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Abstract Point neuron models with a Heaviside firing rate function can be ill-posed.
That is, the initial-condition-to-solution map might become discontinuous in finite
time. If a Lipschitz continuous but steep firing rate function is employed, then stan-
dard ODE theory implies that such models are well-posed and can thus, approxi-
mately, be solved with finite precision arithmetic. We investigate whether the solu-
tion of this well-posed model converges to a solution of the ill-posed limit problem
as the steepness parameter of the firing rate function tends to infinity. Our argument
employs the Arzela—Ascoli theorem and also yields the existence of a solution of the
limit problem. However, we only obtain convergence of a subsequence of the regu-
larized solutions. This is consistent with the fact that models with a Heaviside firing
rate function can have several solutions, as we show. Our analysis assumes that the
vector-valued limit function v, provided by the Arzela—Ascoli theorem, is threshold
simple: That is, the set containing the times when one or more of the component
functions of v equal the threshold value for firing, has zero Lebesgue measure. If this
assumption does not hold, we argue that the regularized solutions may not converge

to a solution of the limit problem with a Heaviside firing function.
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1 Introduction

In this paper we analyze some mathematical properties of the following classical
point neuron model:

N
(1) = —u;(t) + Y _ i jSp[u;(t) —ug| +qi(t), te€(0,T], 0
j=1

u; (0) = Uinit,i
fori=1,2,..., N, where

ui(t)yeR, tel0,T],i=1,2,...,N,

git)eR, te(0,T],i=1,2,...,N,

Uinit; €R, i=1,2,...,N,

uyg €R,

wijeR, i,j=12,...,N,

eRy, i=12,...,N,

B=1,2,...,00,

Sglx] is an approximation of the Heaviside function H[x],

Seolx] = H[x].

Here, u; (¢) represents the unknown electrical potential of the ith unit in a network of
N units. The nonlinear function Sg is called the firing rate function, B is the steepness
parameter of Sg, ug is the threshold value for firing, {w;;} are the connectivities, {z;}
are membrane time constants and {g; ()} model the external drive/external sources,
see, e.g., [1-3] for further details. The system of ODEs (1) is also referred to as a
voltage-based model or Hopfield model (due to Hopfield [4]).

By employing electrophysiological properties one can argue that it is appropri-
ate to use a steep sigmoid firing rate function Sg. But due to mathematical conve-
nience the Heaviside function is also often employed, see, e.g., [5-8]. Unfortunately,
when B8 = oo the initial-condition-to-solution map for (1) can become discontinu-
ous in finite time [9]. Such models are thus virtually impossible to solve with finite
precision arithmetic [10, 11]. Also, in the steep but Lipschitz continuous firing rate
regime, the error amplification can be extreme, even though a minor perturbation
of the initial condition does not change which neurons that fire. It is important to
note that this ill-posed nature of the model is a fundamentally different mathemati-
cal property from the possible existence of unstable equilibria, which typically also
occur if a firing rate function with moderate steepness is used. See [9] for further
details.

The solution of (1) depends on the steepness parameter 8. That is,

uit)y=ug;t), i=12,...,N,
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and the purpose of this paper is to analyze the limit process f — oo. This inves-
tigation is motivated by the fact that the stable numerical solution of an ill-posed
problem is very difficult, if not to say impossible, see, e.g., [10, 11]. Consequently,
such models must be regularized to obtain a sequence of well-posed equations which,
at least in principle, can be approximately solved by a computer. Also, steep firing
rate functions, or even the Heaviside function, are often used in simulations. It is thus
important to explore the limit process 8 — oo rigorously.

In Sects. 3 and 4 we use the Arzela—Ascoli theorem [12—-14] to analyze the prop-
erties of the sequence {ug}, where
T

ug(t) = (ug (1), up2(t), ..., ug N (1)) ()

More specifically, we prove that this sequence has at least one subsequence which
converges uniformly to a limit

V(1) = (010, v2(0), ..., oy (D),

and that this limit satisfies the integral/Volterra version of (1) with Sg = S, provided
that the following set has zero Lebesgue measure:

{s€l0,T]113i €{1,2,..., N} such that v; (s) = ug}.

It is thus sufficient that this set is finite or countable; see, e.g., [13]. Furthermore,
in Sect. 7 we argue that, if v does not satisfy this threshold property, then this function
will not necessarily solve the limit problem.

