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Abstract  The dynamics of the learning equation, which
describes the evolution of the synaptic weights, is derived
in the situation where the network contains recurrent con-
nections. The derivation is carried out for the Poisson neu-
ron model. The spiking-rates of the recurrently connected
neurons and their cross-correlations are determined self-
consistently as a function of the external synaptic inputs. The
solution of the learning equation is illustrated by the analysis
of the particular case in which there is no external synap-
tic input. The general learning equation and the fixed-point
structure of its solutions is discussed.

1 Introduction

The hypothesis that changes in the efficacies of neuronal con-
nections, both during and after development, depend upon
the correlations in timing of pre- and postsynaptic action
potentials (spikes) has received considerable experimental
support (Bi and Poo 2001). A number of features of neural
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information processing have successfully been accounted for
by models of such spike-timing-dependent synaptic plastic-
ity (STDP). These include the astonishing precision of barn
owl sound localization (Gerstner et al. 1996) and the develop-
ment of a temporal-feature map in the avian laminar nucleus
(Leibold et al. 2001, 2002).

The development of a general theory of synaptic plasticity
that is based on the notions of Hebbian learning (Hebb 1949)
and a “learning window”, that relates the presynaptic input
and postsynaptic output times to the corresponding change
of the synaptic weight, has underpinned these developments
(for areview see van Hemmen 2001). Specifically, a synaptic
weight is potentiated if a presynaptic input precedes a post-
synaptic spike, and is depressed otherwise (Markram et al.
1997). In this paper we generalize this theory of synaptic
plasticity to analyze the situation where a neuron is part of a
network that has recurrent synaptic connections. The recur-
rent dynamics introduces additional difficulties in analyzing
the resulting pattern of synaptic strengths. Previous analyzes
of synaptic plasticity have focussed on the situation in which
the synapses are part of a feed-forward network structure in
which recurrent connections do not occur.

We first present a derivation of the differential equation
governing the evolution of both the feed-forward and the
recurrent synaptic weights, which is given in terms of the tim-
ing relationships between the pre- and postsynaptic spikes,
in Sect. 2. The evaluation of the spike-timing correlations is
presented in Sect. 3 for the Poisson neuron and extends the
earlier analysis for feed-forward networks (Kempter et al.
1998). In the feed-forward model the output spiking-rate of
the postsynaptic neuron has a linear dependence upon the
synaptic weight, which facilitates the analysis, whereas in
the recurrently connected model investigated here there is a
nonlinear dependence. In Sect. 4 the full system of five cou-
pled equations is presented, consisting of four consistency
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equations and two differential equations that describes the
learning on the external and recurrent weights. The solution
of the learning equation in the case where there are no exter-
nal synaptic inputs is presented in Sect. 5.

2 Spike-timing-dependent synaptic plasticity (STDP)

In this section the “learning equation” is derived for the
Poisson neuron model by using the explicit time relation-
ships between synaptic inputs and spike outputs. We con-
sider anetwork of N neurons, each of which receives synaptic
input via both recurrent connections (denoted by J;;,a N x N
matrix with zeros on the diagonal in order to prevent self-
connections) and feed-forward connections from M exter-
nal inputs (the recurrent connections are denoted by K, a
N x M matrix). The evolution of both these sets of weights
is considered.

2.1 Weight dynamics

Consider first the change in the synaptic strength of an excit-
atory recurrent synapse J;; that connects the postsynaptic
neuron i with the presynaptic neuron j. At synapse {ij} (with
1 <i,j < N) input spikes arrive at times t;? (n is a label
representing the index of the sequence of spikes), and these
spikes are the output spikes of neuron j in the network. Like-
wise, at synapse {ik} (with1 <i < Nand 1 < k < M)input
spikes arrive at times’tz” (m represents the index of the spike-
sequence), and these spikes are from external inputs. This is
depicted in Fig. 1, which shows only the synaptic connec-
tions between the three illustrated neurons (two recurrently
connected and one external).

Recurrently
" connected
neurons

External
neurons

Fig. 1 Synaptic connectivity illustrated for two neurons within a net-
work of recurrently connected neurons {i, j} receiving external synaptic
input (a single external neuron k is illustrated here). Neurons are indi-
cated by a large circle and excitatory synapses by small filled circles.
We study the development of both the recurrent synaptic weights J;;
(1 <, j < N) and the weights from external neurons Kj; (1 <i <
N, 1 < k < M). The neuron i produces output spike flow denoted
by Si(¢) and the external neuron k produces a spike flow denoted by
Sk (1); cf. (6)

@ Springer

The set of excitatory synaptic efficacies {J;;, Kjx} (1 <
i,j <N, 1 <k < M) determines the membrane potential
of neuron i,

Vi) =Ve+ D Tt et —17) + D" K 5" et =5,
j.n k,m

ey

where V; is the reset potential after a spike (the voltage scale
is chosen so that V; = 0 in what follows), J;; = O fori = j,
and e(¢) gives the time-course of an excitatory postsynaptic
potential (EPSP); ¢(¢) is also called the synaptic response
function. The magnitude of the membrane potential deter-
mines the times 7" at which a postsynaptic neuron i will fire,
i.e.,thetimes v(#/') = 1 where ¥ is the spiking threshold. The
firing times ¢ of the postsynaptic neuron may, and in general
will, depend on J;; and K;i. Once the neuron has fired, J;;
increases or decreases according to whether " - t <0
or > 0. More precisely, synaptic change is determined by
the learning window W (Gerstner et al. 1996) through its
value W(t;l/ —t"). An example of such a learning window is
illustrated in Fig. 2.

