechanical studies only started being
carried out around 1988, and obviously concentrated at first on the (simpler) net-
works with binary variables. Secondly, due to the absence of detailed balance in
networks of graded response networks, the latter appear to have been suspected of
consequently having highly complicated dynamics, and analysis terminated with
pseudo-equilibrium studies [11]. In retrospect that turns out to have been too pes-
simistic a view on the power of nonequilibrium statistical mechanics: one finds that



624 A.C.C. Coolen

dynamical tools can be applied without serious technical problems (although the
calculations are somewhat more involved), and again yield interesting and explicit
results in the form of phase diagrams and dynamical curves for macroscopic ob-
servables, with sensible physical interpretations.

4. Correlation and response functions

We now turn to correlation functions Cy;(¢,#') and response functions Gj;(,¢'). These
will become the language in which the generating functional methods are formu-
lated, which will enable us to solve the dynamics of recurrent networks in the
(complex) regime near saturation (we take ¢ > ¢):

Cyj(t, 1) = (oi(t)o;(F)),  Giy(t,1) = 0(ci(t)) /06, (r"). (58)

The {o;} evolve in time according to equations of the form (1) (binary neurons,
sequential updates), (22) (binary neurons, parallel updates) or (32) (continuous
neurons). The 6, represent thresholds and/or external stimuli, which are added to the
local fields in the cases (1) and (22), or added to the deterministic forces in the case
of a Fokker—Planck Eq. (32). We retain 0;(r) = 6;, except for a perturbation 36;(')
applied at time ¢ in defining the response function. Calculating averages such as (58)
requires determining joint probability distributions involving neuron states at dif-
ferent times.

4.1. Fluctuation—dissipation theorems

4.1.1. Networks of binary neurons

For networks of binary neurons with discrete time dynamics of the form
pir1(6) =Y o Wle;o'|pi(d’), the probability of observing a given ‘path’ &(¢)
—o6(l'+1)— - —6(f{—1) — o6(f) of successive configurations between step ¢
and step £ is given by the product of the corresponding transition matrix elements
(without summation):

Proble(?),...,6(f)] = W[e({);6({ — 1)|W[e({ — 1);6(£ —2)]...
x Wie(' + 1);6(0)|pe (a(L)).

This allows us to write
Cii(0,0) Z ZProb (),....6(0)]oi(0)c;(¢) = oo, W' [6;6|pu (o),
ol oo’

(59)

Gyl6.6) = 3 o) | Wi )| o ) (60)

GG/GH
From (59) and (60) it follows that both C;;(¢,¢") and G;;(¢,¢) will in the stationary
state, i.e. upon substituting py(6’) = ps(6’), only depend on ¢— 1 Cy;(¢,0)
— Cij(¢ —{') and Gj;(¢,¢') — G;j(¢ — ¢'). For this we do not require detailed bal-
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ance. Detailed balance, however, leads to a simple relation between the response
function Gy;(t) and the temporal derivative of the correlation function Cj;(t).

We now turn to equilibrium systems, i.e. networks with symmetric synapses (and
with all J;; = 0 in the case of sequential dynamics). We calculate the derivative of the
transition matrix that occurs in (60) by differentiating the equilibrium condition
Deq(6) = Do W[6;6'|peq(6”) with respect to external fields:

0 B oW|e; 6'] , 5,0 ,
2 70) = S () + Wleio ) |

Detailed balance implies peq(0) =7'e¢ P (in the parallel case we simply
substitute the appropriate Hamlltoman H — H), giving Opeq(0)/00; =
—[Z2718Z /06, + BOH (6)/06;]peq(0), so that

Z aWa[g; Gl} Deq (0-’) — B{; W[O', 0_,] 6l—ééj/)peq (6/) _ al;e(jo-)peq (0’)}

o

(the term containing Z drops out). We now obtain for the response function (60) in
equilibrium:

BZ G; wt- 1 0' o {Z W H(G”)Peq(c//) - 61—égr/)peq(°'/)}'
(61)

The structure of (61) is similar to what follows upon calculating the evolution of
the equilibrium correlation function (59) in a single iteration step:

Cii(0) — Cy(0—1) = Z o, W' e; o-’]{z W(e'; 6”167 peq(6”) — cs_;.peq(o")}.
(62)
Finally we calculate the relevant derivatives of the two Hamiltonians

H(o) = -3, ;Jycic; —>_,0;0; and H(o) = —.,0,0; — B~ 3, log 2 cosh[Bh;(a)]
(Wlth hj(()') = Zj‘]i_icj + 91’), See [1]

H(c)/00; = —c;, 0H(0)/06; = —c; — tanh[Bh;(s)].
For sequential dynamics we hereby arrive directly at a FDT. For parallel dynamics
we need one more identity (which follows from the definition of the transition

matrix in (22) and the detailed balance property) to transform the zanh occurring in
the derivative of H:

tanh[ﬁh.i( )]peq Z G”W 5 G peq Z W G G/ G peq( )

o o

For parallel dynamics ¢ and ¢ are the real time labels ¢ and ¢, and we obtain, with
T=t—1"
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Binary & Parallel:
G,‘j(T > 0) = —[3[C,-j(r + 1) — C,‘j(’[,' — 1)]7 G,‘j(’f < 0) =0. (63)

For the continuous-time version (1) of sequential dynamics the time ¢ is defined as
t=¢/N, and the difference equation (62) becomes a differential equation. For
perturbations at time ¢ in the definition of the response function (60) to retain a
nonvanishing effect at (re-scaled) time 7 in the limit N — oo, they will have to be re-
scaled as well: 86;(¢') — N&0;(¢'). As a result:
Binary & Sequential:
Gy(2) = ~BO(E) - C,(2) (64)
T

The need to re-scale perturbations in making the transition from discrete to con-
tinuous times has the same origin as the need to re-scale the random forces in the
derivation of the continuous-time Langevin equation from a discrete-time process.
Going from ordinary derivatives to functional derivatives (which is what happens in
the continuous-time limit), implies replacing Kronecker delta’s 8, by Dirac delta-
functions according to 8, — Ad(t —¢'), where A is the average duration of an
iteration step. Egs. (63) and (64) are examples of so-called fluctuation-dissipation
theorems (FDT).

4.1.2. Networks with continuous neurons

For systems described by a Fokker—Planck Eq. (32) the simplest way to calculate
correlation and response functions is by first returning to the underlying discrete-time
system and leaving the continuous time limit A — 0 until the end. In [1] we saw that
for small but finite time-steps A the underlying discrete-time process is described by

t=tA, piaia(6) =[1+ A% + O(AY)|pia(c)

with £ =0,1,2,... and with the differential operator

gcz—zi:a%[ﬁ(o)—r a} (65)

aGi

From this it follows that the conditional probability density psa (6|6’ £’A) for finding
state ¢ at time ¢A, given the system was in state ¢’ at time #'A, must be

pis(6|6’ 0A) = [1 + ALs + O(A)]) 5[ — o). (66)

Eq. (66) will be our main building block. Firstly, we will calculate the correlations:
Ci;(¢A, UA) = (c;(tA)o;({'A)) = /dc de’ 0:5) pia(o]6’, €' A)pra(a’)
= / do o[l + A% + O(A)] / de’ & 8[6 — o'|pya(o’)

- / do o[l + ALq + O(AN] [0, pralo)].
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At this stage we can take the limits A — 0 and ¢,/ — oo, with t = /A and ¢ = /A
finite, using lima_o[1 4+ AAJ*/A = M.

Cy(t,?) = / do ;e [c; pi(a)]. (67)

Next we turn to the response function. A perturbation applied at time ¢ = ¢'A to the
Langevin forces f;(6) comes in at the transition 6(¢'A) — o(¢'A+ A). As with se-
quential dynamics binary networks, the perturbation is re-scaled with the step size A
to retain significance as A — 0:

iy 0(oi(fA))
Gyj(tA, CA) 7A69j(€’A) A0, E’A /d(’d(F i pa(ala’, £'A)pea(d)

Opyr 7A
= / dede’ d6” o, pia(sl6”, 'A + A) { Pr A+AA(666|(~F ’ )}pm(cl)
j

= /dc de’ do” 6;[1 + A% + O(A)] " 5[6 — o]

(10 3 " / /
< |23, [+ ALy + O(A)]3]o —c]]pm(c)

=— / dedo’ d6” oi[l + ALs + O(AY)]) " '5[6 — 656" — &

0 1
X -@ + @(A2):|p[/A(0'/)

J

- / do o[l + ALy + O(AH)) ! {ai +

Gj

o8 pra(e)
We take the limits A — 0 and ¢, ¢ — oo, with r = /A and ¢ = ¢'A finite:

G;(1,7) /dcc, el p,/( ). (68)

0o,

Eqgs. (67) and (68) apply to arbitrary systems described by Fokker—Planck equa-
tions. In the case of conservative forces, i.e. fi(6) = —0H(6)/0c;, and when the
system is in an equilibrium state at time ¢ so that Cj(¢,¢) = Cj(t—¢) and
Gy(t,') = Gy(t — '), we can take a further step using p,(6) = peq(6) = Z~ e PH (),
In that case, taking the time derivative of expression (67) gives

a g
aczjj(T) - /do- cie " L [Gjpeq (6)]'

Working out the key term in this expression gives

g“[cjpeq(o)] = Zai('jl |: i(c) - Taigljl [Gjpeq(o')] = Taio_jpeq(s)
0
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with the components of the probability current density J;(¢) = [fi(6) — T35 ]peq( c).
In equilibrium, however, the current is zero by definition, so only the first term in the
above expression survives. Insertion into our previous equation for 0C;;(t)/0t, and
comparison with (68) leads to the FDT for continuous systems:

Continuous:

Gij(t) = —BO(1) - Cy(0). (69)

We will now calculate the correlation and response functions explicitly, and verify
the validity or otherwise of the FDT relations, for attractor networks away from
saturation.