According to the Picard-Lindelof theorem [15-17], (1) has a unique solution, pro-
vided that 8 < oo, and that the assumptions presented in the next section hold. In
Sect. 5 we show that this uniqueness feature is not necessarily inherited by the limit
problem obtained by employing a Heaviside firing rate function. It actually turns out
that a different subsequence of {ug} can converge to different solutions of (1) with
Sg = So. This is explained in Sect. 6, which also contains a result addressing the
convergence of the entire sequence {ug}.

The limit process 8 — 00, using different techniques, is studied in [18, 19] for the
stationary solutions of neural field equations. It has also been observed [20] for the
Wilson—Cowan model that this transition is a subtle matter: Using a steep sigmoid
firing rate function instead of the Heaviside mapping can lead to significant changes
in a Hopf bifurcation point. ‘the limiting value of the Hopf depends on the choice of
the firing rate function’.

If one uses a Heaviside firing rate function in (1) the right-hand-sides of these
ODEs become discontinuous. A rather general theory for such equations has been
developed [21]. In this theory the system of ODEs is replaced by a differential inclu-
sion, in which the right-hand side of the ODE system is substituted by a set-valued
function. The construction of this set-valued operator can be accomplished by invok-
ing Filippov regularization/convexification. But this methodology serves a different
purpose than the smoothing processes considered in this paper. More specifically, it
makes it possible to prove that generalized solutions (Filippov solutions) to the prob-
lem exist but do not provide a family of well-posed equations suitable for numerical
solution.
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Smoothening techniques for discontinuous vector fields, which are similar to the
regularization method considered in this paper, have been proposed and analyzed for
rather general phase spaces [22-24]. Nevertheless, these studies consider qualitative
properties of large classes of problems, whereas we focus on a quantitative analysis
of a very special system of ODE:s.

For the sake of easy notation, we will sometimes write (1) in the form

Tu'(t) = —u(t) + @Sg[u(t) —wg] +q@t), 1€(,T],

3)
u(0) = Wjpt,
where
ut) =ug(t) eRY, 1€l0,T], see (2),
a0 = (@10, q2(0),....an )" €RY, 1€(0,T],
g = (ug, up, ..., up)T eRY, 4)
Winit = (Uinit, 1> Winit.2, - - - » Winit,.N) | € RY,
®=[w; j]e RNV,
T =diag(t;, 1, ..., TN) € RVXN ig diagonal,
Spixl = (Splxil, ..., Sglen])’,  x=(x1,...,xn)" € RV, )

Note that we, for the sake of simplicity, use the same threshold value uy for all the
units in the network; see (4).

2 Assumptions
Throughout this text we use the standard notation
N
IXlloo = max |xil, x=(xi.....xx) €RV.
1<i<N

Concerning the sequence {Sg} of finite steepness firing rate functions, we make
the following assumption.

Assumption A We assume that

(a) Sg, B €N, is Lipschitz continuous,
() 0<Ss) <1, xeR, peN,
(c) for every pair of positive numbers (€, §) there exists Q € N such that

|Sg(x)| <€ forx <—8and B> Q, (6)
|1 —Sg(x)| <€ forx>8andB > Q. @)
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There are many continuous sigmoidal functions which approximate the Heaviside
step function and satisfy Assumption A. For example,

1
S(x)= 5(1 + tanh(x)), ®)
Splx]= S(Bx). ©)

More generally, if Sg is nondecreasing (for every 8 € N), a) and b) hold and {Sg}
converges pointwise to the Heaviside function, then Assumption A holds. Also, if
Assumption A is satisfied and limg_, o0 Sg(0) = Soo(0) = H(0), then {Sg} converges
pointwise to the Heaviside function.

We will consider a slightly more general version of the model than (3). More
specifically, we allow the source term to depend on the steepness parameter, q = qg,
but in such a way that the following assumption holds.

Assumption B We assume that qg(¢), t € [0, T'], 8 € NU{ooc} is continuous and that

sup  [lap(0)] <B<oo, BeR, (10)
BeN,r€[0,T]

lim qg(t) =qo(t), t€[0,T],
B—o00

t t
lim / q,g(s)ds=/ Qoo(s)ds, tel0,T]. (11)
B—o0 Jo 0

Allowing the external drive to depend on the steepness parameter makes it easier
to construct illuminating examples. However, we note that our theory will also hold
for the simpler case when q does not change as 8 increases.

In this paper we will assume that Assumptions A and B are satisfied.