Given the input and output firing times, the change
AJ;j(t) == Jij(t) — Jij(t — Tp) of the efficacy of synapse
{ij} (synaptic strength) during a learning session of duration
T; and ending at time ¢ is governed by

ALy =n| > wh+ > w™

=Tyt <t 1=Ti=t' <t
n' n
+ > W=y, ©)
Z—Tlﬁt}l/,tin<t
=
-1 0 1
time (ms)

Fig. 2 Learning window W () governing spike-timing-dependent syn-
aptic plasticity (STDP). It is a function of the time difference s between
pre- and postsynaptic spikes. For a generic excitatory synapse we have
W(s) > 0 fors < 0, i.e., when a presynaptic spike arrives earlier than
the postsynaptic one and contributes to spike generation, and W(s) < 0
fors > 0, i.e., those that come too late shall be punished. The time scale
illustrated here is that of the barn owl (Kempter et al. 2001b)
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where nw™ and nw°" are changes in the weight J; ; induced
respectively by the arrival of a spike at neuron j or the gener-
ation of a spike by neuron i. The prefactor 0 < 1 < 1 ensures
explicitly thatlearning is slow on a neuronal time scale (milli-
seconds). Throughout what follows this condition is referred
to as the adiabatic hypothesis. It holds in numerous biologi-
cal situations and is a mainstay of the arguments below. The
learning window W takes into account how pre- and post-
synaptic spikes interact through temporal correlation, which
is the new meaning of Hebbian learning, while w™ and wout
describe their respective effects separately. We now analyze
three consequences of the adiabatic hypothesis 0 < n < 1
in turn.

2.2 Input processes are self-averaging

Consider first the input processes generating the spike
sequences {¢', 1 <i < N}and {’t;’”, 1 <k < M}. The spik-
ing-rate is modelled as an inhomogeneous Poisson
process (van Hemmen, 2001, Appendix B), viz.,

— There exists a density X;(¢) such that
Prob {one event in [¢,1 + At)} = A; (1) At . 3)
— For o(At) meaning o(At)/At — 0 as At — 0, we have
Prob{> 2 events in [¢,t + A1)} = o(At) . 4)

We note that this is somewhat analogous with neuronal
refractoriness.
— Events in disjoint intervals are independent.

Because 0 < n <« 1, we can take 7; on the one hand so long
that it greatly exceeds all neuronal time constants, including
interspike intervals and the temporal width of the learning
window W, and on the other hand so short that the J;; have
hardly changed. That is, 7; can be chosen so as to separate
neuronal and synaptic timescales (7; < %), a feature of the
analysis that enables the present analytical treatment.

Spike generation is (nearly) always a local process in time
and so are the 1 < j < N input processes generating the
input spikes t;? from the recurrently connected neurons and
1 < k < M input processes generating input spikes 't',;’" from
the external inputs.

Because of the independence of disjoint intervals, the sum
in (2) is self-averaging over the randomness. The strong law
of large numbers (Lamperti 1966) ensures that the average
can be used in the sum (2), rather than a specific realiza-
tion. This “ensemble average” is denoted by angular brack-
ets (...) and it comes for free (up to the limit that
neurons within the network are weakly correlated, which can
be considered realistic for more than 20 neurons). The error

is of the order of the standard deviation and has a Gaussian
distribution according to the central limit theorem (Lamperti
1966). This erroris a “noise” that will not be discussed further
here.

2.3 Time averaging

Introducing the spike flows associated with the neurons and
the external inputs, respectively,

S,(t):Z(S(t—ti”), i=1,...,N,

<t
R §)
Sty =D 8¢ —5". k=1.....M,

<t

where §(t) is the Dirac delta function, we can rewrite (2)

t
1 .
77[?[ / dr’ [w™ (S5 (1)) + w(S; (1"))]

=T

t t—t'
+%/dt/ / du W(u)(Si(t’)Sj(t/+u))}.
I

t=T, t—T;—t

AJ,'J' (1) _
—Tl =

t

(6)

Averages over the time scale of learning, 7;, are denoted
by an overline f(r) := Tl_1 ftt—T/ dt’ f(¢'). The mean
spiking-rates are then defined as v; (t) := (S;(¢)). Averag-
ing S; over the randomness is a good approximation as 7;
becomes large, which is a direct consequence of the strong
law of large numbers (Lamperti 1966) and of the Poissonian
events being independent in disjoint intervals. Note that the
mean spiking-rates v; (¢) are distinguished from the instanta-
neous spiking-rates A; (¢), which are just the ensemble aver-
age A; (¢) := (S;(¢)). The mean spiking-rate is slowly varying
and consequently is related to the instantaneous spiking-rate
by vi(¢) = r(t) The integrals in (6) depend on ¢, and the
first and second terms in this equation can be substituted by
v;(t) and v; (1).

The double integral in the last term in (6) explicitly cor-
relates input and output, which is a distinguishing property
of Hebbian learning. Let us consider a “typical” ¢/, say, ' =
t — Ty + xT; with 0 < x < 1. Then the lower bound of the
integral over u is effectively —x7;, while the upper bound
is (1 — x)7;. The learning window W is local in time, typi-
cally of the order of milliseconds for the auditory system and
tens of milliseconds for most of the cortex, so that it is much
shorter than T;. Hence for a “typical” ¢’ the lower bound of
the integral over u can be replaced by —oo, whereas the upper
bound can be replaced by +o00, so that up to a negligible error
we are left with
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t [e)e]
% de' [ du W) (S;(t")S; (¢ + u))
lszl I
o0 1 t
- / du W () / e’ (S;(t)S; (' + u)). )
l
—00 t—T;

The key idea behind this is the method of averaging (Sanders
and Verhulst 1985) as it is used in solving nonautonomous
differential equations. In agreement with the averaging phi-
losophy we take the J;; to be constant while evaluating the
integrals in (7).

2.4 Deriving the learning equation

Due to the adiabatic hypothesis the change AJ;;(1) =
Jij(t) — Jij(t — Tp) is still “small” so that we can replace
AJ;ij(t)/T; in (6) by the differential quotient dJ;;/dz.
Exploiting (7), we then obtain the learning equation
(Kempter et al. 1999)

d A
—Jij(0) =n [ w"vj@) +w™ ()

dr
o0 1 t
+ /duW(u)T / dt’(Si(t/)Sj(t/+u))
l
—00 t—=T,

®)

Except for the adiabatic hypothesis, which is a very weak
assumption, the above equation is universally valid and
exact.

It is a nice aspect of (8) that the final integral over ¢’
is nothing but a time average of the correlation function
(Si(t") S;(¢")). We may interpret it as the joint probability
density of observing an input spike at the jth synapse of
neuron i at time " and an output spike at time ¢’.