4.2. Example: simple attractor networks with binary neurons

4.2.1. Correlation and response functions for sequential dynamics

We will consider the continuous time version (1) of the sequential dynamics, with the
local fields #;(6) = ), J;jc; + 0;, and the separable interaction matrix (18). We al-
ready solved the dynarmcs of this model for the case with zero external fields and
away from saturation (i.e. p < /N). Having nonzero, or even time-dependent,
external fields does not affect the calculation much; one adds the external fields to
the internal ones and finds the macroscopic laws (2) for the overlaps with the stored
patterns being replaced by

Sm(0) = Jim 5" & tanh[BE, - Am(r) + 0,(1)] — m(). (70)

Fluctuations in the local fields are of vanishing order in N (since the fluctuations in
m are), so that one can easily derive from the master Eq. (1) the following expres-
sions for spin averages:

%<0i(t)> = tanh B[§; - Am(z) + 6,(1)] — (oi()) (71)
S %<Gi(t)6j(t)> = tanh B[§; - Am(z) + 6,(1)](c; (1)) + tanh B[E; - Am(7)
+6,(0){0:1(1)) — 2(ci(1)0;(2))- (72)

Correlations at different times are calculated by applying (71) to situations where the
microscopic state at time ¢ is known exactly, i.e. where p,(6) = 854 for some ¢’

(61 (0)gge) g = 5 /dse“ ' tanh BE, - Am(s: o/, 7) + 0,(s)] (73)
with m(s;o’,#) denoting the solution of (70) following initial condition

m(/) =13 o/&. If we multiply both sides of (73) by o, and average over all
possible states ¢’ at time ¢ we obtain in leading order in N:
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(i(t)o;(1)) = (oi(¢)o;({)) e ")
/dse (tanh B[E, - Am(s; 6(¢),7) + 6;(s)]c (/)>

Because of the existence of deterministic laws for the overlaps m in the N — oo limit,
we know with probability one that during the stochastic process the actual value
m(o(¢')) must be given by the solution of (70), evaluated at time #. As a result we
obtain, with Cj;(¢,¢) = (o;(t)o;(1')):

C,‘j(t, l‘,) = C,'j(l‘/, f/) ei<t7/) —+ /t:t dS eS*’ tanh B[gz . Am(s) + e,'(S)KGj(l‘/». (74)

Similarly we obtain from the solution of (71) an equation for the leading order in N
of the response functions, by derivation with respect to external fields:

0(oi(1))
06; (")

= BO(t / dse'[1 — tanh® B[, - Am(s) + 6;(s)]]

T ( )
or
Gy(t,1') = B3;0(t — ') e """ [1 — tanh? B[&; - Am(¢) + 0;(¢)]]

+BO(t— 1) / ds e*![1 — tanh® BE, - Am(s) + 0,(s)]]

X D (648G (5, 1), (75)
k

For ¢t = ¢ we retain in leading order in N only the instantaneous single site contri-
bution

lim Giy(t, ) = B8, [1 - tanh® B[&; - Am(z) + 6,(1)]]. (76)

This leads to the following ansatz for the scaling with N of the Gj;(¢,¢'), which can be
shown to be correct by insertion into (75), in combination with the correctness at
t =t following from (76):

i=j:  Gyt,/)=0(1), i#j Gy(t,t)=ON").

Note that this implies >, (&; - A&;)Gy,(s, ) = O(%). In leading order in N we now
find

Gy(t,t) = B3;0(t — ¢') e~ """ [1 — tanh? B[&; - Am(¢) + 0;(7)]]. (77)
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For those cases where the macroscopic laws (70) describe evolution to a stationary
state m, obviously requiring stationary external fields 0;(¢) = 6;, we can take the limit
t — oo, with 1 — ¢ = 1 fixed, in the two results (74) and (77). Using the t — oo limits
of (71) and (72) we subsequently find time translation invariant expressions:
lim; . Cij(t,t — 1) = Cyj(1) and lim,_ Gj;(t,t — 1) = Gj;(t), with in leading order
in N
Cij(t) = tanh B[g; - Am + 0;] tanh B[§; - Am + 0]
+8;e7[1 — tanh® B[E; - Am + 6] (78)

Gyi(1) = P3;0(t) e *[1 — tanh® B[E; - Am + 0/]] (79)

for which indeed the FDT (64) holds: G;;(1) = —p6(1) i Cy;(x).

4.2.2. Correlation and response functions for parallel dynamics
We now turn to the parallel dynamical rules (22), with the local fields
hi(6) =>,J;jo; +0;, and the interaction matrix (18). As before, having time-
dependent external fields amounts simply to adding these fields to the internal
ones, and the dynamic laws (31) are found to be replaced by

m(i+ 1) = Jim 3" tanh[Bg, - Am(1) + 6,(0)]. (30)

Fluctuations in the local fields are again of vanishing order in N, and the parallel
dynamics versions of Egs. (71) and (72), to be derived from (22), are found to be

(0i(t+1)) = tanh B[&; - Am(7) + 6;(2)], (81)

i#j: (oi(t+1)o;(t+1)) = tanh B[E; - Am(¢) + 0;(7)] tanh BE; - Am(¢) + 0,(7)].
(82)
With m(z;6’,#) denoting the solution of the map (80) following initial condition
m(/) =+, 0/&;, we immediately obtain from Egs. (81) and (82), the correlation
functions:

Cij(t,t) = 8 + [1 — ;] tanh B[§; - Am(z — 1) 4 0;(¢ — 1)]
x tanh B[g; - Am(z — 1) + 0,(¢ — 1)], (83)

t>1: Cy(t,/) = (tanh B[§; - Am(z — 1;6(),7) + 6;(t — 1)]o;(¢))
=tanh B[g; - Am(z — 1) + 0;(r — 1)]
x tanh B[g; - Am(/ — 1) + 0,(/ — 1)]. (84)

From (81) also follow equations determining the leading order in N of the response
functions Gj;(z, '), by derivation with respect to the external fields 6;('):
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! >t—1: Gy(t,t)=0,
{=t—1: Gy(t,/) = Bd;[1 — tanh® B[E; - Am(z — 1) + 0;(¢ — 1)]],
{<t—1: Gy(t,/)=B[l —tanh® &, - Am(r — 1) + 0;(r — 1)]]

xS & ARG~ 1,1)

(85)

It now follows iteratively that all off-diagonal elements must be of vanishing order in
N: Gl‘j(t,f* 1) = Sijii(t,tf 1) — G,:/'(t,l‘f 2) = Sleii(l,l‘f 2) — ..., so that in
leading order

Gij(t,1') = Bdyd1 [ — tanh? B[E, - Am(£') + 0;(¢)]]. (86)

For those cases where the macroscopic laws (80) describe evolution to a stationary

state m, with stationary external fields, we can take the limit # — oo, with t — ¢ =1

fixed, in (83), (84) and (86). We find time translation invariant expressions:

lim;_., Cj;(t,t — 1) = Cyj(1) and lim, . Gj;(t,t — 1) = G;;(t), with in leading order
in N:

Ci(t) = tanh B[E; - Am + 6;] tanh B[E; - Am + 6,] + 8;;8.9[1 — tanh® B[E; - Am + 6/]]

(87)

Gyj(t) = Pd;8.1[1 — tanh? B[E; - Am + 0/]] (88)

obeying the FDT (63): G;;(t > 0) = —B[Cij(t + 1) — Ci(t — 1)].

4.3. Example: graded response neurons with uniform synapses

Let us finally find out how to calculate correlation and response function for the
simple network (38) of graded response neurons, with (possibly time-dependent)
external forces 0;(¢), and with uniform synapses J;; = J/N:

00 =3y 2ol 0) = () + 00+ ) (59)

For a given realization of the external forces and the Gaussian noise variables
{m;(t)} we can formally integrate (89) and find

ui(t) = u(0) e + / Cdse [J / du p(uu(s))glya] + 0i(s) + i (s) (90)

with the distribution of membrane potentials p(u;u) = N~' Y. 8[u — u;]. The cor-
relation function Cj;(z, 1) = (u;(t)u;(¢')) immediately follows from (90). Without loss
of generality we can define ¢ > ¢/. For absent external forces (which we only need
to define the response function), and upon using (n;(s)) =0 and (n;(s)n;(s')) =
2T3;;0(s —s), we arrive at



632 A.C.C. Coolen

Ci(t,1) = T8,-_,~(e’/” — e*’/*t) + <{u,(0) e’ +J/du glyu] /Otds eStp(u;u(s))]

x[uj e’ +J/dugyu/ ds'e” " p(u;u(s ))1>

For N — oo, however, we know the distribution of potentials to evolve determi-
nistically: p(u;u(s)) — p,(u) where p,(u) is the solution of (41). This allows us to
simplify the above expression to

t
N — o0 Cij(t,0) = T (e — e ™) + <{u,(0) e +J / du g[yu]/ dses’tps(u)]
0

X {MJ(O) e’ +J/du gyu]/ ds' e’ S,(u)}> (91)

Next we turn to the response function Gj;(¢,¢') = 6{u;(t))/3E,(¢') (its definition in-
volves functional rather than scalar differentiation, since time is continuous). After
this differentiation the forces {0;(s)} can be put to zero. Functional differentiation of
(90), followed by averaging, then leads us to

Gyt d)=0(—17) /dug yu] — / ds e’

| ) Suy(s)
N2 g3~ ) sef<r/>>'

In view of (90) we make the self-consistent ansatz Su(s)/8E,(s') = O(N ") for k # j.
This produces

N — o0 G,‘j(l‘, t/> = e(t — l/)8l‘j et,_’. (92)

Since Eq. (41) evolves towards a stationary state, we can also take the limit  — oo,
with ¢ — ¢/ = 1 fixed, in (91). Assuming nonpathological decay of the distribution
of potentials allows us to put lim, ., f(; dse*"p,(u) = p(u) (the stationary solution
of (41)), with which we find not only (92) but also (91) reducing to time
translation invariant expressions for N — oo, lim,_ Cj(t,t — 1) = Cj;(t) and
lim[ﬂoo G,‘j(t, t— T) = G,‘j(T), in which

2
ij('f) = T6,‘j eff +J2{/ du p(u)q[yu]} s G,'J'(T) = 9(1:)5,:,4 efT. (93)

Clearly the leading orders in N of these two functions obey the FDT (69):
Gij(t) = —BO(t) £ C;j(t). As with the binary neuron attractor networks for which we
calculated the correlation and response functions earlier, the impact of detailed
balance violation (occurring when 4,,, # A, in networks with binary neurons and
synapses (18), and in all networks with graded response neurons [1]) on the validity
of the FDTs, vanishes for N — oo, provided our networks are relatively simple and
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evolve to a stationary state in terms of the macroscopic observables (the latter need
not necessarily happen, see e.g. Figs. 1 and 4). Detailed balance violation, however,
would be noticed in the finite size effects [12].