3 Uniformly Bounded and Equicontinuous

In order to apply the Arzela—Ascoli theorem we must show that {ug} constitutes a
family of uniformly bounded and equicontinuous functions. (For the sake of simple
notation, we will write u; and ¢;, instead of ug ; and g ;, for the component functions
of ug and qg, respectively.) Multiplying

N
u;(s) + rf]ui(S) = f,-*l Zwi,jSﬁ [tj(s) —ug] + r,-*lql- (s)
j=1
with e*/% yields that
N
[ui(s)e"'/f"]/ AL tl._l Za)i,jSﬁ [uj(s) - Mg] + ¢/ tl._lqi (5)
j=1
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and by integrating

t
ui (t)e'’m :u,-(O)—}-/ S/T’t IZa),jSﬁ u](s)—ug]ds—i—/ S/T"ti_lq,-(s)ds.

0 =1

Hence, since Sg[x] € [0, 1] and we assume that 7; >0 fori=1,2,..., N,

s ()] < [ (o>|+2|w,j|f el dse |q,(s)}/ oz gy

j=1

N
= |ui(0)‘ + (Z w; | + sup |Qz(S)‘) t/f[ _ 1)

=

<|u; ()] + (le,ﬂ +B> (e —1), te(0,T],

where the last inequality follows from (10). This implies that

N
|us (@) o < lwiniclloo +mgx<z |w,-,,-|) +B, t€[0,T]. (12)

j=1

=B
Since the right-hand side of (12) is independent of 8 and ¢ we conclude that the
sequence {ug} is uniformly bounded.
Next, from the model (3), the triangle inequality, the assumption that Sg[x] € [0, 1]
and assumption (10) we find that

N
|rup@) < §+miax(z |w,»,,-|> +B, te€(0,T),
j=1

where B is defined in (12). Since 7 is a diagonal matrix with positive entries on the
diagonal, this yields that

N
1 ~
|lup ) < e [B +mlax<z |w,,.,'|> + Bi| =K, 1e(0,Tl

j=1

Here the constant K is independent of both g and ¢t € (0, T].

Leti e{l1,2,..., N} and B € N be arbitrary. Then, for any time instances t{, 1, €
[0, T], with ¢; < tp, the mean value theorem implies that there exists t* € (71, t) such
that

wi(ty) — ui(t)) = u} (t*) (2 — 1),
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and hence

|ui(22) — i ()| = |uj (t%)|| (2 — 1) | < K| (22 — 11)].

This inequality holds for any i € {1, 2, ..., N}, B € N. It therefore follows that

lug(2) —ug@)|, < K|tz —1)|. #©1.2€[0,T]and B €N,
from which we conclude that {ug} is a set of equicontinuous functions

The Arzela—Ascoli theorem now asserts that there is a uniformly convergent sub-
sequence {ug, }:

v= lim ug,. (13)
k— 00
According to standard ODE theory, ug, is continuous for each k € N. Hence the
uniform convergence implies that v is also continuous.

3.1 Threshold Terminology

As we will see in subsequent sections it depends on v’s threshold properties whether
we can prove that v actually solves the limit problem with a Heaviside firing rate
function. The following concepts turn out to be useful.

For a vector-valued function z = (z1, 22, ..., zN)T [0, T]1 — RY we define

m(s;z) = min ]zj(s)—ug , s5€l0,T]. (14)
je{l,2,....,N}

Definition (Threshold simple) A measurable vector-valued functionz : [0, T] — RY
is threshold simple if the Lebesgue measure of the set
Z(z):{se[O, T] |m(s;z)=0} (15)

is zero, i.e. |Z(z)| = 0.

Definition (Extra threshold simple) A measurable vector-valued function z : [0,
T1— RY is extra threshold simple if there exist open intervals

I =(a,a41), 1=12,...,L,
such that

a; =0, ar+1 =T,

L
m(s;z) %0 Vs EUI;.

=1

In words, z is extra threshold simple if there is a finite number of threshold cross-
ings on the time interval [0, T'].
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4 The Limit of the Subsequence
4.1 Preparations

We will prove that the limit v in (13) solves the integral form of (3) with Soo =
H, the Heaviside function, provided that v is threshold simple. The inhomogeneous
nonlinear Volterra equation associated with (3) reads

t
Tug (1) — Tl = —/ ug, (s)ds
0
'
+ A [ONH [Uﬁk (s) — llg] ds

t
+/ qp.(s)ds, t€[0,T], (16)
0

where

t t t t T
/()u,g,((s)ds:(/0 uﬁk,l(s)ds,/(; uﬁk’z(s)ds,...,/(; uﬂk,N(s)ds) ,

etc.; see also (2) and (5). Note that we consider the equations satisfied by the sub-
sequence {ug, }, see (13). We will analyze the convergence of the entire sequence in
Sect. 6.