It is straightforward to derive the exactly analogous
expression for the learning equation of the synapse Kii,
which connects neuron i with the kth external input, so as
to get

d .
—Kix(1) = 77|:wmﬁk(t) + w v ()

dt
o t
+ /duW(u)Til / de'(S; () Sk (¢ + u))
5 1

©))
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The difficulty in evaluating these expressions is that the flow
of spikes S; (#) from the neurons in the network depends upon
the spikes on the inputs Sk (7).

3 Learning dynamics with the Poisson neuron

The above highly nonlinear equations (8) and (9) that
describe synaptic evolution can not in general be solved
exactly. For a recurrent network such an exact solution would
be highly desirable. We therefore take the Poisson neuron
described by an inhomogeneous Poisson process with rate
function, or intensity, p;(t) = vo + vi(¢) > 0 with the
membrane potential v; (¢) given by (1) and vy chosen so that
pi(t) > 0. Here we discuss the ensuing learning dynamics.

3.1 Poisson neuron

The process of generating an output spike is highly nonlinear
since the weights (J;;, K;x) appear in a number of places, so
that evaluating the correlation function or solving the system
of differential equations (8) is in general not possible ana-
lytically. This is, however, not the case if we model spike
generation by means of the Poisson neuron (Kempter et al.
1998), an inhomogeneous Poisson process with rate function,
or intensity,

pi (1) = vo +v; (1) = vo + D Jij(t)e(r — 1)

J.n
+ D K (3Me =1 = 0. (10)

k,m

Here vy is a spontaneous spiking-rate making the right-hand
side positive, if necessary. The sum over j = 1,..., N is
over the recurrent weights (i.e., the weights connecting the
N neurons), and the sum over k = 1, ..., M is over feed-
forward weights (i.e., from the M external inputs). Though
pi (¢) is linear in the postsynaptic potential v;, spike gener-
ation is not. It is just a point process assigning high spiking
probability to times ¢ with large values of v; (), as it ought
to. To obtain an exact solution, one may alternatively use
,oiC llpped(t) = 1 O[v;(t) — V1] (Kistler and van Hemmen
2000), where ©® is the Heaviside step function, ® (x) = 1 for
x>0and ®(x) =0forx < 0.

3.2 Output process for Poisson neuron

Because of causality, e(f) = 0 for ¢+ < 0. In addition, we
take its integral [ dr &(r) = 1. The stochastic approximation
entails that for the ith Poisson neuron, p;(t) = A;(t) =
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(S (¢)), where the latter average is over the stochastic input ri(t) = £t {AL; ()},
processes. That is, using (10) we obtain the following expres- N
. P . _ -1 V()
sion for the spiking-rates of the neurons: AL (s) = Z [y — JeL(s)]; j [E i
s
1
! (14)

j=1

N o
(Si(0)) = vo+ZJ,~,~(r)/dus(u>xj(r —u),
0

k=1

M o0
+ 2K [duewiie—w. Ay
0

N M
ie, Ai(f) =vo+ ZJij(t)Aj(t) + ZKik(t)/Tk(t) ;

j=1 k=1

where 7, (1) is the spiking-rate of the mth external synaptic
input and

[e¢]

Ai(t)z/dus(u)ki(t—u), i=1,...,N,

0
00

Xk(r)z/due(u)ik(t—u), k=1,..., M,
0

12)

which can be written as the convolutions A; (t) = (e % A;)(¢)
and Ag(t) = (g % Ax)(r). The derivation of (11), which
involves averaging over the Poisson distribution of spike
times, follows exactly that given by van Hemmen (2001).
Previous studies, in which recurrent connections were not
considered, did not contain any dependence upon A;(¢) on
the right of Eq. (11).

3.3 Recurrent spiking-rates for Poisson neuron

The central difficulty in analyzing recurrent networks is that
the spiking-rates of the neurons, A;(¢), are a function of
the recurrent weights, J;;(¢). Since the weights vary on a
much slower timescale than the network activation, they
can be considered quasi-constant (due to the adiabatic
hypothesis).

For quasi-constant weights an explicit expression for A; ()
as a function of vy and the Xk(t) may be obtained using the
Laplace transform fi (s) := L{f()} = fooo dre " f(2).
Hence

Ay) = = o) ) -] (13)

since A;(t) = v for + < 0. There is a similar expres-
sion for Ay, (s). Consequently we solve the self-consistency
equation (11) as

N
Vo
+ Z‘i JipEp— 1= ()]
/ =

+é Kk [”s—o + s(s)] [XLk(s) - Ek%]} ,

where Ty is the N x N identity matrix, E is the N-vector
(1,...,1), E is the M-vector (1,...,1),and L] {} is the inverse
Laplace transform. This expression (14) gives the explicit
dependence of the output spiking-rate of each neuron in terms
of the external synaptic inputs, the spontaneous spiking-rate,
and the weights in the network, provided that [1ly — Jer (s)]
is invertible. This expression is crucial for determining the
weight dependence of the learning equation in the general
case, such as when the external input is oscillatory. However
it can be simplified considerably for the case in which the
spiking-rates are constant, as discussed in Sect. 3.6.

3.4 Spike-time correlations for Poisson neuron
It now remains to calculate the correlation function

(Si(#) Sj(t + u)). In order to do this, it is useful to define
the following correlations:

t
1 / de’ (Si (1) S; (¢’ + w)),
T

Qijt,u) =
t—T;
1 t
Dixlt,u) = 7 e’ (Si(t") Sk (¢’ + w)),
t=T;
1 t
Ou(t, u) := T dr’ (Sp(t) Si(e' + w)), (15)
t—T;
1 t
Rij(t,u) .= E dt’ ((S*Si)(l‘/) Sj(t’—i-u)),
t=T;
1 t
Fist,u) = dr’ (e * S (") Sk (t' 4 w)),
t—T;
1 t
Fu(t,u) == T e’ (Si(t)) (& % S (1’ + w)),
t=T;
1 t
Ru(t,u) := T dt’ (e % S)(E) S|(t + u)).
t—T;
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We obtain

N
vo+ D Jijr()(e % i) ()

j=1

(Si()S;j(t+u) = <

M
+2Kik<r><e*§k)<r>} Sj(t+u)> ,

k=1
(16)
and hence,
N
Qij(t,u) = vov;(t +u) + D Jiy (VR (t, u)
J'=1
M
+ D Kie ) Fji(t + u, —u)+8;8u)v; (1),
k=1
(17)

where §;; is the Kronecker delta function. The final term on
the RHS results from the autocorrelation of the Poisson pro-
cess (Hawkes 1971) and we neglect a term J;; (t)e(u)v; (t)
due to the spike-triggering effect. Likewise

N

Di(t, u) = vovr(t +u) + Z Jij () Fjx(t, u)
=

M
+ D" Kiw () Re(t, 1) . (18)
k'=1

This may conveniently be written in matrix notation as

Ot u) = voEvT (t) + J(OR(t, u) + KO FT (t + u, —u)
+ 8 (u)diag [v(1)], (19)
D(t,u) = voEV (t) + J()F(t,u) + K(t)R(t, u) ,

where E is defined following (14), diag(X) is the diagonal
matrix with the vector X on the diagonal and zero elsewhere,
and the superscript T denotes transposition. Because of the
compact support of W (1) and large separation of time scales
T; > u, we have used v(r + u) = v(¢) and f(t +u,—u) =
F(t, —u).