5. Dynamics in the complex regime

The approach we followed so far to derive closed macroscopic laws from the mi-
croscopic equations fails when the number of attractors is no longer small compared
to the number N of microscopic neuronal variables. In statics we have seen [1] that,
at the work floor level, the fingerprint of complexity is the need to use replica theory,
rather than the relatively simple and straightforward methods based on (or equiv-
alent to) calculating the density of states for given realizations of the macroscopic
observables. This is caused by the presence of a number of ‘disorder’ variables per
degree of freedom which is proportional to N, over which we are forced to average
the macroscopic laws. One finds that in dynamics this situation is reflected in the
inability to find an exact set of closed equations for a finite number of observables
(or densities). We will see that the natural dynamical counterpart of equilibrium
replica theory is generating functional analysis.

5.1. Overview of methods and theories

Let us return to the simplest setting in which to study the problem: single pattern
recall in an attractor neural network with N binary neurons and p = aN stored
patterns in the nontrivial regime, where o > 0. We choose parallel dynamics, i.e.
(22), with Hebbian-type synapses of the form (18) with A, = d,, ie. Jj=
Nt Zﬁ gt ;‘, giving us the parallel dynamics version of the Hopfield model [2]. Our
interest is in the recall overlap m(¢) = N~! o G,«i} between system state and pattern
one. We saw in [1] that for N — oo the fluctuations in the values of the recall overlap
m will vanish, and that for initial states where all 5;(0) are drawn independently the
overlap m will obey

m(t+1) = /dzB(z) tanh[B(m(f) + 2)],
| | (94)
P(2) —nggcﬁz<6[z—ﬁzzz}a§*2éycj<o]>

i p>1 i

and that all complications in a dynamical analysis of the o > 0 regime are con-
centrated in the calculation of the distribution P(z) of the (generally nontrivial)
interference noise.

5.1.1. Gaussian approximations

As a simple approximation one could just assume [13] that the o; remain uncorre-
lated at all times, i.e. Prob[o;(f) = £&]] = 1[I £m(t)] for all £ >0, such that the
argument given in [1] for + = 0 (leading to a Gaussian P(z)) would hold generally,
and where the mapping (94) would describe the overlap evolution at all times:
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P(z) =2l 2e F/ % m(t4+1) = / Dz tanh[B(m(r) + z/a)] (95)
with the Gaussian measure Dz = (275)_% ¢ ¥ dz. This equation, however, must be
generally incorrect. Firstly, Fig. 5 in [1] shows that knowledge of m(¢) only does not
permit prediction of m(z + 1). Secondly, expansion of the right-hand side of (95) for
small m(z) shows that (95) predicts a critical noise level (at oo = 0) of T, = Bc_l =1,
and a storage capacity (at 7 =0) of o, =2/m ~ 0.637, whereas both numerical
simulations and equilibrium statistical mechanical calculations [1] point to
o =~ 0.139. Rather than taking all o, to be independent, a weaker assumption would
be to just assume the interference noise distribution P,(z) to be a zero-average
Gaussian one, at any time, with statistically independent noise variables z at dif-
ferent times. One can then derive (for N — oo and fully connected networks) an
evolution equation for the width X(¢), giving [14,15]:

P(z) = 2aZ?(@)] Fe FEO . mt+1) = / Dz tanh[B(m(z) + zZ(1))]
2t 4 1) = o+ 2om(t + Dm()h[m(t), Z(1)] + Z () k2 [m(1), £(1)]

with hm,%] = B[l — [Dz tanh?[B(m +z%)]]. These equations describe correctly
the qualitative features of recall dynamics, and are found to work well when
retrieval actually occurs. For nonretrieval trajectories, however, they appear to
underestimate the impact of interference noise: they predict 7, = 1 (at o = 0) and
a storage capacity (at 7 =0) of o ~ 0.1597 (which should have been about
0.139). A final refinement of the Gaussian approach [16] consisted in allowing for
correlations between the noise variables z at different times (while still describing
them by Gaussian distributions). This results in a hierarchy of macroscopic
equations, which improve upon the previous Gaussian theories and even predict
the correct stationary state and phase diagrams, but still fail to be correct at
intermediate times. The fundamental problem with all Gaussian theories, however
sophisticated, is clearly illustrated in Fig. 6 of [1]: the interference noise distri-
bution is generally not of a Gaussian shape. P,(z) is only approximately Gaussian
when pattern recall occurs. Hence the successes of Gaussian theories in de-
scribing recall trajectories, and their perpetual problems in describing the non-
recall ones.

5.1.2. Non-Gaussian approximations

In view of the non-Gaussian shape of the interference noise distribution, several
attempts have been made at constructing non-Gaussian approximations. In all cases
the aim is to arrive at a theory involving only macroscopic observables with a single
time argument. Fig. 6 of [1] suggests that for a fully connected network with binary
neurons and parallel dynamics a more accurate ansatz for P;(z) would be the sum of
two Gaussians. In [17] the following choice was proposed, guided by the structure of
the exact formalism to be described later:
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P(z) = P (z) + P (2),
PEE) = Jim 5 ZS (t)ia‘< [ FBEED LN >]>
H>1 J#i
=(z) = dEm(n) e iEFd (W] /22(1)
! 23 ()V2m

followed by a self-consistent calculation of d(¢) (representing an effective ‘retarded
self-interaction’, since it has an effect equivalent to adding #;(o(?)) —
hi(a(t)) +d(t)o;(t)), and of the width X(¢) of the two distributions P*(z), together
with

m(t+1) = %[ler( )]/Dz tanh[B(m(f) + d(¢) +z2(1)
+%[1 S / D= tanh[B(m(r) — d(z) + z2(1))].

The resulting three-parameter theory, in the form of closed dynamic equations for
{m,d, X}, is found to give a nice (but not perfect) agreement with numerical simu-
lations.

A different philosophy was followed in [18] (for sequential dynamics). First (as
yet exact) equations are derived for the evolution of the two macroscopic observ-
ables m(6) = my(6) and r(e) =o' 3 _ m; (), with my(6) = N~ 37, &'c;, which
are both found to involve P,(z):

%m = /dzP,(z) tanh[B(m + z)], %r = é/ dzP(z)ztanh[B(m +z)] + 1 — 7.

Next one closes these equations by hand, using a maximum-entropy (or ‘Occam’s
Razor’) argument: instead of calculating P,(z) from (94) with the real (unknown)
microscopic distribution p;(6), it is calculated upon assigning equal probabilities to
all states ¢ with m(¢) = m and r(¢) = r, followed by averaging over all realizations
of the stored patterns with p > 1. In order words: one assumes (i) that the micro-
scopic states visited by the system are ‘typical’ within the appropriate (m,r) sub-
shells of state space, and (ii) that one can average over the disorder. Assumption (ii)
is harmless, the most important step is (i). This procedure results in an explicit (non-
Gaussian) expression for the noise distribution in terms of (m,r) only, a closed
two-parameter theory which is exact for short times and in equilibrium, accurate
predictions of the macroscopic flow in the (m, r)-plane (such as that shown in Fig. 5
of [1]), but (again) deviations in predicted time dependencies at intermediate times.
This theory, and its performance, was later improved by applying the same ideas to
a derivation of a dynamic equation for the function P;(z) itself (rather than for m and
r only) [19]; research is still under way with the aim to construct a theory along these
lines which is fully exact.
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5.1.3. Exact results: generating functional analysis

The only fully exact procedure available at present is known under various names,
such as ‘generating functional analysis’, ‘path integral formalism’ or ‘dynamic mean-
field theory’, and is based on a philosophy different from those described so far.
Rather than working with the probability p,(¢) of finding a microscopic state ¢ at
time ¢ in order to calculate the statistics of a set of macroscopic observables (o) at
time ¢, one here turns to the probability Prob[e(0),...,6(t,)] of finding a micro-
scopic path ¢(0) — (1) — -+ — 6(t,). One also adds time-dependent external
sources to the local fields, 4;(6) — h;(c) + 6;(¢), in order to probe the networks via
perturbations and define a response function. The idea is to concentrate on the

moment generating function Z[\y], which, like Prob[e(0),...,6(z,)], fully captures
the statistics of paths:
2] = (&2 220070, (96)

It generates averages of the relevant observables, including those involving neuron
states at different times, such as correlation functions Cj;(t,#) = (o;(t)o;(¢')) and
response functions Gj;(¢,¢') = 9(c;(¢))/96,;(¢), upon differentiation with respect to
the dummy variables {\,(¢)}:

0Z[]
Y=0 0, (1)’

2
Gy(1,1) = ’}}?%M()

Next one assumes (correctly) that for N — oo only the statistical properties of the
stored patterns will influence the macroscopic quantities, so that the generating

/ AL
Cylt,1) = _\}}H})W

(0:(0)) =

©7)

function Z[\s] can be averaged over all pattern realizations, i.e. Z[y] — Z[y]. As in
replica theories (the canonical tool to deal with complexity in equilibrium) one
carries out the disorder average before the average over the statistics of the neuron
states, resulting for N — oo in what can be interpreted as a theory describing a single
‘effective’ binary neuron o(¢), with an effective local field 4(¢) and the dynamics
Prob[o (¢ + 1) = £1] = 1[1 + tanh([Bh(7)]]. However, this effective local field is found
to generally depend on past states of the neuron, and on zero-average but tempo-
rally correlated Gaussian noise contributions ¢(¢):

h(t){c}. {0}) = m(1) +6(r) + oY R(t,£)o(t') + Voo (o). (98)