The uniform convergence of {ug, } to v implies that the left-hand-side and the first
integral on the right-hand side of (16) converge to Tv(f) — Tujyj; and — fé v(s)ds,
respectively, as k — 0o. Also, due to assumption (11), the third integral on the right-
hand side does not require any extra attention. We will thus focus on the second
integral on the right-hand side of (16).

Fort € [0, T] and 8 > 0, define the sets

p&;1)={s €[0,1] | m(s; v) > 5}, (17)
r(8;1) =10,¢]\ p(8; 1),

where m(s; v) is defined in (14) and v is the limit in (13). Since v is continuous
it follows that m(s; v), s € [0, T'], is continuous. Hence, the sets p(3;¢) and r(§; t)
are Lebesgue measurable. We note that, provided that § > 0 is small, the set r(§; ¢)
contains the times where at least one of the components of v is close to the threshold
value uy for firing. The following lemma turns out to be crucial for our analysis of
the second integral on the right-hand side of (16).

Lemma 4.1 [f the limit function v in (13) is threshold simple, then

lim |r(8; )| =0, t€[0,T], (18)
§—0t
where |r(8; t)| denotes the Lebesgue measure of the set r(8; t).
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Proof Since v is the uniform limit of a sequence of continuous functions, v is con-
tinuous and hence measurable. If v is threshold simple, then

|Z(v)| =0, (19)

see (15).
Let ¢ € [0, T'] be arbitrary. Assume that

lim |r(8; )| #0,

§—>0t
or that this limit does not exist. Then 3€ > 0 such that there is a sequence {§,} satis-
fying

0<éy41 <6, VneN,
lim 6§, =0,

n—oo
[r(da;1)| >¢€ VneNl.
By construction,
r(81;t) Dr(82;t) D---Dr(8y;t)D...,

and |r(81;1)| < T < oo. Hence,

o0

(7 Gu:it)

n=1

= lim |r(8n; t)| >€>0,
n—oo

see, e.g., [13] (page 62). Since the sequence {|r(8,; t)|} is nonincreasing and bounded
below, lim,_, o |7 (8,; )] exists.
Next,

o
semr(cS,,;t) = m(s;v)<é, Vn = m(s;v)=0 = se€Z(v),

n=1
ie.
o0
()7 Gn:t) CZ(W).
n=1
Hence,
o0
1ZW| = | r@un|=E>0,
n=1
which contradicts (19). U
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4.2 Convergence of the Integral

Lemma 4.2 [f the limit v in (13) is threshold simple, then

t

t
lim | wSg [ug (s) —ug]ds = / WSso[V(s) —uglds, 1€[0,T]. (20
0 0

k— 00

Proof Lett € [0, T] and € > 0 be arbitrary and define

N
C= max ny
iE{LZ,...,N}(Z' 1sj|>

j=1

From (18) we know that there exists A > O such that

|r(26;t)|<%, 0<8<A. 1)

Choose a § which satisfies 0 < § < A. By part (c) of Assumption A, for this § and

€
=—) 22
“Tarc @2)
there exists Q € N such that (6) and (7) hold.
Recall that 81, B2, - .., Bk, - . . are the values for the steepness parameter associated

with the convergent subsequence {ug, } in (13). By the uniform convergence of {ug, }
to v, there is a K € N so that

Bk > 0, (23)
sup [ug () —v(s)| <8, k>K. (24)
5€[0,T]
From the definition of the set p(238; ), see (17) and (14),

m(s;v)= min |vj(s) —ug|>28>8, s€p2si1), (25)
je{l,2,...,N} ~

and from (24) and the triangle inequality it follows that

je{l’rr%i{lﬂN}‘ulgksj(s) —ug|>8, sep@28;t)andk > K. (26)

From (24)—(26) we find that
(vj(s) —ug) . (u,gk,j(s) — ug) >0, sep@st),je{l,2,...,N},k>K.
Also, because of the properties of the Heaviside function,

L, vj(s) —up =34,
0 wvj(s)—ug <-4,

Soo(vj(S)—ue)={
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je{l,2,..., N}. Consequently, due to (23) and part (c) of Assumption A, see (6)
and (7), we find that

|Spi[up.j(s) —ug] = Soc[vj(s) —ue]| <e,
seps;t),je{l,2,...,N},k>K.

