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Numerical Simulation of Neural Activity Using a Stochastic Delay Integro-
differential Equation
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Abstract. Neural field equations (NFE) are used to model the synaptic interactions between neurons in a contin-
uous neural network, called a neural field. This kind of integrodifferential equations proved to be a useful tool
for the spatiotemporal modeling of the neuronal activity from a macroscopic point of view, allowing the study of
a wide variety of neurobiological phenomena, such as the processing of sensory stimuli. The aim of the present
talk is to study the effects of additive noise in two-dimensional neural fields, while taking into account finite signal
transmission speed. A Galerkin-type method to approximate such models is presented, which applies the Fast
Fourier Transformation to optimise the computational effort required to solve this type of equations. Numerical
simulations obtained by this algorithm are presented and discussed.

Keywords: Neural field, stochastic differential equation, space-dependent delay, Galerkin method, Euler-Maruyama
method.

1 Introduction

Neural field models represent the large-scale dynamics of spatially structured networks of neurons in terms of
nonlinear integro-differential equations. One of the main applications of these models is related with the interpre-
tation of experimental data, including those obtained from EEG, fMRI and optical imaging [[1]. These equations
also play an important role in Cognitive Robotics, since the architecture of autonomous robots, able to interact with
other agents in solving a mutual task, is strongly inspired by the processing principles and the neuronal circuitry
in the primate brain (see [2]).

These models first appeared in the works of Wilson and Cowan [3]] and then were developed by Amari [4].
The neural field equation can be written as

0% (0 =1(x.0) =V )+ [ K(Ix=yl2) SV (r.0)] . M

where V' (x, ) is the unknown function and denotes the electric potential at point x and moment ¢; I is an external
stimulus; S is the firing rate function (represents the firing capacity of the neuron as a function of its potential).
K is the connectivity function (strength of the connection between points x and y). In the present form of the
equation, the connectivity strength is assumed to depend only on the distance between x and y. The constant « is
related with the decay rate.

Since in (I) we assume that electric signals in the brain propagate with infinite speed, it is not always a
realistic biological model. Depending on the neuron type, the axonal conduction speed can widely vary between
1ms~! to 100 ms~1, originating significant time delays in different brain structures [5].

In order to take into account the delay resulting from finite propagation speed, in the integral term of equation
we replace V(y,t) by V(y,t — d), where d(x,y) represents the time spent time spent by a stimulus to travel
from point y to x. This delay is assumed to be proportional to the distance ||y — x|| and inversely proportional to
the transmission speed v. Hence if v is sufficiently high, d can be neglected, and we return to the original model.

Delay can induce qualititative changes in the behaviour of solutions of the NFE. As remarked by the authors
of [l6], ’in case of oscillatory bifurcations, the variance of the distributed propagation and feedback delays affects
the frequency of periodic solutions’ .

Even in in the case of infinite transmission speed, integro-differential equations in several spacial dimensions
are quite a challenge for numerical simulation, because the standard approaches, based on collocation methods and
quadrature rules, require a very high computational effort.
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In the case of delay the difficulty increases significantly because the existence of the delay creates difficulties
to the use of the discrete Fourier transform (as it will be discussed below).

Several approaches have been applied to obtain numerical solutions of the NFE, both in the case of finite and
infinite transmission speed (see for example [7]] and [8] ). As it happens in other problems arising from Biology,
taking noise into account is essential to obtain realistic models of neural activity. With this purpose, various
stochastic versions of equation (I)) have been introduced and many authors have analysed noise-induced changes
in the behaviour of solutions of the NFE.

In [9]], the authors analyse the spatiotemporal dynamics of a general integrodifferential equation, subject to
additive random fluctuations, and they conclude that the global fluctuations shift the Turing bifurcation threshold.

The joint effect of noise and delay was considered in [10]], where the authors consider a spatially extended
neural field model involving distributed delays and observe a stochastic bifurcation induced by the additive noise.

In this paper, we follow a stochastic approach introduced by Kuehn and Riedler in [11], where the following
stochastic neural Field Equation (SNFE) with additive noise is introduced:

adV (x,t) = (I (x,t) =V (x,t) + /QK(”X— yHg)S[V (y,t)} d2y> dt + edW (x,1). 2)

We consider an extension of equation (2)) with a delay in the kernel, which may be written as
adV (x,t) =[I (x,t) =V (x,t) + A(x,t)]dt + edW (x,1), (3)

where A denotes the integral operator:

Alx.t) = / K([x-yll) SV (.t — d(x,y))] d. )

If d # 0, A is not a convolution and it is not possible to apply directly the Fourier transform to (). With the
purpose of overcoming this difficulty we use a technique first proposed by the authors of [7] in the deterministic
case, which has been adapted in [[12] to the stochastic equation (3). Details about this technique can be found in
the cited papers.