<t
The first comprehensive neural network studies along these lines, dealing with fully
connected networks, were carried out in [20,21], followed by applications to a-sym-
metrically and symmetrically extremely diluted networks [22,23] (we will come back to
those later). More recent applications include sequence processing networks [24].5 For
N — oo the differences between different models are found to show up only in the

6 In the case of sequence recall the overlap m is defined with respect to the ‘moving’ target, i.e.

m(t) =% 32 ()%
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actual form taken by the effective local field (98), i.¢. in the dependence of the ‘retarded
self-interaction’ kernel R(¢,#') and the covariance matrix {$(z)d(#')) of the interfer-
ence-induced Gaussian noise on the macroscopic objects C = {C(s,s") =
limy_oo &>, Cie(s,s')} and G = {G(s,s') = limy_o v >, Gii(s,s')}. For instance:’

Model Synapses J;; R(,t) {(Pp()P(1'))

Fully connected, static patterns ﬁZiﬁl é%tl (A - G)'Gl(r.r) [(A-G)'c(-GH) "(1,)
Fully connected, pattern sequence %Zﬁﬁl é?“ij} 0 ano[(GT)”CG"}(t, )
Symm extr diluted, static patterns Ly 0 | EFEY G(t,1) (1)

Asymm extr diluted, static patterns 2y ¢ | EIEY 0 ()

with the ¢;; drawn at random according to P(c;j) = 59,1 + (1 —§)3,0 (either
symmetrically, i.e. ¢;; = ¢j;, or independently) and where ¢; = 0, limy_.. ¢/N =0,
and ¢ — oo. In all cases the observables (overlaps and correlation and response
functions) are to be solved from the following closed equations, involving the sta-
tistics of the single effective neuron experiencing the field (98):

m(t) = (a(1)), C(t,1) ={o(t)o(r)), G(11)=20(c(1))/06(r). (99)

It is now clear that Gaussian theories can at most produce exact results for asym-
metric networks. Any degree of symmetry in the synapses is found to induce a
nonzero retarded self-interaction, via the kernel K(¢,7), which constitutes a non-
Gaussian contribution to the local fields. Exact closed macroscopic theories ap-
parently require a number of macroscopic observables which grows as @(¢?) in order
to predict the dynamics up to time z. In the case of sequential dynamics the picture is
found to be very similar to the one above; instead of discrete time labels
t€{0,1,...,t,}, path summations and matrices, there one has a real time variable
t € [0,¢,], path-integrals and integral operators. The remainder of this paper is
devoted to the derivation of the above results and their implications.

5.2. Generating functional analysis for binary neurons

5.2.1. General definitions

I will now show more explicitly how the generating functional formalism works for
networks of binary neurons. We define parallel dynamics, i.e. (22), driven as usual
by local fields of the form 4;(e;1) = >, J;;0; + (), but with a more general choice
of Hebbian-type synapses, in which we allow for a possible random dilution (to
reduce repetition in our subsequent derivations):

)4
Cjj
Jy =" &g, p=oc (100)
p=1

7  In the case of extremely diluted models the structure variables are also treated as disorder, and thus
averaged out.
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Architectural properties are reflected in the variables ¢; € {0, 1}, whereas infor-
mation storage is to be effected by the remainder in (100), involving p randomly and
independently drawn patterns & = (£},... &) € {—1, 1}V, 1 will deal both with
symmetric and with asymmetric archltectures (always putting ¢; = 0), in which the
variables ¢;; are drawn randomly according to

Symmetric:
cij=cji, Vi<j Pley)= %5{:,,,1 + (1 *%)5%0- (101)
Asymmetric:
oy _ _<
ViE ] Pleg) =580+ (1 N)6c,‘_,.,0 (102)

(one could also study intermediate degrees of symmetry; this would involve only
simple adaptations). Thus c¢;; is statistically independent of c¢;; as soon as
(k, 1)¢{(i,j), (i)} In leading order in N one has (3, ¢;j) = c for all i, so ¢ gives the
average number of neurons contributing to the field of any given neuron. In view of
this, the number p of patterns to be stored can be expected to scale as p = ac. The
connectivity parameter ¢ is chosen to diverge with N, ie. limy_occ' =0. Ifc =N
we obtain the fully connected (parallel dynamics) Hopfield model. Extremely diluted
networks are obtained when limy_., ¢/N = 0.

For simplicity we make the so-called ‘condensed ansatz’: we assume that the
system state has an (O(N°) overlap only with a single pattern, say p = 1. This situ-
ation is induced by initial conditions: we take a randomly drawn ¢(0), generated by

plo(0) = TT{301 + molscoc + 510~ milo o |

i

! (103)

1
ﬁzl: ég (0:(0)) =

The patterns p > 1, as well as the architecture variables c;;, are viewed as disorder.
One assumes that for N — oo the macroscopic behaviour of the system is ‘self-
averaging’, i.e. only dependent on the statistical properties of the disorder (rather
than on its microscopic realisation). Averages over the disorder are written as —.
We next define the disorder-averaged generating function:

Z] = <efiz,. > Vil)oi(0)y (104)
in which the time 7 runs from ¢ = 0 to some (finite) upper limit #,,. Note that Z[0] = 1.
With a modest amount of foresight we define the macroscopic site-averaged and
disorder-averaged objects m(t) = N~-' 3, &1 {ci(t)), C(t,¢) =N, (c:(t)oi(t))
and G(t,7) = N~1 ", 0(c:(2)) /00:(f'). According to (97) they can be obtained from
(104) as follows:

_ \{:IE})NZ% (t (105)
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()0W;(¢)” ()28;(¢')

So far we have only reduced our problem to the calculation of the function Z[\] in
(104), which will play a part similar to that of the disorder-averaged free energy in
equilibrium calculations (see [1]).

C(t,t’):—limiza\pazﬂ G(t,1) = 1miza\|/azﬂ (106)

5.2.2. Evaluation of the disorder-averaged generating function

As in equilibrium replica calculations, the hope is that progress can be made by
carrying out the disorder averages first. In equilibrium calculations we use the
replica trick to convert our disorder averages into feasible ones; here the idea is to
isolate the local fields at different times and different sites by inserting appropriate
O-distributions:

1= H/dh ZJUG, 0:(1)]
= /{dhdﬁ} exp (izfli(f) [hi(f) = > Jyoit) - 91’(’)1)

with {dhdh} = [T, [dA;(¢)dh;(¢)/27], giving
ST — / {dhdh} ¢ 2, HOmO-00] < IR AGLID [efi > hito) Z_,Jffcf<f>] >

pf

in which (...) refers to averages over a constrained stochastic process of the
type (22), but with prescribed fields {#;(z)} at all sites and at all times. Note that
with such prescribed fields the probability of generating a path {6(0),...,6(¢,)} is
given by

Prob[e(0),...,6(t,)|{%:(?)}]
= p(a(0)) exp (Z[B@(f + 1)hy(t) — log 2 cosh[Bh(t )H)

it
SO

Z[] / {dhdh} Z -5 ple(0)) X7 U BN T exp(ifi () [Ai(r) — 0:(0)]

6(tn) it
— iy(t)o. ()+BG,(t+1) i(t) — log 2 cosh[Bh;(1)]) (107)
with

Z[{a}, {h}] = log[ .Z,.,ﬁi(t)Z,-Jqu(t)]. (108)
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We concentrate on the term % [...] (with the disorder), of which we need only know
the limit N — oo, since only terms inside Z[\y] which are exponential in N' will retain
statistical relevance. In the disorder-average of (108) every site i plays an equivalent
role, so the leading order in N of (108) should depend only on site-averaged func-
tions of the {o;(¢), h;(¢)}, with no reference to any special direction except the one
defined by pattern &'. The simplest such functions with a single time variable are

(t:{a}) = Za cit), k(1 {h}) = Za hi(t (109)
whereas the simplest ones with two time variables would appear to be

q(t,7:{c}) = Zc, oi(f), Ot 1;{h}) = Zh (110)

K(t,7;{c,h}) = Zh (111)

It will turn out that all models of the type (100), with either (101) or (102), have the
crucial property that (109-111) are in fact the only functions to appear in the leading
order of (108):

Fl..|=0{alt;...), k(t;...),q(t,;..),0(t,;..),K(t,t;..)}+- (N — o00)
(112)
for some as yet unknown function ®|...]. This allows us to proceed with the eval-

uation of (107). We can achieve site factorization in (107) if we isolate the macro-
scopic objects (109-111) by introducing suitable d-distributions (taking care that all
exponents scale linearly with N, to secure statistical relevance). Thus we insert

In

=11 / da(1)dla(r) — a(t; {o})]
0

1=

et
= [2]\;} /dadﬁ exp (iNZﬁ(t) [a(t) - ;,Z ‘:}Gf(t)] )’

- ﬁ / dk()8[k(1) — k(s {h})]

[}tﬁl/dkdkexp(lNZk [ %;g}h}(nb,

=1 / dg(t,)5lq(t,7) — ¢(1,7; {o})]

1=

tm+1
= [g} / dqdgexp (iN > a1) lq(t, {)— %z,: c;,-(t)c;,(z’)] ) :

tt
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/ d0(1,1)3]0(1,1) — (1, {})

{ } / deQexp(iNZQ(r,t’>[Q(w’)—%Z@(r)/@(r’)b,

i

t)ll
= / dK (1, )8[K (1,¢) — K (1,7 {o,h})]
tt’

Ke) -y S0 )

Insertion of these integrals into (107), followed by insertion of (112) and usage of the
shorthand