Hence,

” [ ot lun )~ we] = s [ves) — ]} s

<

[e¢]

/ @{Sp, [up (s) —ug] — Sc[V(s) —up]} ds
p(28:1)Ur(28:1)

e ¢]

/ w{Sg, [up (s) —ug] — Sc[V(s) —up]} ds
p(28;1)

e9]

+

/ w{Sg, [up (s) —ug] — Sc[V(s) —ug]} ds
r(28:1)

<elpesin|_ (leul)

ee]

+|resnl (D ”|>

_ N
€

<_— 7 -

—2TC ie{l,rge,l.)f,zv}(z |w”]|)

j=1

*tac 2C ze{l X (Z |w,,|)

<€

for all kK > K, where the second last inequality follows from (22), the fact that
|[p(28;t)| < T for t € [0,T] and (21). Since € > 0 and ¢ € [0, T] were arbitrary,
we conclude that (20) must hold. (I

4.3 Limit Problem

By employing the uniform convergence (13), the convergence of the integral (20) and
assumption (11), we conclude from (16) that the limit function v satisfies

t t
TV(l)—Tllinn=—/ V(S)ds+/ Soo[V(s) —ug]ds
0 0
t
+/ qo(s)ds, te€l0,T], 27
0
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provided that v is threshold simple. Recall that v is continuous. Consequently, if v
is extra threshold simple, then it follows from the fundamental theorem of calculus
that v also satisfies the ODEs, except at time instances when one or more of the
component functions equal the threshold value for firing:

V(1) = —v(t) + @S [V() —wg] + qoo(t), 1€ (0, T]\ Z(v),

v(0) = ujpj,

(28)

where Z(v) is defined in (15).
The existence of a solution matter for point neuron models with a Heaviside firing
rate function is summarized in the following theorem.

Theorem 4.3 [f the limit v in (13) is threshold simple, then v solves (27). In the case
that v is extra threshold simple v also satisfies (28).

In [25] the existence issue for neural field equations with a Heaviside activation
function is studied but the analysis is different because a continuum model is con-
sidered. We would also like to mention that Theorem 4.3 cannot be regarded as a
simple consequence of Carathéodory’s existence theorem [21, 26, 27] because the
right-hand-side of (28) is discontinuous with respect to v.

5 Uniqueness

If B < o0, then standard ODE theory [15—17] implies that (3) has a unique solution.
Unfortunately, as will be demonstrated below, this desirable property is not necessar-
ily inherited by the infinite steepness limit problem.

We will first explain why the uniqueness question is a subtle issue for point neuron
models with a Heaviside firing rate function. Thereafter, additional requirements are
introduced which ensure the uniqueness of an extra threshold simple solution.

5.1 Example: Several Solutions

Let us study the problem

V(1) = —v(t) + wSo[v(t) —ug], t€(0,T],
v(0) = uo,

(29)

where we assume that
w>ug > 0.
Note that the ODE in (29) is not required to hold for = 0. Consider the functions
Vi) =w+ (ug —w)e ' =uge™" + (1 —e_[)w, 30)
V() =uge™". 31
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Since

v1(?) > uge " + (1 — e_')ug =uy, te(0,T],

v2(t) <ug, t€(0,T],

it follows that both v; and v; solves (29).
Furthermore, with

w =2uyg,
1
Soo(0)=§,

we actually obtain a third solution of (29). More specifically, the stationary solution
v3(t) =up, t€[0,T]. (32)

We conclude that models with a Heaviside firing rate function can have several
solutions — such problems can thus become ill-posed. (In [9] we showed that the
initial-condition-to-solution map is not necessarily continuous for such problems and
that the error amplification ratio can become very large in the steep but Lipschitz
continuous firing rate regime.) Note that switching to the integral form (27) will not
resolve the lack of uniqueness issue for the toy example considered in this subsection.

We also remark that

o If we define Soo(0) = 1/2, then neither v; nor vy satisfies the ODE in (29) for
t = 0. (In the case w = 2uy, v3 satisfies the ODE in (29) for r = 0.)

o If we define Soo(0) = 1, then vy, but not vy, satisfies the ODE in (29) also for r = 0.

e If we define S (0) = 0, then vy, but not vy, satisfies the ODE in (29) also for t = 0.

5.2 Enforcing Uniqueness

In order to enforce uniqueness we need to impose further restrictions. It turns out
that it is sufficient to require that the derivative is continuous from the right and that
the ODE:s also must be satisfied whenever one, or more, of the component functions
equals the threshold value for firing

TV (1) = —V(1) + @S [V(1)) —ug] + (), 1 €0, T], a3
v(0) = Wijpit.

Note that the ODEs in (33) also must be satisfied for + = 0, in case one of the com-
ponents of ujy;; equals ug.