For the learning equations (8) and (9) we need to define
the following integrals of these functions over the learning
window:

e ¢]

0l = [ auw 0w,

- (20)

oo

0/ (1) := / du W(u) Qij(t, —u),

—00
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and likewise for each of the other variables on the LHS of
(15) (note that the superscript V involves the argument —u
in the last term of the integrand). The expressions (19) then
give

oVt = WuEvI (1) + JORY 1) + KOFY (1),
DY) = WwED (1) + J)FY @) + KRV (1),

where the tilde denotes integration over time W=
ffooo dt W(r) and the autocorrelation term in (17) vanishes
since we choose the learning window W (¢) such that W (0) =
0. The functions Rl.v}’ ), FY (1), F (@), ind RY (1) are
related to the functions Q;;(t), Dix(¢), and Qy(t) by

RY () = /du W (1) /drs(r) Qi (t,u+r),
—00 0
Fi‘;cv(t) = / du W(u) /dr e(r)y Dix(t,u +r), (22)
—00 0
Fl@) = /du W (u) /drs(r) Di(t, —u + 1),
—00 0
RY () = /du W (1) /drs(r) Oult,u+r).
—00 0

These expressions (21) and (22) allow all the spike-timing
cross-correlation functions to be solved in terms of the spike-
timing cross-correlation of the external inputs Q,?l’(t).

3.5 The learning equations in matrix notation

To obtain the learning equations for the weights J;;(¢) and
K (t) we now substitute the above results into the learning
equations (8) and (9).

A problem with using matrix notation here is that the
weights J;; of the missing diagonal connections must remain
constant, since it is forbidden for a neuron to be connected
onto itself, i.e., all the J;; must remain zero and % J (t) must
also remain zero on the diagonal. To achieve this, we use
projectors on the matrix space in which J belongs: @ is the
projector that operates on N x N matrices and that forces the
matrix elements corresponding to the missing connections
to zero. For example, consider a network of N = 3 neurons
that is fully connected except for self-connections

ajl ap a3 0 app a
a1 axn
a1 azy ass az1 azxp 0

a | = ax 0 ax
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Such projection matrices could also be used for networks
with a more complex pattern of missing connections (e.g.,
the above network with a missing connection from neuron
#1 to neuron #2 would have associated with it a different
projection matrix that resulted in the term a>; on the RHS
of the above equation being replaced by zero). Although we
have considered here a fully connected recurrent network,
it is possible using such projection matrices @5 and @k to
model any architecture of individual connections within the
network by this framework.

Consequently, using the above matrix notation the learn-
ing equation (8) becomes

d .

LI = [mevT(t) +wy() ET 4+ QW(I)] ,
(23)

where time has been rescaled by a factor of 1. Likewise

%K(t) =w"EDT 1)+ w™vi) ET + DY (1), (24)
where E is the M-vector (1,...,1).

Aninteresting consequence is that the equilibria of the sys-
tem are defined for null images of the projectors, i.e. when
their argument is in their null space. Note that the null space
(or kernel) Ker @ is a vector subspace of RV*¥ and the
dimension increases when the number of synaptic connec-
tions decreases. Hence, the more missing connections there
are in the network, the richer the equilibria may be; refor-
mulated, sparsely connected networks may be more inter-
esting (with more possible equilibria) than fully connected
networks that contain the same number of neurons.

3.6 The case of constant external spiking-rates

We now consider the situation where the spiking-rates of
the external synaptic inputs, Dy (¢), are quasi-constant. Then
the spiking-rates of the recurrently connected neurons, 1; (¢),
can be considered constant over the timescale of 7, but they
vary over the timescale of changes in the synaptic weights
(cf. Sect. 2.2). Thus we can neglect transients in the dynam-
ics, so that A;(f) = v;(t) = A;(¢) and the expression (11)
for the spiking-rates becomes

N M

vi () = vo+ D Jij (0w O+ D K, i=1,.... N,
j=1 k=1

(25)

since the response kernel €(¢) is normalized. The solution,
which includes the recurrent connections, is given by

N M
D 18— Jy®] vit) = wEi + > K@%,  (26)
j=1

k=1

539
which can be written in matrix notation as
v(t) = My — J(O]' [WE + K()V] | 27)

provided that the matrix [y — J(¢)] is invertible.

This constant spiking-rate approximation also results in a
considerable simplification of the expression for the spike-
timing cross-correlations (15) so that Qg{ (t) = R;;V (1),
Dy (1) = Fy (), 0]] (1) = R/ (1) and D}y (1) = F; (1).
The self-consistency relations (21) for the case of quasi-
constant spiking-rates can be written in matrix notation as

0" () =W EvI(t)+ 1) 0" () + K1) DV (1),
DYty =WwED @) +J@&) DY)+ K@) 0V (),
DY) =WuwEY ) +JOD'®)+K1) 0V @),

(28)

where we have included the expression for DV (¢) in order to
provide a closed system of equations (recall that @ W(t) and
Q V(t) are determined by the external input). Provided again
that the matrix [Il[y — J(¢)] is invertible, we have

0"(1) = [y —JOI' [WwEv 0+ K0 DY (0],
pY(1) = [y — IO [WwED (1) + K1) 0" ()],

DY) =y —J 1 [WwEY 1)+ K1) 0" ()]
29)

4 Dynamical system that characterizes the network
activity

Consequently when the external spiking-rates are constant
we obtain a system of six coupled matrix equations govern-
ing both the network activity and the time evolution of the
recurrent synaptic weights J;; and the input synaptic weights
Kix: The network activity is given by the self-consistency
condition on the firing rates (26), the three network corre-
lation self-consistency conditions (29), and the two learning
equations (23) and (24). We note that in the situation where
there are no recurrent weights (J;; = 0) the equation for
the feed-forward weights K is exactly that given in earlier
studies (Kempter et al. 1999; van Hemmen 2001).

