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Mechanisms for Frequency Control in Neuronal Competition Models*

Rodica Curtuf, Asya Shpirof, Nava Rubin?, and John Rinzel$

Abstract. We investigate analytically a firing rate model for a two-population network based on mutual inhibi-
tion and slow negative feedback in the form of spike frequency adaptation. Both neuronal populations
receive external constant input whose strength determines the system’s dynamical state—a steady
state of identical activity levels or periodic oscillations or a winner-take-all state of bistability. We
prove that oscillations appear in the system through supercritical Hopf bifurcations and that they
are antiphase. The period of oscillations depends on the input strength in a nonmonotonic fashion,
and we show that the increasing branch of the period versus input curve corresponds to a release
mechanism and the decreasing branch to an escape mechanism. In the limiting case of infinitely slow
feedback we characterize the conditions for release, escape, and occurrence of the winner-take-all
behavior. Some extensions of the model are also discussed.
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1. Introduction. Competition models have a long tradition in ecology and population
biology (see, e.g., [22]). Typically, the competition involves negative interactions in the battle
for a common resource. Eventually, one of the participant populations emerges as the winner
eliminating the competitors. This framework has appeared in models of neuronal development
where the competition is for synapse formation such as the development of neuromuscular
connections for innervated muscle fibers and for the formation of ocular dominance columns
and topographic maps (as reviewed in [35]). The notion of competition has also been applied
in the modeling of various neuronal computational tasks. Winner-take-all behavior, when one
neural population remains active and the others inactive indefinitely as a result of inhibitory
interactions, has been proposed in models for short term memory and attention [13] or for the
selection and switching in the striatum of the basal ganglia under both normal and pathological
conditions [15, 21].

The winner-take-all steady state may persist for a long time but not indefinitely if some
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mechanism for slow fatigue or adaptation is at work. In this case one population may be
dominant for a while, then another, and so on. Competition between, say, two neuronal
populations, via reciprocal inhibition and slow adaptation underlies models for alternating
rhythmic behavior in central pattern generators (CPGs) [11, 32, 6, 33] and in perceptual
bistability [17, 37, 24]. CPGs consist of neural circuits that drive alternately contracting
muscle groups. Perceptual bistability refers to a class of phenomena in which a deeply am-
biguous stimulus gives rise to two different interpretations that alternate over time, only one
being perceived at any given moment. Slow adaptation may be implemented via a cellular
mechanism (fatigue in the spike generation mechanism) or a negative feedback in the coupling
(depression of the synaptic transmission mechanism). In some neuronal competition models
the alternations may be irregular and caused primarily by noise, with adaptation playing a
secondary role [30, 10, 24].

Both for CPGs and perceptual bistability the issue of oscillations’ frequency or period
detection (and eventually control) seems to be important. For example, a classical example
of perceptual bistability is binocular rivalry whose properties were summarized in the so-
called Levelt’s propositions [19]. In binocular rivalry, a subject views an ambiguous stimulus
in which each eye is presented with a drastically different image. Instead of perceiving a
mixture of the two images, the subject reports (over a large range of stimulus conditions)
an alternation between the two competing percepts; one image is perceived for a while (a
few seconds), then the other, etc. Levelt’s proposition IV (LP-IV) states that increasing
the contrast of the rivaling images increases the frequency of percept switching, or, in other
words, that dominance times of both perceived images decrease with equal increase of stimulus
strength. Since 1968, binocular rivalry has been investigated intensively in other psychophysics
experiments [2, 25, 20, 1, 28, 29, 3], in experiments using fMRI techniques [34, 26, 38, 18],
and also in modeling studies [17, 37, 10, 24].

In a recent modeling paper, Shpiro et al. [31] show that for a class of competition models,
the LP-IV type of dynamics occurs in fact only within a limited range of stimulus strength.
Outside this range four other types of behavior were observed: (i) fusion at a very high level
of activity, (ii) winner-take-all behavior, (iii) a region where dominance times increase with
stimulus strength (as opposed to LP-IV), and then (iv) fusion again for very low levels of
activity (see Figure 3F in section 2). These differences between experimental reports and
theory have important implications, either predicting new possible dynamics in binocular
rivalry or, if future experiments do not confirm them, pointing to the necessity for other types
of models. Meanwhile, it is important to understand the sources or mechanisms that lead to
the nonmonotonic dependence of oscillation period on the stimulus strength for this class of
neuronal competition models. Our paper aims to investigate this issue.