Definition 1 (Right smooth) A vector-valued function z : [0, T] — R¥ is right
smooth if z’ is continuous from the right for all 7 € [0, T').

Theorem 5.1 The initial value problem (33) can have at most one solution which is
both extra threshold simple and right smooth.
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Proof Let v and v be two solutions of (33) which are both right smooth and extra
threshold simple:

L
[0, 711=J 1,
=1

L
m(s;v)#0 Vse UI,,

=1

and

L
[0, 711=J1,
=1

m@s:9)#0 Vse| I

=1

where Iy, I, ..., I;, and fl iz, .. f are disjoint open intervals; see (14) and the
definition of extra threshold 51mple in Sect 3.1.
Then there exist disjoint open intervals I 1 12, - such that

i
0, 71=J 1
I=1

m(s;v)#0 and m(s:V)#0 Vse| JI. (34)
=1

Let us focus on one of these intervals, f[ = (a1, aj+1). Define

d=v-—v

and assume that
v(a) = v(ap), (35
which obviously holds for / = 1. Then

td () =—dO) +oy®), 1€la, a1l (36)
d(a;) =0, (37)

where
Y (1) = Seo[ V(1) —u6]| — S [V(1) —ug], 1 €[ar, arq1l.

@ Springer



Journal of Mathematical Neuroscience (2017) 7:6 Page 15 of 23

Note that, due to (34), y(¢) equals a constant vector ¢, with components —1,0 or 1,
except possibly at t = a;, aj+1:

y)=c¢, 1€ a,a). (38)
Furthermore, from (35) we find that
y(a) =0. (39)
Putting + = g; in (36) and invoking (37) and (39) yield
d'(a)) =0,
and from the right continuity of d’ and d, (36), (37) and (38) we find that

0=1d(a)

[r— 1 /
= hm+ zd' (1)

t—>al

= lim [-d() + @y ()]

t—>al

= wC.

Since wy (1) =wc =0, ¢t € (a7,a;+1), and wy (a;) = 0, see (39), we conclude from
(36)—(37) that d satisfies

wd (1) =—d(), t€la,at1),
d(a) =0,

which has the unique solution d(¢) =0, 7 € [a;, a;+1). Both v(¢) and v(¢) are differ-
entiable on [0, T'] and hence continuous. It follows that, by employing the continuity
of vand v at time t = a;41,

V(D) =v(1), te€la,aiyil

Since v(aj+1) = V(a;+1) we can repeat the argument on the next interval
[ai+1, ai4+2]. It follows by induction that v(¢) = v(¢), t € [0, T]. O

We would like to comment the findings presented in the bullet-points at the end
of Sect. 5.1 in view of Theorem 5.1: In order to enforce uniqueness for the solution
of (29) we can require that the ODE in (29) also should be satisfied for ¢t = 0. Nev-
ertheless, this might force us to define S (0) # %, which differs from the standard
definition of the Heaviside function H.

More generally, if one has accomplished to compute an extra threshold sim-
ple and right smooth function v which satisfies (27), one can attempt to redefine
SoolV(t) —ugl, t € {ay,as,...,ar+1}, such that (33) holds and v is the only solution
to this problem. This may imply that Soo[V(#) —ug] cannot be generated by using the
composition H o [v(t) — uy]. Instead one must determine z; x = Soo[v;(ax) — ugl,
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j=12,....,N,k=1,2,..., L 4 1. More precisely, for each k € {1,2,..., L + 1}
one gets a linear system of algebraic equations

N
V] (ar) = —vj(ax) + Zwi,ij,k +Gooilar), i=1,2,...,N,
j=1
which will have a unique solution (21, 22k, ---»2 N,k)T if the connectivity matrix
® = [w; ;] is nonsingular. (In this paragraph, {0 =ay, az, ..., ap4+1 = T} are the time

instances employed in the definition of extra threshold simple; see Sect. 3.1.)

6 Convergence of the Entire Sequence

We have seen that point neuron models with a Heaviside firing rate function can
have several solutions. One therefore might wonder if different subsequences of {ug}
can converge to different solutions of the limit problem. In this section we present
an example which shows that this can happen, even though the involved sigmoid
functions satisfy Assumption A.

6.1 Example: Different Subsequences Can Converge to Different Solutions

Let us again consider the initial value problem (29), which we discussed in Sect. 5.1.
A finite steepness approximation of this problem, using the notation u(t) = ug(t),
reads:

' (t) = —u(t) + wSp[u(t) —ug], 1€(0,T],

(40)
u(0) =ug,
where
Splx]=S$ +(_DB BeN
BLXTI =0 [X 2[3 s s
and Sg is, e.g., either the hyperbolic tangent sigmoid function (8)-(9) or
1, X > %,
Spx) =15 +3Bx, xel—3, 5, (41)
0, X —%.