An important issue is the invertibility of the matrix
[y — J(2)]. If we discard the case of no inputs and no spon-
taneous firing rates, the equation

My — J ()] v(®) = v E+ K()V(2) (30)

implies that the norm of v(¢) diverges to +o0o when
[y — J(¢)] tends to a non-invertible matrix. Thus, if we
start from an invertible matrix (e.g., with suitable constant
weights) and we discard the case of diverging activity (note
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that in such a case many of the approximations we used would
turn out to be invalid), then the matrix will remain invertible.

We recapitulate the system of four consistency equations
(firing rates and correlations) and two learning differential
equations using matrix notation:

v =My —JOI" [wE+K©I0]. 6D
pY(1) =ty — JO1" [Ww ED (1) + K1) 0" )],
DY) =My =IO [Ww EV 1)+ K0 Q" ()],
0" = [y — IO [FuwEv 1)+ KD (],

%K(z) - [wi“ ET (1) + w v(t) ET + DW(z)] ,

;7](” = cb,[wi“ EvT(6) + w v(r) ET + QW(I)] .

Note that time has been rescaled to eliminate 7.

Now, using the four consistency equations we can express
the the two learning equations as coupled differential equa-
tions in the weights J and K in terms of only the external
inputs

%K(t) = {win EdT () +w®™ [y — J(@)]!

x [ E+ K@®OD®)] ET + My — J@)]~

x [Wo E9T 1)+ K0 0V (]}, (32)
;7’(’) =&, (w"EWE + K@vO1 Iy - J1 7

+w My — IO [ E+K@O)v@)] ET

My — J@0)]! {VT/ w E [vo EET

+EST 0 KT (1) + K00 ET ]

+K0 0" WK O} Iy — 117" T).

The dynamics of the network is described entirely by these
two coupled differential matrix equations.

5 Solution of the learning equations with no external
synaptic input

In order to illustrate how the above equations describe the
learning dynamics, we present here the solution in the situa-
tion where there is no external synaptic input. In this case the
network is driven entirely by the spontaneous spiking-rate
vo > 0 of the recurrently connected neurons. This reduces
the complexity of the calculation considerably, since we have
only three simultaneous equations to solve.

@ Springer

We can compute v and Q in terms of J (the dependence
in ¢ is implicit here)
v=(~1y—-J)" ' wE,
_ _ (33)
O=Ty—-0) """ WuEv =W,
where we henceforth drop the superscript W. The above rela-
tions (33) lead to the learning equation in terms of v alone

d ) ~
aJ=qb,(w‘“EuTer‘"’wETJerT) N
where @ is the projection matrix described in Sect. 3.5 that
nullifies the diagonal terms.

Consider now the difference J;; — Jj; (i # j) at the sta-

tionary solution of (34);

d .
= (5= 75) = @ —w; - =0, (35)

where the stationary solution is denoted by an asterisk. We
deduce that v is homogeneous over the network at the equi-
librium, provided w™ # w°", with

(win + wout)

v¥=puE and =—— 36
M Iz W (36)

which requires that u > 0. A fixed-point of the matrix system
is given by

vi=nE,
Q*=Wu*EET, (37)
(Iy-J)E=2F.
"

The space of solutions for J is defined by the last equation
of (37) and corresponds to the invertible matrices of M y for
which the column vector E as eigenvector for the eigenvalue
vo/ . Here My is the linear subspace of matrices of RNxN
with zeros on the diagonal (M y has dimension N (N — 1)).

For stability of the spiking-rates, all the eigenvalues of J
should be in [0, 1) so that the spiking-rates remain bounded,
which implies a condition on the learning parameters:
Vo < M.

We now assess the stability of the homogeneous solution
of the spiking-rates and the speed of convergence towards
the fixed-point. We define the mean weight over the neu-
rons Ju (7) := [N(N — )]} Zi# Jij(t), mean correlation
Qu() = N2 Zi,j Q;j(t), and mean spiking-rate
Vay(#) = N~} > vi(r). The approach here is to solve the
equations for the homogeneous spiking-rate situation and
find the conditions under which the resulting solution is
stable.

The equations for the mean network activity and correla-
tion (33) become

[1— (N — DJay]vay = o,

~ (33)
[1—(N—1DJav] Qay = Wig vy .
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The stationary solution of the learning equation (23) becomes
W™ +w™) vay + Qay = 0. (39)

This gives the solution

v:v:/’L’

Qr = W2, (40)
H =

I =

YTN=-Dp

with o given in (36). The homogeneous fixed-point spik-
ing-rate is independent of vy, but this homogeneous solution
exists only for i > vg. Note that all the solutions for J* (37)
have the properties of (40).

The stability is obtained by expanding the learning equa-
tion around the fixed-point vay = v}, + Avyy and Jpy =
I3+ AlJay, where

(N-Dunu

Avgy = —————
[I—(N -1 JF]

AJay + 0(Ady) . 41

Consequently the learning equation (34) gives

d : ~
&AJav = (w" + w4+ 2uW)Avay + 0(Avay)
. (42)

W-DpEW_,, + 0(Ad)

=— o .