N tm+1 )
— {2 TJ / dK dK exp (iN > K1)

tt

+iy [4(t,)q(t,1) + Oe,0)0(t, 1) + K (e, £ )K(1,)] (113)

then leads us to

Z| ]:/dadﬁdkdf(dqd(idQdeKdKexp(N‘P[a,ﬁ,k,li,q,(],Q,Q,K,K]

+ N®[a,k,q,Q,K]+ .. /{dhdh}z > p(a(0
o(tn)

x ] Texp (o) i(r) = 0,(0)] = i (1)0i(1) + Boi(r+ 1)y (1) — log2cosh[Bh()])

+Qa#%m%w@+ﬁmmame%> n

in which the term denoted as ((...) covers both the nondominant orders in (108)
and the O(logN) relics of the various pre-factors [N/2n] in the above integral
representations of the d-distributions (note: #,, was assumed fixed). We now see
explicitly in (114) that the summations and integrations over neuron states and local
fields fully factorize over the N sites. A simple transformation {c;(¢), 4 (t), hi(t) } —
{&)oi(1), & i(1), L hi(2)} brings the result into the form



642 A.C.C. Coolen

/{dh dh} Z . Zp(6(0)>
X Hexp — £10,()] — i}, (o (1)

+ Boi(¢t 4+ 1)h;(¢) — log 2 cosh[Bh;(¢)])
X Hexp <—1§ Z [a(t)oi(t) + k(£)hi(1)]

=i ) [4(t,0)oi(t)oi(!) + Ot Y ()hi(!) + K (1,0 ) hi(1)o (t')]>

Zlog/{dh dh} (5 (0))

6(0) -0 (tm)

1.Q.K
X exp (Z{ifl(t) [A(r) = & 0:(r)] ié3¢i(f)0(t)}>

~

+ 01, h(0)h(1) + K2, t’);}(t)c(t')]> (115)

in which {dhdh} = [],[dh(¢)dA(t)/2n] and mo(c) =L [1 + mo)de1 +L[1 — mg]86. 1
At this stage (114) acquires the form of an integral to be evaluated via the saddle-
point (or ‘steepest descent’) method:

ZIW(O} / da da dk dk dq dq dQ dQ dK dK eV 1Yl I+l &L Jh+e(. (116)
in which the functions P[...], @[...] and EJ. . .] are defined by (112), (113) and (115).

5.2.3. The saddle-point problem
The disorder-averaged generating function (116) is for N — oo dominated by the
physical saddle-point of the macroscopic surface

P[a,a,k,k,q,4,Q, Q,K,K]| + ®[a, k,q,Q,K] + E[a,k,§,Q, K] (117)

with the three contributions defined in (112), (113) and (115). It will be advanta-
geous at this stage to define the following effective measure (which will be further
simplified later):
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(fl{c}, {h}, {n}).
_ lz{f{d” A} 3 0oy Mil{c}, {}, {A}] f[{c}, {h}, {fl}]} (118)
NS f{dh dfl} Zc(O)~-G(t,,,) M;[{c}, {h}, {il}]

1

with

Mil{c}, {h}, {h}] = mo((0))
X exp <Z{i}3(f) [(1) = & 0:(0)] = &V ()5 (1)

+ Bo(t+ DHA(t) — 10g2cosh[Bh(t)]}>
X exp (—i > la@)o(t) + knh(®)] = i) _[4(t.{)o(r)o(/)

+0(t,)h(Dh(') + K(1, t’)ﬁ(f)c(t’)]>

in which the values to be inserted for {r(¢), k() 4(t,7), O(t,¢), K (t,)} are given by
the saddle-point of (117). Variation of (117) with respect to all the original mac-
roscopic objects occurring as arguments (those without the ‘hats’) gives the fol-
lowing set of saddle-point equations:

a(t) = io®/da(t), k(t) = io®/0k(¢), (119)

G(1,0) = io®/oq(t,1),  O(t,f) =id®/00(t,¢),  K(t,{) = id®/K(t,7).
(120)

Variation of (117) with respect to the conjugate macroscopic objects (those with the
‘hats’), in turn, and usage of our newly introduced short-hand notation {...),, gives:

a(t)=(o(n),, k1) = (h()),, (121)
q(t,0)=(o()o(r).,  O(t,d) = (h(Dh(!)),,  K(t,{) = (h(t)s(r)).. (122)

The coupled equations (119)—(122) are to be solved simultancously, once we have
calculated the term @]. . .] (112) which depends on the synapses. This appears to be a
formidable task; it can, however, be simplified considerably upon first deriving the
physical meaning of the above macroscopic quantities. We apply (105)—(116), using
identities such as

B[] _ i lf {dhdh} Yo0).-o0,) Mil{o}, 1}, {ﬁ}]ca)]
() NV [{dhdh} Sy an Mil{o}, (i}, {h}]
eg[.] i, [f{dh i} ¥ o0).o Mil{o}, {1, {fz}]/%m]
0;(1) NV [{dhdh} S qam Mil{c}, {h}. ()]
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el _ [ {dhdh} 3 g(0)-o(0) Mil{o} {1}, {fl}]c(t)c(f/)]
a%(f ’ J{dhdh} S g(0)..q,) Mil{}. (R}, {h}]

[ ﬂ

625 1 [f{dh dh} oo Mjl{o}, {h}, {fl}]ft(t)fl(t’)]
N [{dndh} Z o Mil{o}, (), {h}]

%0 % (ﬂ

D! [f{dk 4} S ofoy-ot LS}, 1), {/%How%(ﬂ)]
N J{dn dil} Zc«))---c(zm) M;[{c},{h}, {i’}]

|| ]

and using the short-hand notation (118) wherever possible. Note that the external
fields {,(¢), 0;(¢)} occur only in the function EJ.. ], not in ¥[...] or ®[.. ], and that

overall constants in Z[\] can always be recovered a posteriori, using Z[0] = 1:

[da...dK {é:f/a(at)} N IWHD+E+0(...)

[da... dKeN¥+o+E(.) = }}E})<G(f)>*,

| [da. dK{ NEE ajxvp E Na_} N IWHD+E+0(...)

DTG (7
C(t,¢) = — lim — (D0W;(¢) ()\I/(_t) ;

y—0N <= fda.”dKeN[‘PJr(DJr_HCO(N.)

= lim (a(1)o (1),
8 0 _NOE E]+0(...

. , ! Jda. .. dK {a\y}v)ae G a]\vp 0) a](\a/ (t’):| eNF+O+EIO(-.)
iG(t,¢) = — lim — :

V-0 N < fda.”dKeN [P+D+E]+0(...)

= lim (s()h()...

Flnally we obtain useful identities from the seemingly trivial statements
NS, E10Z[0]/00,(t) =0 and N7 Y, 0%Z[0]/06,(1)00;(¢') = 0:

_dK [ a]\éa(?) } eNIWHO+E+0(..)

P =1 A
fda ... dK eNY+O+E]+0(...) ll}f})<h(t)>*7

0—11m Zg
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[ ’= = = =10
1 [da...dK [ae,-?z])aa(;(ﬂ) 4 a]\é?(?) 6%737) eN[Y+O+E[+0(...)

U—0N - fda . dK eN¥+o+E]+0(...)

In combination with (121) and (122), the above five identities simplify our problem
considerably. The dummy fields {s,(¢) have served their purpose and will now be put
to zero, as a result we can now identify our macroscopic observables at the relevant
saddle-point as:

a(t)=m(t), k() =0, gq(t,¢)=C(t), Q)=0, K(tt)=iG(,1).
(123)

Finally we make a convenient choice for the external fields, ,(z) = £!6(¢), with
which the effective measure (...}, of (124) simplifies to

o [{dRdRY 0 a MG {0 T ), A, (Y]
) h ) h x = -
Vi i 40 J{ah AR} Yooy MO}, (A} {h]]

(124)
with
M{c}, {h}, {1}] = mo(o(0))
X exp <Z{ﬂ;(t) [h(£) — 0(2)] + Bo(t + 1)h(2)

—log2cosh[Bh(r)]} — i Y [a(t)o(t) + lé(z)iz(t)])

X exp < =i [q(t.!)o(t)o(t') + Ot )h(t)h(t') + K(t, t’)ﬁ(t)cs(/)}).

In summary our saddle-point equations are given by (119)—(122), and the physical
meaning of the macroscopic quantities is given by (123) (apparently many of them
must be zero). Our final task is finding (112), i.e. calculating the leading order of

h 1 _‘ A‘ O
97[{0.}’ {h}] = NlOg |:e lzizh/(t) Z/Ju (1) (125)
which is where the properties of the synapses (100) come in.

5.3. Parallel dynamics Hopfield model near saturation

5.3.1. The disorder average
The fully connected Hopfield [2] network (here with parallel dynamics) is obtained
upon choosing ¢ = N in the recipe (100), i.e. ¢;; = 1 — §;; and p = aN. The disorder
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average thus involves only the patterns with p > 1. In view of our objective to write
(125) in the form (112), we will substitute the observables defined in (109)—(111)
whenever possible. Now (125) gives

Fl..]= ]ivlog lexp(—iN‘1 Z Z Z é?&j}fli(t)@(l))]

LR i#E

=iy K(t,t;{e,h}) — i) a(t)k(t)

+ O(N7.

+ alog [exp <_i > lz &hi(1) /\/ﬁ] lz &oi(t)/VN

)

(126)

We concentrate on the last term:

lexp (—i ) [Z e;,.za,-awﬂ [z E’"G’“)/W] )]

oo ZP 555

= / (z :;Izgﬁj)y elf ¥y allexp <_ \/;]_V‘Z & Z[f(t)ﬁi(f) + ﬁ(f)ili(f)]) ]

_ [dxdydsdy
- (2 TE)Z(I,,,+1)

exp <i[f(-x+§'-y—x-y}

+ Z logcos [%Z[X(I)ci(t) —&-)?(t)fzi(t)]] >

_/M@ﬁ@

Wexp(l[ﬁxﬁ-y)’—xy]

_/@@&@

‘@;;@ET“PGR'*+YY—X-ﬂ—% F(0)%(1)a (e, 1)

+ 230K, 1) + (O30, 1)) + O(N! )) :

Together with (126) we have now shown that the disorder average (125) is indeed, in
leading order in N, of the form (112) (as claimed), with
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®la, k,q,Q,K] = iotZK(t,t) — ia-k—l—otlog/%
t

XeXp<1[X~X+y~yx-y}5[X~qX+2y~KX+y’Qy]>

= iocZK(t,t) —ia-k
t

dudyv 1
1 - ——la- 2v.-Ku—=2iu- .
+a og/(zn),mﬂexp( 2[u qu+2v-Ku—2m-v+4v Qv])
(127)

(which, of course, can be simplified further).