Note that {S s} converges pointwise, except for x = 0, to the Heaviside function H as
B — oo. In fact, {Sg} satisfies Assumption A.

We consider the case w = 2ug. Therefore (29) has three solutions vy, v and vs3,
see (30), (31) and (32) in Sect. 5.1. Note that

u(t) =ug(t)

has the property
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. u}}(O) > cif B is even,
° u};(O) < —c if B is odd,

where ¢ > 0 is a constant which is independent of 8. It therefore follows that
lim ujzr = vi,
k— 00
lim wuz+) = vy,
k— o0

and no subsequence converges to the third solution v3. Figure 1 shows numerical
solutions of (40) with steepness parameter 8 = 10,000,000, 10,000,001, using the
firing rate fun_ction (41) to define S s. (If one instead employs (8)—(9) in the imple-
mentation of Sg, the plots, which are not included, are virtually unchanged.)

We would like to mention that we have not been able to construct an example of
this kind for Lipschitz continuous firing rate functions which converge pointwise to
the Heaviside function also for x = 0.

6.2 Entire Sequence

We have seen that almost everywhere convergence of the sequence of firing rate func-
tions to the Heaviside limit is not sufficient to guarantee that the entire sequence {ug}
converges to the same solution of the limit problem. Nevertheless, one has the fol-
lowing result.

Theorem 6.1 Let v be the limit function in (13). If the limit of every convergent
subsequence of {ug} is extra threshold simple, right smooth and satisfies (33), then
the entire sequence {ug} converges uniformly to v.

Proof Suppose that the entire sequence {ug} does not converge uniformly to v. Then
there is an € > 0 such that, for every positive integer M, there must exist ug,, ; > M,
satisfying

sup ug (1) = v(D)|, >e. (42)
tel0,T]

Thus, the subsequence {ug,} does not converge uniformly to v, but constitutes a
set of uniformly bounded and equicontinuous functions, see Sect. 3. According to
the Arzela—Ascoli theorem, {ug,} therefore possesses a uniformly convergent subse-
quence {ug, },

lim ug, =V.
n—oo Pin

Due to (42),
VE£V. 43)

On the other hand, both v and v are limits of subsequences of {ug} and are by
assumption extra threshold simple, right smooth, and they satisfy (33). Hence, The-
orem 5.1 implies that v = v, which contradicts (43). We conclude that the entire
sequence {ug} must converge uniformly to v. d
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ug (red ”x”), v; (blue) and vy (green)

1.2 T T £ X
04r g
02r ]

0 L 1 1 1 1 L L 1 1 1
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t
(a) B = 10000000
ug (red 7x”), v; (blue) and v, (green)

1.2 T T T T T \ \

041 x ]

02+ X i

X
0 1 L XXXXXVXXX\ VANV VIV NIV NIV

0 1 2 3 4 5 6 7 8 9 10
t

(b) B = 10000001

Fig. 1 Numerical solutions of (40) computed with Matlab’s ode45 software. In these simulations we
used ug = 0.6 and w = 1.2. The functions vy and v, see (30) and (31), are the solutions of the associated
limit problem (29)
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7 Example: Threshold Advanced Limits

‘We will now show that threshold advanced limits, i.e. limits which are not threshold
simple, may possess some peculiar properties. More precisely, such limits can po-
tentially occur in (13). They do not necessarily satisfy the limit problem obtained by
using a Heaviside firing rate function.

With source terms which do not depend on the steepness parameter 8 we have
not managed to construct an example with a threshold advanced limit v. If we allow
q = qg, this can, however, be accomplished as follows. Let

1 1
Zﬁ(I)ZESﬁI:—E+2li|+M9, ﬂ:l,Z,...,

where we, for the sake of simplicity, work with the firing rate function (41). Then

1 1
z25(0) = =Sp [——] +up =uy,

B B
1

E+u95 I_E’

1, tefo, 1),

/ £) = B
Zﬂ() 0, t>%,
L+ lpr rel0.d),
Splap(®) —uo] =1 | 1>
9 _ﬁ7

and we find that

ug(r) =zp(t)

solves
!
ug(t) —ug = —/ ug(s)ds
0
1
—I—/ wSﬂ[ug(s) —ug]ds
0
t
+fqﬂ®ﬁ,temTL
0
where

qp(t) = z(1) + 25(1) — wSp[2(s) — ug ]

1+ tus -G+ 380, 1€10,9),

= (44)
{%—l—ug—w, t>%.