A Julia code which implements this numerical algorithm, created by the first author of the present paper,
has been described in [13]. This algorithm has been applied in [12] and [14] to simulate neural processes which
envolve delay and noise.

In the present work we use it to investigate the interaction between external input and noise in such processes.
In Sec. 2 we briefly describe the numerical algorithm. In Sec. 3 we present and discuss numerical results, and we
finish with conclusions in Sec. 4.

2 Numerical Algorithm
2.1 Expanding the Solution as a Series

Using the theoretical framework of [11]], we aim to extend to the stochastic scenario the spectral numerical
method developed in [7]] for the deterministic case.

According to the Karhunen-Loeve formula, a stochastic process can be represented as an infinite linear com-
bination of orthonormal functions. Thereby, we can write the solution, V, in the form:

V)= > > bmn(t) dmn (%), (5)

m=—0o0 N=—0o0

where ¢,,,,, (x) denotes the basis functions, which form an orthonormal set (the choice ob basis functions will be
detailed in the nest subsection).
Taking the inner product, in the usual sense, of both sides of (3)) by the basis functions ¢,,., (x), we obtain

aldV (x,1) , pmn (X)) = [(1 (%,1) , Pimn (X)) — (V (X, 1), P (X))
(A (X, ), Gmn (X))] dt + €{dW (x,t) , Pan (X)),

while the stochastic term dW (x, t) can be written as:

oo

aw (Xv t) = Z Z Gmn (X) Amn dﬂmn(t)a (6)

m—=—00 N=—00
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with the correlation function given by:
1 _ 2
E{W (x,t) W (y,t)} = min(t, S)i exp (—7T”X4§QYQ) , (7

where the parameter £ models the spatial length correlation. According to [11], assuming that the condition
£ << L holds true, the form of the eigenvalues \,,,, of the covariance operator ) in (3), can be explicitly derived

2 (2 2
Amn = €Xp <_£(m87r+n)> . 3

Substituting (8) into (6) and taking into account the orthonormality condition of the basis functions, the
evolution of ¥y, (t) are described as:

adOmn (t) = (I (X,1) , drmn (X)) — Omn (8) + (A (X,1) , Gimn (X)) dE + €A, dBpan (£). )

2.2 Basis functions

Let us adopt the same choice of the basis functions as in the works [7,[11]], where they use the trigonometric
functions, which can be expressed in this form:

¢mn,(x) = eix-kmn7 (10)

with ¢ being the imaginary unit and k,,,, = 2T”(m, n), m,n € Z is the discrete wave vector which is implied by

the periodic boundary conditions. So, with these trigonometric basis functions we can obtain ¥,,,, (t) by applying
Fourier Transforms to each inner product present in (9).

The functions of our problem (3) are all real, more precisely, V, I, K, S : R* — R, k = 1,2, so their Fourier
spectrum exhibits a Hermite symmetry, i.e. if f is a real function, f : R — R and F its Fourier Transform, then
F(—k) = F*(k), meaning that Re(F (k)) is even and Im(F (k)) is odd.

Having in mind (I0) the series (5) is expanded as

\% (X, t) = Z::—oo Z;.LO:_OO {)mn (t)eix'km"

- - 1D

= Zm:—oo Zn:—oo ﬁmn(t) CoS ((ma: + ny)%) + Z Sin ((mx + ny)%r) ?

now, making use of the Hermite symmetry property, 9y,,, = 0,,,, We can rewrite @ as follows:
V(x,t) =30 050 Cmn(t) cos ((mx + ny)%’r) + dppn(t) sin ((mx + ny)%ﬂ) , (12)

with ¢ () = 2Re [0 (8)] and dypyp, () = 2Im [0y, (2)].