5.3.2. Simplification of the saddle-point equations
We are now in a position to work out Egs. (119) and (120). For the single-time
observables this gives d(z) = k(¢) and k(¢) = a(¢), and for the two-time ones:

it.1) = _lw.fdudvu(t)u(t’)exp(f%[u~qu+2v~Kuf2iu~v+v'Qv])
’ 2 Jdudvexp(—3u-qu+2v-Ku—2iu-v+v-Qvl])

)

o 1) 1a.fdudvv(t)v(t’)exp(—%[u-qu+2v-Ku—2iu-v+v‘Qv])
= —~oi
’ 2 [dudvexp(—iu-qu+2v-Ku—2iu-v+v-Qv)

)

[dudvo(t)u(’)exp(—iu-qu+2v-Ku—2iu-v+v-Qv))
= —al
' [dudvexp(—iu-qu+2v-Ku—2iu-v+v-Qv))

- OLSM/.

At the physical saddle-point we can use (123) to express all nonzero objects in terms
of the observables m(¢), C(t,¢') and G(¢,¢'), with a clear physical meaning. Thus we
find a(¢) =0, k(¢) = m(¢), and

1 dudv u(u(f) e—su-Cu—2iu[1-G)
Q(t,t’):__w.f udvu(f)u( l)e ! -
2 fdll dy e—3u-Cu—2iu-[1-GJv]

=0 (128)

1a,fdudvv(t)v(t’)e*%[“'C“*zi“'[lfG]V] 1
=—cai

Ot = =33 e o awta = 3% [(1-0) -6 w)
(129)
v, _ [dudvo(t)u(r) e eCu2m -Gy o
K(t,1) 4 oy = —ai dudve Toer G a(l—G) ' (t,7)
(130)

(with GT(t, ') = G(¢,t), and using standard manipulations of Gaussian integrals).
Note that we can use the identity (1-G)' —1=Y,.,G' -1=3,.,G' =
G(1- G)™' to compactify (130) to
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K(t,7) = a[G(1 — G)(1,7). (131)

We have now expressed all our objects in terms of the disorder-averaged recall
overlap m = {m(¢)} and the disorder-averaged single-site correlation and response
functions C = {C(t,#)} and G = {G(¢,7)}. We can next simplify the effective
measure (124), which plays a crucial role in the remaining saddle-point equations.
Inserting a(7) = ¢(1,¢) = 0 and k(r) = m(¢) into (124), first of all, gives us

M{{c},{h},{h}] =mo(c(0)) exp (Z{iﬁ(f) [h(f) —m(t) = 0(z) — Zk(t’ t’)GO’)]

+Bo(z+ 1)h(t) —log2cosh[Bha(z) —zZQtti; (0)h(! )

tt

(132)

Secondly, causality ensures that G(¢,7) = 0 for ¢ < ¢, from which, in combination
with (131), it follows that the same must be true for the kernel K(¢,7'), since

K(t,/) =alG1—G) (/) =a{G + G* + G +-- }(1,7).

This, in turn, guarantees that the function M[...] in (132) is already normalized:

/{dh diy S Ml{o}, (k) (i) = 1.
(0)--0(t)

One can prove this iteratively. After summation over o(z,) (which due to causality
cannot occur in the term with the kernel K(,#)) one is left with just a single
occurrence of the field A(z,) in the exponent, integration over which reduces to
8[h(t,)], which then eliminates the conjugate field /(z,). This cycle of operations is
next applied to the variables at time #,, — 1, etc. The effective measure (124) can now
be written simply as

VRGN /{dhdfl} M{{o}, {h}, {W}1f [{o}, {h}, {A}]
)

(0)-0(tm

with M[...] as given in (132). The remaining saddle-point equations to be solved,
which can be slightly simplified by using the identity (c(¢)A(¢')), = i0(c(z)),/00(¢'),
are

m(t) = (o(®)).,  Ct1)=(o()o(().,  Gt)="0(c(r)./00(/). (133)

5.3.3. Extracting the physics from the saddle-point equations

At this stage we observe in (133) that we only need to insert functions of spin states
into the effective measure (...), (rather than fields or conjugate fields), so the ef-
fective measure can again be simplified. Upon inserting (129) and (131) into the
function (132) we obtain ( f[{c}]), = > )., Probl{c}lf[{c}]. with
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Probl(o}] = ma(o(0)) [ (@9}Pl()I T 511 + ole-+ 1) tanh(Bi (o). {9}

(134)

in which m(c(0)) = 1[1 + o(0)my], and
Hi{o}, {0}) = m(t) +0() + o _[G(1 —6) (. )o () +oblr)  (139)
exp(— 45, 000 |1 - 6D (1= 6)] (1. )6(1))

P =
[{4}] (270D e {(1 _che'a- G)}

(136)

(note: to predict neuron states up until time ¢, we only need the fields up until time
tn — 1). We recognize (134) as describing an effective single neuron, with the usual
dynamics Prob[o (¢ + 1) = £1] = §[1 + tanh[Bh()]], but with the fields (135). This
result is indeed of the form (98), with a retarded self-interaction kernel R(¢,#) and
covariance matrix ((¢)d(#)) of the Gaussian ¢(¢) given by

R,!) =[G -G ). l), @0 =[1-6)"'c1 -G r0).
(137)

For oo — 0 we loose all the complicated terms in the local fields, and recover the type
of simple expression we found earlier for finite p: m(z + 1) = tanh[B(m(z) + 0(¢))].

It can be shown [25] (space limitations prevent a demonstration in this paper)
that the equilibrium solutions obtained via replica theory in replica-symmetric an-
satz [26] can be recovered as those time-translation invariant solutions® of the above
dynamic equations which (i) obey the parallel dynamics FDT, and (ii) obey
lim; . G(t) = 0. It can also be shown that the AT [27] instability, where replica
symmetry ceases to hold, corresponds to a dynamical instability in the present
formalism, where so-called anomalous response sets in: lim._.., G(t) # 0.

Before we calculate the solution explicitly for the first few time-steps, we first
work out the relevant averages using (134). Note that always C(¢,¢) = (c?(1)), = 1
and G(z,¢') = R(¢,¢) = 0 for # < #'. As a result the covariance matrix of the Gaussian
fields can be written as

d@O6) = [(1-6)~'c1 - 6N, 7)
= (8.5 + R(t,5)]C(s,s")[ds» + R({,5)]

= [85 + R(t,5)|C(s,5)[8y » + R(Z,s")]. (138)

8 ie m(t) =m, C(t,f') = C(t—+) and G(¢,¢) = G(t — ¥').
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Considering arbitrary positive integer powers of the response function immediately
shows that

(GH(t,/) =0 ifd >t—¢ (139)
which, in turn, gives

t—t
R(t,/) = (G)(t,1) =D (G"(1,1). (140)

>0 =1
Similarly we obtain from (1 —G)™' =1+R that for # > (1—G) ' (1,/) = 8.
To suppress notation we will simply put %(¢|..) instead of (¢|{c}, {d}); this need not
cause any ambiguity. We notice that summation over neuron variables o(s) and
integration over Gaussian variables ¢(s) with time arguments s higher than those
occurring in the function to be averaged can always be carried out immediately,

giving (for > 0 and ¢ < 1):

m) = 3 m(o(0) [ {do}P{{o} tanh(Bh(r - 1].)]
6(0)...o(t— 1)
-2
X H% + o(s + 1) tanh[BA(s|..)]] (141)
s=0
Clt,f +1 > m(a(0) / {d$}P[{d}] tanh[Bh(r — 1|..)]

6(0)...o(t—1)

x tanh[Bh(7]..) ﬁz 1 + o(s + 1) tanh[BA(s]. )]]} (142)
s=0

(which we obtain directly for #/ = ¢ — 1, and which follows for times # < ¢ — 1 upon
using the identity o[l — tanh?(x)] = [l + o tanh(x)][c — tanh(x)]). For the correla-
tions we distinguish between ¢ =¢— 1 and ¢ < — I:

Cli—1)= Y Tfo(G(O))/{d¢}P[{¢}]tanh[Bh(t*1|~-)]

5(0)...0(1—2)

v

x tanh[Bh(t — 2|..)] [

N

[1 + o(s + 1) tanh[Bh(s]..)]], (143)

Il
<)
N —

whereas for ¥ <t — 1 we have

C(t,1) = Z 0(6(0))/{d¢}P[{¢}]tanh[Bh(t*1|--)]G(t')

[1 + o(s+ 1) tanh[BA(s]..)]]- (144)
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Let us finally work out explicitly the final macroscopic laws (141)—(144), with (135)
and (136), for the first few time steps. For arbitrary times our equations will have to
be evaluated numerically; we will see below, however, that this can be done in an
iterative (i.e. easy) manner. At ¢ = 0 we just have the two observables m(0) = mg and
C(0,0) =

5.3.4. The first few time-steps

The field at ¢ = 0 is A(0]..) = mg + 06(0) + 02 (0), since the retarded self-interaction
does not yet come into play. The distribution of ¢(0) is fully characterized by its
variance, which (138) claims to be

($7(0)) = €(0,0) = 1
Therefore, with Dz = (275)7% e ¥ dz, we immediately find (141)~(144) reducing to

:/Dz tanh[B(mo + 0(0) + zy/a1)], C(1,0) = mom(1), (145)