[1—(N—1)J£"V] av av
Therefore the mean weight is stable for W < 0,in agreement
with the corresponding condition on the stability for a single
neuron with STDP (Song et al. 2000). We can gain further
insight into the stability from the full matrix analysis of the
variation of the weights AJ(f) = [J ) —J *] about their

fixed-point J* = J &, (E ET):
d
EAJ(I) =L[AJ(®)] + o[AJ ()],
L[AJ ()] = —vy Dy [(11 —J57! (wi“ AJEET (43)
+uwE ET AJT) - J*)_IT] ,
where the matrix operator IL operates on M. The eigen-

values (Ao, A1, A2) of the operator L. for the homogeneous
fixed-point are (see Appendix A)

Ao =0,
2 in out
N—-1 [w™(N—-1)—w
TG Gl U S Ve | )
Nu —vo
H2 (N— ])(win _,’_wout)
Ay =— ;
Vo

which have multiplicities of N(N —2), (N —1) and 1, respec-
tively. This structure is similar to that for other fixed-points

(the eigenvalues and stability of the fixed-point manifold
are discussed in Appendix B). Stability of any fixed-point
requires w > 0 (required by A1 < 0) and (W + w) > 0
(required by Ay < 0) in the large N limit. The convergence
of the mean variables J;, v}, Ok, is a consequence of the
convergence towards the fixed-point manifold. The high mul-
tiplicity zero eigenvalue in the spectrum of L reflects the fact
that the space of fixed-points is a continuum within which
there is no constraint upon J. In the case where A1 and X, are
negative the whole manifold acts like an attractor within the
space M y . Note that the condition (w™ +w°"") > 0is equiv-
alent to the condition for the homeostatic stability W2 <0,
from the definition of u (36). If the condition w” > 0is
not satisfied then all the fixed-points will be saddle-points,
but the homeostatic equilibrium is still satisfied. This would
introduce some additional deterministic variance to the evo-
lution of the individual weights.

The calculation of the variance of the distribution of
weights follows exactly analogously to that performed by
Kempter et al. (1999). As in their analysis, the variance
initially grows linearly in time with coefficient D when the
initial weight distribution is a delta-function, but there is a
nonlinear contribution that eventually dominates. The var-
iance of a single weight J;;(#) may be calculated as var
Jij(t) == (Jl%)(t) — (J;)%(¢) as a function of time (the angu-
lar brackets denote an ensemble average; cf. Sec. 2.2). The
calculation of var J;; (¢), starting from some weight J;; (fo) at
time f¢, follows exactly that given in (Kempter et al. 1999),
with the result

var J;j (1) = (t —t9) D for (t — 19) > W,
. - (45)
D =1 [(wln)2 + (wout)Z] + MZ W2 ,

where WV is the width of the learning window W. Conse-
quently, each weight J;; (¢) essentially undergoes a diffusion
process with diffusion constant D.

The results of numerical simulations confirm the above
analysis. Simulation results of v,, and J,y as a function of
time are shown in Fig. 3 (solid lines) for four different initial
sets of weights. The simulations indicate that the fixed-points
vy, and J3, givenin (40) and indicated in the plots by the dot-
ted line, are reached asymptotically and remain stable. The
dashed lines associated with each solid line are a fit to the
curves with a single exponential (see Appendix C)

Tav(@) = T3y + (Ja(0) = T3y e7"/7,
V0 WZ

T (N — 1) (win 4+ woun)3
The results indicate that the expression (41) and (42) pro-
vide a very good description of the dynamics of the average
weight and spiking-rate near the fixed-point.

The individual weights, however, tend to evolve to a
bimodal distribution at the maximum and minimum allowed,

(46)

J
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Fig. 3 Plots of the mean network spiking-rate v,y (upper plot) and
weight J,y (lower plot) as a function of time for four different initial
sets of weights. The theoretical value (40) for the fixed-point values
vy, and J3 are shown by the dotted lines. The single exponential fit
(46) is shown by the dotted lines (partially obscured by the solid lines
for initial conditions near the fixed-point). Parameter values are N=30,
n= 1077, wit = 2, W = 3, and vy = 15Hz. The learning window
W(z) is given by W(r) = cpe™"/™ fort > 0 and W(r) = cpe!/™
fort < 0, withcp = —10,cp = 5, tp = 34ms, tp = 17ms. The
time-step for the simulation is 10™*s and the time axis is given in
seconds

0.015

weights
o
4

0.005 |’

0 10000 20000

time (sec)

Fig. 4 Plot of the evolution of all the weights in a fully connected
recurrent network of 20 neurons. The thick line is the mean of the
weights, which is surrounded by the bundle of all the individual weight
plots, which are in grey. The theoretical equilibrium value Jj, is given
by the dotted line. The lower line is a plot of the variance (multiplied
by 10*). The initial distribution of the weights is flat over an inter-
val £0.0005 around its mean. Other parameter values are the same as
in Fig. 3

although this does not affect the convergence of the aver-
age weight discussed above. Consequently “hard” bounds are
required on the weights, as in the case of feedforward net-
work connectivity (Kempter et al. 1999). The divergence of

@ Springer

0.025

b o

0.02 |

0.015 {

weights

0.01  °

0.005

0 50000 100000
time (sec)

Fig. 5 Plot of the distribution of the weights after saturation in a fully
connected recurrent network of 20 neurons. The thick line is the mean
of the weights, which is surrounded by the bundle of all the individual
weight plots, which are in grey. The theoretical equilibrium value J;},
is given by the dotted line. The hard upper bound on the weights is set
at 0.025. The learning-rate is 7 = 10~ and other parameter values are
the same as in Fig. 3

the individual weights from the mean fixed-point weight J;%,
is consistent with the high multiplicity of the zero eigen-
value in (44). This weight evolution within the zero-eigen-
value manifold induces competition between the weights and
eventually results in a bimodal distribution, i.e., each weight
is either saturated or silent, as illustrated in Fig. 5.

In order to compare the theoretical value of the variance
(45) with numerical simulations, it is more convenient to
compute the variance of the distribution {J;;} of weights in
a single learning trial

1 al 2
var{J;;}(t) = m z [Jij(l) - Jav(l)] .
i)
47)

Figure 6 shows the comparison between the theoretical pre-
diction (45) for the evolution of the variance var{J;; }(¢) with
numerical simulation results for different values of N. The
plots show that the variance initially grows in an approxi-
mately linear fashion with the theoretically calculated diffu-
sion coefficient D.