@ Springer



Page 20 of 23 BF Nielsen

It follows that

l4+ug—w, t=0,
Ug — w, t >0,

QOO(t):{
and since, for any 8 € N,
1 1
las (@] <1t g Flugl+ o] <24 lugl 1ol 17 .
we conclude that

t t
lim / qp(s)ds :/ goo(s)ds, te€]l0,T].
B—o00 0 0

Note that
ug(t) — v(t) =ug, uniformly, as 8 — oo,

but v(¢) = up does not solve the limit problem
t
v(t) —up = —/ v(s)ds
0
t
+/ a)Soo[v(s) — ug]ds
0

t
+/ QOO(S)dSs te[ov T]s
0

because

t

t t
—/ l_)(s)ds—i—/ a)Soo[l_)(s)—ug]ds—i—/ goo(s)ds
0 0 0
= —tuy +ta)% + t(uyp — w)

=——tw

2
#0=v({)—up, te€(,T]
This argument assumes that Soo[0] = 1/2. If one instead defines Soo[0] = 1, then v
would solve the limit problem.
Due to the properties of the firing rate function (41) the source term gg in (44)

becomes discontinuous. This can be avoided by instead using the smooth version
(8)—(9) but then the analysis of this example becomes much more involved.

8 Discussion and Conclusions

If a Heaviside firing rate function is used, the model (1) may not only have several
solutions, but the initial-condition-to-solution map for this problem can become dis-
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continuous [9]. It is thus virtually impossible to develop reliable numerical methods
which employ finite precision arithmetic for such problems. One can try to overcome
this issue by

(a) Attempting to solve the ill-posed equation with symbolic computations.
(b) Regularize the problem.

To the best of our knowledge, present symbolic techniques are not able to handle
strongly nonlinear equations of the kind (1), even when 8 < co. We therefore an-
alyzed the approach b), using the straightforward regularization technique obtained
by replacing the Heaviside firing rate function by a Lipschitz continuous mapping.
This yields an equation which is within the scope of the Picard—Lindel6f theorem and
standard stability estimates for ODEs. That is well-posed and, at least in principle,
approximately solvable by numerical methods.

Our results show that the sequence {ug} of regularized solutions will have at least
one convergent subsequence. The limit, v, of this subsequence will satisfy the inte-
gral/Volterra form (27) of the limit problem, provided that the set Z(v), see (15), has
zero Lebesgue measure. Unfortunately, it seems to be very difficult to impose restric-
tions which would guarantee that v obeys this threshold property, which we refer to
as threshold simple. Also, the example presented in Sect. 7 shows that, if the limit v
is not threshold simple, then this function may not solve the associated equation with
a Heaviside firing rate function.

One could propose to overcome the difficulties arising when g = co by always
working with finite slope firing rate functions. This would potentially yield a rather
robust approach, provided that the entire sequence {ug} converges, because increas-
ing a large B would still guarantee that ug is close to the unique limit v. However,
the fact that different convergent subsequences of {ug} can converge to different so-
lutions of the limit problem, as discussed in Sect. 6, suggests that this approach must
be applied with great care. In addition, the error amplification in the steep firing rate
regime can become extreme [9] and the accurate numerical solution of such models
is thus challenging.

What are the practical consequences of our findings? As long as there does not
exist very reliable biological information about the size of the steepness parameter
B and the shape of the firing rate function Sg, it seems that we have to be content
with simulating with various 8 < co. If one observes that ug approaches a threshold
advanced limit, as B increases, or that the entire sequence does not converge, the
alarm bell should ring. All simulations with large 8 must use error control methods
which guarantee the accuracy of the numerical solution—we must keep in mind that
we are trying to solve an almost ill-posed problem.

In neural field equations one employs a continuous variable, e.g., x € R, instead
of a discrete index i € {1,2,..., N}. The sum in (1) is replaced by an integral; see
[1, 2, 6]. For each time instance ¢ € [0, T'] one therefore does not get a vector ug(t) €
RN, as for the point neural models analyzed in this paper, but a function ug(x,t),
x € R. That is, in neural field equations the object associated with each fixed ¢
[0, T'] belongs to an infinite dimensional space. It is often a subtle task to generalize
concepts and proofs from a finite to an infinite dimensional setting: It is thus an open
problem whether the techniques and results presented in this paper can be adapted to
neural field models.
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