G(1,0) = 3{1 - /thanhz[B(mo +0(0) +zx/&)]}. (146)

For the self-interaction kernel this implies, using (140), that R(1,0) = G(1,0). We
now move on to ¢t = 2. Here Eqs. (141)—(144) give us

=3 [ 460)do(1)P(6(0), (1) canhBh(1.)][1 + (0}
c(0)

:EZ/d‘b(l)dcb(O)PW(O),d>(1)] tanh[Bh(1]..)]
xtanh[Bh(O| [+ o(0)my],

Z / {d}P{¢}] tanh[BA(1]..)](0)
0)o(1)

| (1 + o(1) tanh[BA(0] ][I + 5(0)mo],

<5l
{1—-Z/d¢ ) do(1)P[6(0), $(1)]

x tanh?[BA(1]..)][1 + G(O)mg]},
G(2,0) = B{C(l 1) —%Z/dd)(o) d(1)P[d(0), ¢(1)] tanh[BA(1]..)]
c(0)

x tanh[BA(0]..)][1 + G(O)mo]} =0.
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We already know that (¢?(0)) = 1; the remaining two moments we need in order to
determine P[¢(0), d(1)] follow again from (138):

M_

(D(1)P(0)) = D [815+ 80.sR(1,0)]C(s,0) = C(1,0) + G(1,0),

@
Il
o

1

(©2(1) =D > [81 + 8o,R(1,0)]Cls,5)[81 + 8y 0R(1,0)]

s=0 s'=

= G*(1,0) +2C(0,1)G(1,0) + 1.

We now know P[$p(0), d(1)] and can work out all macroscopic objects with 1 =2
explicitly, if we wish. I will not do this here in full, but only point at the emerging
pattern of all calculations at a given time ¢ depending only on macroscopic quan-
tities that have been calculated at times # < ¢, which allows for iterative solution. Let
us just work out m(2) explicitly, in order to compare the first two recall overlaps
m(1) and m(2) with the values found in simulations and in approximate theories. We
note that calculating m(2) only requires the field ¢(1), for which we found
($*(1)) = G*(1,0) +2C(0,1)G(1,0) + 1:

m(2) =%Z/d¢(l)f’[¢(l)] tanh([B(m(1) + 6(1)
o(0)
+aG(1,0)5(0) + o2 (1))][1 + 5(0)my]
:%[1 +mo]/thanh[B(m(1) +6(1)
+0G(1,0) +21/[G3(1,0) + 2mom(1)G(1,0) + 1))

+%[1 - mo}/thanh[B(m(l) +6(1) — aG(1,0)

+24/2[G3(1,0) + 2mym(1)G(1,0) + 1])].

5.3.5. Exact results versus simulations and gaussian approximations
I close this section on the fully connected networks with a comparison of some of
the approximate theories, the (exact) generating functional formalism, and nu-
merical simulations, for the case 6(¢) = 0 (no external stimuli at any time). The
evolution of the recall overlap in the first two time-steps has been described as
follows:

Naive Gaussian Approximation:
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Amari—-Maginu theory:
m(1) = /thanh[B(m(O) + zv/a)],

m(2) = / D= tanh[B(m(1) + 2E/a0)],
22 =1+42m0)m(1)G + G,

G= 3{1 f/thanhz[B(m(O)JrZ\/&)] .
Exact solution:
(1) = [ Dztanh(B(n(0) + 215
m(2) = % (1 + mo] / D= tanh[B(m(1) + 4G + z5v/)

+ % [1 — my] /Dz tanh[B(m(1) — oG + zZ/a)],
22 =142m0)m(1)G + G,

G= B{l - /thanhz[B(m(O) +zva)]|.

We can now appreciate why the more advanced Gaussian approximation (Amari—
Maginu theory, [14]) works well when the system state is close to the target attractor.
This theory gets the moments of the Gaussian part of the interference noise distri-
bution at ¢t = 1 exactly right, but not the discrete part, whereas close to the attractor
both the response function G(1,0) and one of the two pre-factors 1[I +mq] in the
exact expression for m(2) will be very small, and the latter will therefore indeed
approach a Gaussian shape. One can also see why the non-Gaussian approximation
of [17] made sense: in the calculation of m(2) the interference noise distribution can
indeed be written as the sum of two Gaussian ones (although for ¢ > 2 this will cease
to be true). Numerical evaluation of these expressions result in explicit predictions
which can be tested against numerical simulations. This is done in Fig. 8, which
confirms the picture sketched above, and hints that the performance of the Gaussian
approximations is indeed worse for those initial conditions which fail to trigger
pattern recall.

5.4. Extremely diluted attractor networks near saturation

Extremely diluted attractor networks are obtained upon choosing limy_...¢/N =0
(while still ¢ — oo) in definition (100) of the Hebbian-type synapses. The disorder
average now involves both the patterns with p > 1 and the realization of the ‘wiring’
variables ¢;; € {0, 1}. Again, in working out the key function (125) we will show that
for N — oo the outcome can be written in terms of the macroscopic quantities (109)—
(111). We carry out the average over the spatial structure variables {c;;} first:
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Fig. 8. The first few time steps in the evolution of the overlap m(¢) = N~' 3", o0&} in a

parallel dynamics Hopfield model with o« = 7= 0.1 and random patterns, following initial

states correlated with pattern one only. Left: simulations (o) versus naive Gaussian approx-

imation (e). Middle: simulations (o) versus advanced Gaussian approximation (Amari—

Maginu theory, o). Right: simulations (o) versus (exact) generating functional theory (o). All
simulations were done with N = 30, 000.

7. }:—log [exp (--Zc,,Zalg“Zh )]

i#] K

:_logHexp<——Zi”§”[‘vah +C”Zh D

i<j

At this stage we have to distinguish between symmetric and asymmetric dilutions.

5.4.1. The disorder average
First we deal with the case of symmetric dilution: ¢;; = c; for all i # j. The average
over the ¢;;, with the distribution (101), is trivial:

[Iexp (——c,,Z&”&”Z ()+1%,(t)ci(t)]>

i<j

= H{l +—[exp (—ézalif Z[ﬁi(t)cj(t) + fzj(t)Gi(t)]> — 1]}
mn t

i<j

“II{1- [22%&‘&;2[%@0,@) y0)oi(0)-

i<j

[Z g Y lhioo o) + i) " o)}



Statistical mechanics of recurrent neural networks Il — dynamics 655

—HeXp< Z&“i“Z[ {(0)0(1) + h(0)o:(0)]

o) el

We separate in the exponent the terms where p = v in the quadratic term (being of
the form Zuv ...), and the terms with p = 1. Note: p = ac. We also use the defini-
tions (109)—(111) wherever we can:

72 iN [EHZ &G Z [in(0)35(1) + (1) o1

Fl.]==i) alr) ——ocZ 5,0)0(s,1) + K (s,0)K(£,8)]+ O(c™3) + O(c/N)

t

—log exp (—ZZ [Z&“h

p>1 ¢

[Z &jo;(1)

4cNZZZ&“&“&Vé“ o;(s)+ }(s>oi<s>w%<r>c,»<r>+fz,-<t>c,»<r>}>

i#j uFtv st

Our ‘condensed ansatz’ implies that for p>1: N33.&%; () = O(1) and
N S, E4hi(t) = O(1). Thus the first term in the exponent containing the disorder is
0(c), contributing O(c/N) to F|...]. We therefore retain only the second term in the
exponent. However, the same argument applies to the second term. There all con-
tributions can be seen as uncorrelated in leading order, so that
Dot g - = O(Np), giving a nonleading O(N~") cumulative contribution to
F...] Thus provided limy_.,, c¢~' =limy_o ¢/N =0 (which we assumed), we
have shown that the disorder average (125) is again, in leading order in N, of the
form (112) (as claimed), with
Symmetric:

®[a, k,q,Q,K] = —ia - k——uz (5,0)0(s, 1) + K (s, 1)K (1,5)]. (147)

Next we deal with the asymmetric case (102), where ¢; and c;; are independent.
Again the average over the ¢;; is trivial; here it gives

11 { e 30,88 Y, o) —ten 3, 88 S, o) }

i<j
_ H {1 i |: 7(;2»22}1 Zlﬁi(t)QI(t) _ 1:| }{1 +§ [e*fngréy Ztﬁj(t)ci(t) _ 1:| }

i<j
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2
+@(c_%)} }

{1——{2&“211 )oi(t +— Z&”&”Zk (1) +@(c%)”

(in which the horizontal bars of the two constituent lines are to be read as con-
nected)

. 2
:Hexp (—]%Zifg?Z[ﬁi(t)cj(t)—kfz (t)o:(1)) o [Zau&uZh )o;(t ]
+@(N\[) +(9( ))

Again we separate in the exponent the terms where | = v in the quadratic term
(being of the form .), and the terms with p = 1, and use the definitions (109)—
(111):

Zath )o; (1)

i<j

=H{1 [ LS+

" 2¢N [Z i“i“Zh ci(1)

e
.]:—iZa(t) ——O(qut O(s, 1) + O(c?) + O(c/n)

st o

u>1

MZZ&“&“&& Zh (t))}-

i#j pAV

The scaling arguments given in the symmetric case, based on our ‘condensed ansatz’,
apply again, and tell us that the remaining terms with the disorder are of vanishing
order in N. We have again shown that the disorder average (125) is, in leading order
in N, of the form (112), with

Asymmetric:

1
Oa.k ¢, QK] = —ia -k —503_q(s,00(s,) (148)

5.4.2. Extracting the physics from the saddle-point equations
First we combine the above two results (147)—(148) in the following way (with A = 1
for symmetric dilution and A = 0 for asymmetric dilution):

®a,k,q,Q,K] = —ia- k——ozz (5,0)0(s,t) + AK (s, 1)K (t,5)]. (149)
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We can now work out Eqs. (119) and (120), and use (123) to express the result at the
physical saddle-point in terms of the trio {m(¢), C(¢,7), G(¢,¢)}. For the single-time
observables this gives (as with the fully connected system) a(f) =k(¢) and
k(t) = a(t); for the two-time ones we find:

o(t,t)=—LiaC(t,t),  4(t,¢)=0,  K(t,1) = aAG(t,1).