In contrast to the case where each neuron receives only
feed-forward input (Kempter et al. 1999), each neuron here
receives correlated inputs from the neurons within the net-
work. Moreover, the correlation here is intrinsic to the net-
work activity and not a parameter associated with the external
inputs. However, the behavior has many similarities to that of
the feed-forward case, since in both cases the weight dynam-
ics causes the mean weight to approach a fixed-point value
and the weight distribution to become bimodal.
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Fig. 6 Plot of the evolution of the variance of the weight distribution
for the first 1,000s. The solid line is the theoretical prediction (45). The
other lines show the results from numerical simulations with different
values of N: 20 (dotted line); 30 (dashed line); 50 (dash-dotted line);
100 (grey line). Other parameter values are the same as in Fig. 3

6 Discussion and conclusions

We have presented here a framework for the description of
synaptic learning dynamics in networks of recurrently con-
nected neurons. The analysis has employed the Poisson neu-
ron (Kempter et al. 1998) since the linear dependence of the
output spiking-rate upon the synaptic weights facilitates the
analytic study of the solution. Just as for the case with feed-
forward connectivity, this description encompasses the three
main players, viz., the presynaptic neuron, the postsynaptic
neuron, and the synapse that connects them. The learning
equation embodies the concept of a learning window that
describes the relationship between the input and output spike
times and the associated changes in synaptic strength. Each
pairing of input and output spikes through the learning win-
dow produces an incremental increase or decrease in synaptic
efficacy.

This approximation allows us to find the explicit expres-
sion (26) for the spiking-rates of the recurrently connected
neurons, which in turn allows the learning equations to be
written explicitly. The learning equations (23) and (24) pro-
vide a rigorous mathematical framework to describe the
resulting synaptic changes over time scales that are large
in comparison with the duration of the learning window. An
essential component of this stochastic analysis is the strong
law of large numbers (Lamperti 1966), which ensures that the
behavior of a large ensemble of synapses is essentially deter-
ministic, even though individual synapses have considerable
variability.

The effect of recurrent synapses is analyzed here in one
particular case, namely where there is no external synaptic
input. In future work we will analyze the asymptotic structure

of the weights in more complex and interesting situations,
such as where there are spontaneous homogeneous external
inputs with no correlation and where the external synaptic
inputs are partitioned into subgroups (Meffin et al. 2006),
in order to understand both the nature of the information
processing that the neurons carry out and the nature of the
memories that they are capable of storing and recalling. In the
case of feed-forward networks, in which there are no recur-
rent connections, the asymptotic pattern of evolution of the
weights, as determined by the learning equation, is governed
by the eigenvector of the matrix {Q;;} whose eigenvalue has
the largest real part (Kempter et al. 1999; van Hemmen 2001;
Burkitt and van Hemmen 2003). The goal of future studies
will be to elucidate the effect of the recurrent connections
upon this asymptotic pattern of weights.

In summary, the techniques presented here represent fur-
ther stepping stones in the quest to understanding synaptic
plasticity and thereby to further understand neuronal infor-
mation processing capabilities in a network of interacting
neurons.
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Appendix

A Calculation of eigenvalues of L. for homogeneous
fixed-point

This appendix gives the calculation of the eigenvalues A (44)
for the homogeneous fixed-point. The homogeneous solu-
tion provides some simplification of the matrix (Iy — J*).

We will now study the homogeneous solution where J* =
Ji®j(EE T). In this case, we have a simple expression for

Iy —J*=(1+J%) Uy — JHEE" (48)
and the inverse matrix is of the same form
(Iy—J*) "' =@-b) Iy + bEET, (49)
where a, b are defined by

a—(N—DbJf =1,
(50)
b—[(N=2b+alJi=0.
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Consequently
1
14 J%
b= Jay )
I+ 51— (N =1DJz]

a=>b +

’

(S

For any matrix A in My, IL(A) can be written

L(A) = —vp [b [a+ (N — 1)b] (wi“ + wO”‘)
x (ET A E) @, (EET) (52)
+(a—b) [a+ (N —1Db] &y (wi“ AEET
+u® E ET AT) ] :

Note that we used the fact that the matrix (ET A E) is actu-
ally a scalar and thus commutes with any other matrix (and
can be removed from the argument of @;). Likewise the
following identities are useful

ETE =N,
ET [(a—b) Iy + bEET] —[a + (N = 1)b] ET, (53)

ETAJE:Z Ay .
k,l

Using Eq. (52), an eigenmatrix A related to the eigenvalue A
must satisfy

A A—bla+ (N=1)b] (wi“+w°“‘)
i
x (ETAE) D, (EET)
+@—b)[a+ (N —1)b] (wi“AEET
+meETAﬂ. (54)

We then multiply on the left by E” and on the right by E to
obtain a necessary condition on A and A,

A
—-—ETAE

Vo

—bla+(N—1b] (u)i“ + w°‘")
x (ET AE) ET @, (EET) E
+(a —b) [a+ (N - 1)b] [winET @, (A E ET) E
T ET @, (E ET AT) ET] . (55)

The following identity for any vector V in R is useful here:

@,(VET)Ez(N—l)V, (56)
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which holds because the network topology is fully connected.
Using this identity, we can rewrite the two last terms of (55) as

ET @, (AEET) E=(WN-DETAE,
ET @, (EETAT) E=(N-1)ETATE (57)
=(IN-1D)ETAE,

since (ET A E) is a scalar. We also have
ET o, (EET) E=(N—-1DETE=WN-DN. (58

Consequently (55) becomes

[)” in out
— 4+ (W™ + w"H(N - 1)
Vo

x[a+(N—l)b]2]ETAE=O. (59)

Either the coefficient between the curly brackets on the left
side is zero, which gives the eigenvalue

A= —vo™ +w™) (N =1 [a+ (N-DbP*  (60)
or the sum of the coefficient of the matrix A are zero

ETAE=> Aj=0. 61)
ij

In the second case, the condition on A to be an eigenmatrix
of IL becomes

A in T
— 2 A=@—b) [a+(N=Db]|w @J(AEE )

Vo

Fuw™ @, (E ET AT) ] . (62)

Multiplying on the right by E, we obtain

A in T
L AE=(a—-b)a+ (N —=Db]|w ¢](AEE ) E

Vo

Fuw (E ET AT) E] : (63)

The following identity is useful for any V in RY (proof by
calculating the coefficients):

@,(EVT)Ez(ETv)E—v. (64)
Applied to V = AE, this relation leads to

@,(EETAT)Ez(ETAE)E—AE. (65)
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Because here (ET A E) = 0, (63) becomes

_iAEZ(a—b) [a+ (N — 1)b]
V0

x [wi”(N “DAE — w™A E] (66)
Hence we have

A
[—— — (a—b) [a+ (N = 1b]
Vo

x [wi"(N— 1)—w°“t]}AE:O. (67)

Once again, either the coefficient between the curly brackets
on the left side is zero, which gives the eigenvalue

M = —vola—b) [a+ (N — 1)b] [wi“(N - w‘“"]
(68)

or the vector A E is zero, i.e., for all i we have Zj Aij=0.
The condition upon A E implies IL(A) = 0, cf. (54), and
hence the eigenvalue is determined

=0, (69)

Replacing the terms a, b by their values in (51) for each of
the eigenvalues Ao (69), A1 (68), A2 (60), gives the expression
(44) for the eigenvalues. The multiplicity of the eigenvalues
follows from the analysis in Appendix B.