2.3 Fourier coefficients of A

Now, we direct our attention to the inner product (A (X,t) , ¢mn(x)). As already said, the integral operator
A can be written as two convolutions, one in space and other in time. Let us rewrite A as

1 Tmawx
Ax,t) = 75 /0 (Kae(7) # SV(t = 7)) () di. (13)

with the symbol x denoting a convolution, which is defined by (f * g) (z) = [~ f(z)g(z — y) dy. At this point,
we can recall the identity RF(f * g) = RF(f) - RF(g), where RF is the Real Fourier Transform operator. So,
applying this identity to (T3), we can write the Fourier coefficients of the integral operator A as:

G (t) = % /0 e RF (Kasuy (v,7) ) - RF(SV (y,t = 7) ) dr. (14)

Finally, inserting into (9) and denoting i, = (1(x,t), Pmn (x)), (9) can be rewritten as

ad@mn(t) = [imn(t) - @mn (t) + dmn (t)] dt + 6)\mn dﬂmn(t)v (15)

With Oy (), T () and @,y (t) being the Fourier coefficients of V' (x,t), I(x,t) and A(x,t), respectively.
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2.4 Space and time discretization

After reducing the problem to the system of equations (I5), we use a discretization method, which truncates
the series (5) with sufficiently large integers M and N, in order to approximate our solution V' (x,t) with a finite
sum,

M N
Van (5,8) = D> D (t) dmn (%) (16)
m=0n=0
The next step is to discretize the space and time domains. For that purpose let us consider the physical domain

Q=[-%; L)% d=1,2. We can discretize { with a constant step Ax = -, where M and N being the number

2772
of nodes in each direction, respectively. For the sake of simplicity M = N. Then, the discrete domain, Qa, is

written as

L L L
X = [a:o =-3 % =——+4Ax, ..., Tp = 5—(M—1)Aa:]
L

2
L L

withm = 0, ..., M — 1. Now, considering the continuous interval [0, T'| and introducing the constant step At = 71,

133
we can define the mesh by setting ¢; € [tg =0, t; = At, ..., T = nAt].
Once the discretization is introduced, system (T3] can be integrated in time using the Euler-Maruyama method
(for details see [12]).

3 Numerical Simulations

In [12]] and [14] a number of numerical experiments have been carried out, both to test the performance of
the numerical algorithm described above and to investigate certain physical phenomena with practical interest. In
particular, a neural field was investigated where the behaviour of the solution may switch from the convergence to
a stable stationary state to a periodic solution. In other words, bifurcation points are observed, which are related
with various parameters of the system, namely, the transmission speed, the amplitude of the external input and the
level noise.

In this section, we recall the results of these simulations and add some new experiments, which lead us to
interesting conclusions on the solution behaviour.

We begin by describing the problem. Let us consider equation (3)) with the connectivity kernel defined by

20 14 X||2
K0 = gyt exp (- l) - oo (512, (13)

the firing rate function given by the Heaviside step function,

S(V) = H(V = Vin), (19)
and the constant external input of the form
p
I(x) = Ipexp (—”3g2> , (20)

coupled with the initial condition V' (x,%9) = 0, tg € [—Timaz,0]. In all scenarios presented below the problem
was solved on the spatial domain 2 of length L = 20 = Q = [—10,10] x [—10, 10]; we used a mesh with
N = 2% = 256 nodes in each direction, meaning Ax = 0.078125 and the time step size At = 0.05. The
considered threshold is Vi, = 0.005. We begin by analysing the case € = 0 (no noise).

3.1 Deterministic scenario

It has been demonstrated in [15] that the solutions to these fields are bounded, i.e. they either oscillate
or tend to a stationary state. In this case we pay attention to the maximum and minimum of the solution over
time, maxy (t) = maxxeq V (X, t) and miny () = mingkcq V (%, t), respectively. Analysing how maxy (¢) and
miny (¢) evolve over time, allows us to find whether or not the solution has oscillatory neuronal activity.

When considering the case of finite transmission speed, the time spent to reach the stationary state (7p)
increases as v decreases. When v attains a certain critical value, the solution oscillates during all the time interval.
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Figure 1. Plots of maxy (¢) and miny (¢), in the deterministic case, for different values of the axonal speed.

In the case Iy = 2.5, for example, this critical value is between v = 2 and v = 3, which indicates that there is a
bifurcation point in this interval. This behaviour of the solution is illustrated by fig. [T}

If we change the external input amplitude Iy, the location of this bifurcation also changes. In table (T) we
show how the value of T changes with v and I. In the cases where no figures are given this means that the
solution oscillates during the whole time interval. It is interesting to observe that the bifurcation occurs at low
axonal sppeds for high (I > 2) or low amplitudes (Iy < 0.05) of the external input; for moderate amplitudes, it
occurs at higher speeds.