We now observe that the remainder of the derivation followed for the fully con-
nected network can be followed Wlth only two minor adjustments to the terms
generated by K(z,7) and by Q : aG(1 —G) ' — aAG in the retarded self-in-
teraction, and (1 — G)™" Jf — C in the covariance of the Gaussian noise
in the effective single neuron problem. This results in the familiar saddle-point
equations (133) for an effective single neuron problem, with state probabilities (134)
equivalent to the dynamics Prob[o(s + 1) = +1] = 1[I & tanh[BhA(¢)]], and in which
(0 (0)) =4[l 4+ o(0)mo] and

h(tl{o}, {0}) = m(1) +0(1) +2A >~ G(1,1)o(t') + 22(1),

<t

Z”,q) ) o(t') (150)

Pl{o}) = ( e

5.4.3. Physics of networks with asymmetric dilution

Asymmetric dilution corresponds to A = 0, i.e. there is no retarded self-interaction,
and the response function no longer plays a role. In (150) we now only retain
h(t]...) = m(f) 4+ 0(t) + o2 (1), with (¢*(r)) = C(1,1) = 1. We now find (141) sim-
ply giving

met )= 3 m(o(0) / {d}P{¢}] tanh[Ba(] ...)

X H ! [1 + o(s+ 1) tanh[BA(s|...)]]

/thanh +0(1) + zv/a)]. (151)

Apparently this is the one case where the simple Gaussian dynamical law (95) is
exact at all times. Similarly, for ¢ > ¢ Eqs. (142)—(144) for correlation and response
functions reduce to

C(t,t)= )tanh[ﬁ(m(t— D40(t—1)+d,v/a)]

/d(badd)be)(p( 1¢ +¢f gf((tt lltt’ 11))%%
2my/1-C2(t— 1,/ — 1)
x tanh[B(m(f' — 1) +0(f — 1) + ¢, V/a)], (152)
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G(t,t) = [38,7,/“{1 - /thanhz[ﬁ(m(t —1)+6(t-1) +z\/&)]}. (153)

Let us also inspect the stationary state m(¢) = m, for 8(¢) = 0. One easily proves that
m=0assoonas T > 1, using m> = Bm ;' dk[1 — [ Dztanh?[B(k + zy/a)]] < pm?. A
continuous bifurcation occurs from the m =0 state to an m >0 state when
Tr=1- sztanhz[Bz\/&]. A paramerization of this transition line in the (o, T)-
plane is given by

Tx)=1- /Dz tanh?(zx), a(x) = ¥*T(x), x=0.

For oo =0 we just get m = tanh(pm) so T. = 1. For T = 0 we obtain the equation
m = erflm/\/20], giving a continuous transition to m >0 solutions at o =
2/m =~ 0.637. The remaining question concerns the nature of the m = 0 state. In-
serting m(¢) = 0(¢) = 0 (for all ¢) into (152) tells us that C(¢+,¢) = f[C(t — 1,7 — 1)]
for ¢ > ¢ > 0, with ‘initial conditions’ C(¢,0) = m(t)my, where

_ [ dd,do, CLp+ Py —2Ch, b,
f[c]/zn\/l_czeXp< 2 -

) tanh{pyie, ] anh(pid )

In the m = 0 regime we have C(¢,0) = 0 for any ¢ > 0, inducing C(z,#) = 0 for any
t > ¢, due to f[0] = 0. Thus we conclude that C(¢,#) = 9;, in the m = 0 phase, i.e.
this phase is paramagnetic rather than of a spin-glass type. The resulting phase
diagram is given in Fig. 9, together with that of symmetric dilution (for compari-
son).

5.4.4. Physics of networks with symmetric dilution

This is the more complicated situation. In spite of the extreme dilution, the inter-
action symmetry makes sure that the spins still have a sufficient number of common
ancestors for complicated correlations to build up in finite time. We have

h(tl{o}, {&}) = m(1) +0() + oY Gt )o(!) + 0(1),

1<t

exp(=3 3., 9(C (1,7)9(r)
(2 n)(t’”“)ﬁdet%c .

(154)

PH{¢}] =

The effective single neuron problem (134) and (154) is found to be exactly of the
form found also for the Gaussian model in [1] (which, in turn, maps onto the parallel
dynamics SK model [28]) with the synapses J;; = Jo&,&;/N + Jz;;/ VN (in which the
z;; are symmetric zero-average and unit-variance Gaussian variables, and J; = 0 for
all i), with the identification:

J—= o, Jy—1

(this becomes clear upon applying the generating functional analysis to the Gaussian
model, page limitations prevent me from explicit demonstration here). Since one can
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Fig. 9. Phase diagrams of extremely diluted attractor networks. Left: asymmetric dilution,
c¢;; and ¢j; are statistically independent. Solid line: continuous transition, separating a non-
recall (paramagnetic) region (P) from a recall region (R). The line reaches 7 =0 at
o = 2/m = 0.637. Right: symmetric dilution, ¢;; = ¢;; for all i,j. Solid lines: continuous
transitions, separating a nonrecall region (P) from a recall region (R), for o < 1, and from a
spin-glass region (SG), for o > 1. Dashed-dotted line: the AT instability. The R—SG line
(calculated within RS) reaches T = 0 at o}S = 2/n ~ 0.637. In RSB the latter is replaced by a
new (dashed) line, giving a new storage capacity of aRSP = 1.

C

show that for Jy > 0 the parallel dynamics SK model gives the same equilibrium
state as the sequential one, we can now immediately write down the stationary
solution of our dynamic equations which corresponds to the FDT regime, with
q = lim;_ lim,_, C(¢,¢ + 1):

= / Dztanh’[B(m +2y3q)],  m— / Dz tanh[B(m + 2/3q)]. (155)

These are neither identical to the equations for the fully connected Hopfield model,
nor to those of the asymmetrically diluted model. Using the equivalence with the
(sequential and parallel) SK model [28] we can immediately translate the phase
transition lines as well, giving:

SK model Symmetrically diluted model
P—F: T=Jy forJy>J T=1 fora<l
P—SG: T=J forJy<J T=yo fora>1
F—SG(inRS): T=Jy(1—gq) for T <Jy T=1-q forT<1
F—SG(inRSB): Jy=J forT<J a=1 for T <
AT --line : 72 =J? [Dzcosh™* BlJom +Jz,/g]  T* =0 [Dzcosh™ Bm+z,/0q]

where ¢ = [ Dz tanh? B[m + z,/aq]. Note that for 7 = 0 we have ¢ = 1, so that the
equation for m reduces to the one found for asymmetric dilution: m = erf[m/v/2q].
However, the phase diagram shows that the line F — SG is entirely in the RSB
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region and describes physically unrealistic re-entrance (as in the SK model), so that
the true transition must be calculated using Parisi’s replica-symmetry breaking
(RSB) formalism (see e.g. [29]), giving here o, = 1.

The extremely diluted models analyzed here were first studied in [30] (asymmetric
dilution) and [23] (symmetric dilution). We note that it is not extreme dilution which
is responsible for a drastic simplification in the macroscopic dynamics in the com-
plex regime (i.e. close to saturation), but rather the absence of synaptic symmetry.
Any finite degree of synaptic symmetry, whether in a fully connected or in an
extremely diluted attractor network, immediately generates an effective retarded
self-interaction in the dynamics, which is ultimately responsible for highly nontrivial
‘glassy’ dynamics.

6. Epilogue

In this paper I have tried to explain how the techniques from nonequilibrium sta-
tistical mechanics can be used to solve the dynamics of recurrent neural networks. As
in the companion paper on statics in this volume, I have restricted myself to relatively
simple models, where one can most clearly see the potential and restrictions of these
techniques, without being distracted by details. I have dealt with binary neurons and
graded response neurons, and with fully connected and extremely diluted networks,
with symmetric but also with nonsymmetric synapses. Similar calculations could have
been done for neuron models which are not based on firing rates, such as coupled
oscillators or integrate-and-fire type ones, see e.g. [31]. My hope is that bringing
together methods and results that have so far been mostly scattered over research
papers, and by presenting these in a uniform language to simplify comparison, I will
have made the area somewhat more accessible to the interested outsider.

At another level I hope to have compensated somewhat for the incorrect view
that has sometimes surfaced in the past that statistical mechanics applies only to
recurrent networks with symmetric synapses, and is therefore not likely to have a
lasting impact on neuro-biological modeling. This was indeed true for equilibrium
statistical mechanics, but it is not true for nonequilibrium statistical mechanics. This
does not mean that there are no practical restrictions in the latter; the golden rule of
there not being any free lunches is obviously also valid here. Whenever we wish to
incorporate more biological details in our models, we will have to reduce our am-
bition to obtain exact solutions, work much harder, and turn to our computer at an
earlier stage. However, the practical restrictions in dynamics are of a quantitative
nature (equations tend to become more lengthy and messy), rather than of a
qualitative one (in statics the issue of detailed balance decides whether or not we can
at all start a calculation). The main stumbling block that remains is the issue of
spatial structure. Short-range models are extremely difficult to handle, and this is
likely to remain so for a long time. In statistical mechanics the state of the art in
short-range models is to be able to identify phase transitions, and calculate critical
exponents, but this is generally not the type of information one is interested in when
studying the operation of recurrent neural networks.
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Yet, since dynamical techniques are still far less hampered by the need to impose
biologically dubious (or even unacceptable) model constraints than equilibrium
techniques, and since there are now well-established and efficient methods and
techniques to obtain model solutions in the form of macroscopic laws for large
systems (some are exact, some are useful approximations), the future in the statis-
tical mechanical analysis of biologically more realistic recurrent neural networks is
clearly in the nonequilibrium half of the statistical mechanics playing field.
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