B Stability of the fixed-point manifold

The linearized operator LL related to the learning equation
for any fixed-point J* on the manifold is defined by (43). We
investigate here the spectrum of L for the matrices A in My .
Recall that the dimension of My is N(N — 1).

From the definition (43) of L it is clear that any matrix
A for which AE = 0 is an “eigenmatrix” with eigenvalue
zero: A9 = 0. It can be shown that provided w™ # w°" the
converse is also true: any eigenmatrix A corresponding to
the zero eigenvalue satisfies AE = 0 (which determines a
linear subspace Ay of dimension N(N — 2) of My). Note
that this linear subspace Ay is parallel to the manifold of
fixed-points (in the sense that the manifold is contained in
the affine subspace definedby A E = % E). Note also that
@, (EET) is always an eigenmatrix of L with eigenvalue
~ Mz .
)L2 - _= ( n + wout) . (70)

X0

So far the situation is exactly the same as for the homoge-
neous fixed-point.

B.1 Relationship between the spectra of (I[y — J*) and IL

For any eigenvector V of (Il — J*) related to an eigenvalue
y (y # 0because (Ily — J*) is invertible on the manifold),
we can construct a matrix A defined by

A=¢>,(a1VET+a2EVT+a3EET) 71)
with

. —L(ETY)
{ar, a2, a3} = Fw™, w™, ; (72)

_ r_ 1

(N —1) ( “ y)

(with the extra condition y # ‘;—0) that satisfies

L) =2 [V =1 w" — w] 4. (73)
14

Such a matrix A is then an eigenmatrix of L with eigenvalue

L) = -H [(N — 1w — w"“t] . (74)
y

Note that in Appendix A the eigenvalue A; = A;(y) with
y=1+J%.

B.2 Case when (Ily — J*) is diagonalisable

In this case we have a basis of N eigenvectors {Vj,...,
Vn_1, E} corresponding to the eigenvalues {yi,...,
YN-1, 1;_0} of (ly — J*). We can show that the construc-
tion of a family of matrices {Ax} as in the previous section
from a linearly independent family of vectors {V}} is still
linearly independent provided (w™ % w°"). This follows
because the construction involves an injective linear mor-
phism: V = @, (w"V ET + w E VT). Moreover this
family of {A;} together with @ (EET) still forms a line-
arly independent family provided (w'™ + w°%) % 0.

Note that in general (i.e., when (N — 1) win — yout # 0),
the eigenvalues o (yx) of L defined in the previous section
are non-zero, which ensures the linear independence between
these N matrices {Ag, @ (EET)} (k=1,...,N—1)and
any basis of Ay with N(N — 2) elements. We thus obtain a
basis of My formed by N(N — 1) eigenmatrices of LL. Con-
sequently I is diagonalisable and the signs of its non-zero
eigenvalues are given by the signs of — [(N — 1) w™ — w*"]
and — (w'™ + w°") (recall that y > 0 and vy > 0).

Note that the signs do not depend on the fixed-point con-
sidered, and are constant over the whole manifold when we
use hard bounds to keep (IIy — J*) invertible at all times
(the manifold is then a compact connected subset of a linear
subspace of M y). This means y‘l is bounded, and the zero
eigenvalues are separated from the non-zero eigenvalues,
provided the already stated conditions on the parameters
hold: namely [(N — 1) wi™ — w®] # 0, (w™ + w°) # 0
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and w'™ # w', We say the fixed-points are “quasi-stable”
when the non-zero eigenvalues are strictly negative.

B.3 Extension to the whole manifold

Because of the separation of the eigenvalues stated in
Sect. B.2, there is no zero eigenvalue except for those along
the direction of the manifold itself. Then, the “quasi-stable”
property (i.e., along the orthogonal direction of the mani-
fold) of any fixed-point would apply also in its surrounding.
Because the eigenvalues of the linear operator related to them
vary continuously along the manifold, we can use the fact
that the diagonalisable matrices are dense in the manifold,
in order to extent their dynamical properties to the whole
manifold.

Consequently, the whole manifold acts like an attractor
with respect to the rest of the space My if the following
conditions on the parameters are satisfied
(N = Dw™ — w™ > 0,

. (75)
w™ +w™ > 0.
Along the manifold, due to the zero eigenvalues, there is
no deterministic constraint (see discussion in Sect. 5 on the
stochastic origin of the variance).

C Calculation of Jay ()

The equations describing the evolution of Jyy () are straight-
forwardly derived from (31)

vav(t) = vo [1 = (N — DIy (D], (76)
QU (1) = Wvgvay (1) [1 = (N = Doy (D],
d v (w™ + wout) vé w
—Ju(t) = 5 -
de L= (N —=DJpw(®)  [1 = (N —1)Jy(t)]
This can be rewritten as
_ d ) = r s 77
N-Da T x0T 20 77

where x (1) = [1 = (N — DJay ()], 7 = vo (w™ + w™) and
s = vé W. Hence by rearranging

— (N = 1)dt = F(x)dx,

) (78)
e s s
Fm_[:‘r—z*m} '
Integrating from {t = 0, x(0) = xo} to {r, x} gives
t:—L{Hm—£+E—£mM+ﬂ. (79)
N -1 2r r2 r3
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Consequently the leading exponential term is given by
X(t) ~ e~ (N=Dri1/s? ’ (80)

which gives the time constant (46): 77 = 52 J(N—1) r3. The
deviations from this exponential behavior, as illustrated in
Fig. 3, are due to the polynomial terms in (79) and are larger
when the initial mean is further from the fixed-point J;,.
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