Table 1. Dependence of T on the finite axonal velocity v and external input strength /.

Velocity To

Ip=005 Ip=03 Ip=05 I,=08 Io=1 Ip=15 I,=2 I,=25 I,=3

00 2.9 1.7 1.6 1.6 1.7 2.7 2.2 0.8 0.4
10 5.7 6.4 7.1 8.2 8.7 6.6 5.9 5 4.3
5 12.4 28.2 — — — — — 14.7 12.4
4 17.1 — — — — — — 24.3 18.2
3 27.1 — — — — — — 79.3 33.2
2 — — — — — — — — 51.1

Stochastic scenario

When solving the stochastic equation, we compute n, = 100 independent paths in order to evaluate the mean
sample solution:

Vmean(xa t) = i Z ‘/;(Xa t)a (21)

n
P os=1

The noise levels considered are e = 0.0005, 0.001.
When considering the stochastic neural field equation, the values of T change in comparison with the deter-
ministic case, for the same values of Uy and v, which leads to a different type of bifurcations. In order to analyse
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noise-induced bifurcations, we fix Iy = 32% and change the values of v and e. The results are displayed in Table

Pl showing that as the level of noise increases the bifurcation occurs athigher values of the propagation speed.

Table 2. Dependence of T on the finite axonal velocity v and level of noise €

Ty

Velocity e=0 €=20.0006 €=0.001

10 8 7.4 7.2
9 8.8 7.8 7.4
8 9.2 8.6 8.2
7 12.8 9.6 12
6 14.4 19.5 17.8
5 19.8 60.8 —
4 28 — —
3 57.8 — —
2 _ — _

Moreover, at low transmission speed, such as v < 4, V,,.qn Oscillates without reaching any stationary state
within the observation period, while in the deterministic case, the delayed solutions obtained with v = 3,4,5
reach the stationary state after a certain time. Hence, the numerical experiments suggest that the bifurcation point
considering e = 0.0005 is between v = 5 and v = 4, whereas for ¢ = 0.001 is between v = 6 and v = 5.

We therefore conclude that the random disturbances play an important role in the oscillatory behaviour of the
solution.

4 Conlusions

In this paper we have described a numerical algorithm to approximate a stochastic version of the delayed
neural field equation and discussed some numerical results provided by this algorithm.

In first place, the numerical simulations have shown the effectiveness of the algorithm. In spite of the fine
meshes used and the large number of time steps, all the computations were carried out in a personal computer with
a reasonable computational cost. Even in the stochastic case, when 100 paths of the solution have to be computed,
the computations took no more than a few minutes. No doubt the use of the Fast Fourier Transform was a key
factor to achieve this result.

In second place, we remark that the program language Julia has proved to be a very adequate tool for the
implementation of this type of algorithms. As mentioned above, the code used to carry out these numerical exper-
iments is available through the Julia library and its description of published in [13]].

Concerning the numerical simulations discussed in Sec.3, the change of the transmission velocity was used
to induce a Hopf-bifurcation in the solutions.

As a first experiment we have studied the behaviour of the solution in the deterministic case, when changing
v and the amplitude of the external signal Ij. In this case, we have observed that for a large range of values of I,
bifurcation points occur when changing v and the velocity at which these bifurcations occur depends on Ij.

Then we have considered the stochastic case. In this case, for a fixed value of I, we have changed v and the
level of noise e. Again we observe that bifurcations arise at different levels of noise. As e increases, the bifurcations
arise at higher values of the propagation speed.

With the purpose of applying the FFT, we have used a technique (which is described in [7] and [12]) that
splits the integration domain into sub-domains and then performs a convolution in each sub-domain. When the
external input and the connectivity kernel have spherical symmetry (which is the case considered in the present
paper), it makes sense to consider rings as such sub-domains, as done in our algorithm. In order to solve problems
with different kinds of external inputs or connectivity , we will have to consider other types of sub-domains (for
example, strips, if the external input depends only on one of the coordinates). Moreover, the shape of these sub-
domains may have to change with time if the external input changes . Such situations were not considered so far,
and will be the subject of future work. Finally we also plan to improve the convergence order of the algorithm.
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This may be achieved if the Euler-Maruyama method is replaced by higher order methods for stochastic differential
equations.
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