We analyze a firing rate model in which competition between populations is a result of a
combination of reciprocal inhibition and a slow negative feedback process. We prove that, as
the input strength changes, oscillations appear in the system through a Hopf bifurcation and
that they are antiphase. Due to the two time scales involved in the system there is a regime
where periodic solutions take the form of relaxation-oscillators. Their period of oscillations
depends nonmonotonically on the input strength, say, I: in a range of low values for I, the
period increases with I, and we show that the dynamics is due to a release mechanism; on
the other hand, in a range of higher values for I, the period decreases with I, and escape is
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Figure 1. Network architecture of neuronal competition model.
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Figure 2. Graphical representations of generic (A) gain function S; (B) its inverse F; and (C) first
derivative F'.

the underlying mechanism (see section 4; we define release as the case when the switch in
dominance during oscillation occurs due to a significant change in the response to an input
to the dominant population. On the contrary, escape corresponds to the case of a significant
change in the input-output function for the suppressed population). For intermediate values
of I, winner-take-all is possible and we explain how it appears. Then in section 5 we present
some model modifications that allow for reducing, or even excluding, one of the escape and
release regimes, thus leading to a monotonic period versus input curve.

2. The mathematical model. The model we investigate in this paper assumes a network
architecture of two populations of neurons (Figure 1) that respond to two competing stimuli
of equal strength:

UL = —uj + S(I — ﬁUQ — gal),
Uy = —Ug + S(I — ﬂul — gag),

Ta; = —ai + uq,
(2.1) ng = —a9 + ua.
Variables u; (j = 1,2) measure short-time and spatially averaged firing rates of the two

populations that inhibit each other. The system is nonlinear due to the gain function S;
it is the steady input-output function for the population and it has a sigmoid shape as in
Figure 2A. The strength of inhibition is modeled by the positive parameter 3, while I is the
control parameter directly associated to the external stimulus strength (e.g., it grows with
growing stimulus strength such as contrast). Each population is subject to a slow negative
feedback process a; such as spike frequency adaptation of positive strength g. Since variables
a;j evolve in much slower time than u;, the parameter 7 takes large values, 7 > 1 (e.g., the
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time-scale for u; is about 10 msec, while for a; it is about 1000 msec).

Remark 2.1. In general, firing-rate models like (2.1) include in the equation of u; a non-
linear term of the form S(I + au; — Buy, — gaj). The product au; is associated with the
intrapopulation recurrent excitation. It is important to note that for neuronal competition
model (2.1) we have disallowed recurrent excitation (taken o = 0) in order to preclude an
isolated population (8 = 0) from oscillating on its own. This is a restriction imposed by
experimental observations on binocular rivalry and other perceptual bistable phenomena.

The nonlinear gain function S that appears in the differential equations for u; is usually
defined in neuronal models by

1

with positive r and real 6.

Function S is invertible with F' = S~! a €>(0, 1)-function and F'(u) = m
2B-C). Based on this example, we consider the following assumptions for the gain function S.

S: R — (0,1) is a differentiable, monotonically increasing function with S(6) = ug € (0,1)
and lim,_,_ o S(z) = 0, lim, .~ S(x) = 1. Moreover, its first and second derivatives satisfy
the conditions lim; 4o, S'(2) =0, S"(x) > 0 for z < 6, S"(x) <0 for z > 60, and S"(0) =0,
so S’ has a maximum at 6.

As a consequence, S is invertible with FF = S~! : (0,1) — R monotonically increasing
function such that lim, o F(u) = —oo, lim,—1 F(u) = 0o, F(ug) = 0, and lim,_,0 F'(u) =
limy—1 F'(u) = oo, F"(u) < 0 for u € (0,ug), F"(u) > 0 for u € (ug,1), F"(up) = 0.
Obviously, F’ has a minimum value at ug which is F/(ug) = 1/5'(0).

Additionally we assume that F' is a C>°-function on (0, 1), or at least €2 on (0,1) and €
on (0,1) \ {uo}.

The typical graphs of function S and its corresponding F' and F’ are drawn in Figure
2A-C. We used the example (2.2) with parameter values r = 10 and 6 = 0.2; obviously in
this case S(0) = ug = 0.5.

All the experiments that motivated our work report oscillatory phenomena with frequen-
cies tightly connected to the stimulus strengths. Moreover, as Levelt [19] pointed out for
binocular rivalry, those experiments show large ranges for stimulus strength where the corre-
sponding oscillation periods/frequencies behave monotonically. What kind of possible mech-
anism is behind this type of dynamics is the question we will focus on in this paper.

Given the neuronal competition model (2.1), the goal is to examine the effect the parameter
I has on the existence of oscillations and on their period. The system is a simplified version
of an entire class of competition models that, as we found [31], share important dynamical
features.

To illustrate those commonalities we draw in Figure 3A—E the timecourses of activity vari-
ables uy (t) and ug(t) for different values of control parameter I. Then we summarize the result
in the bifurcation diagram of the period T versus I (Figure 3F). Other parameter values are
fixed to f =1.1, g = 0.5, 7 = 100, and S as in (2.2) with r = 10 and 0 = 0.2 (here up = 1/2).
The system (2.1) exhibits five possible types of behavior: for large values of I (region I in
Figure 3F) both populations are active at identically high levels (Figure 3A); the timecourses
of uy(t) and wua(t) tend to a stable steady state larger than ug. As I decreases (region II,

(Figure



FREQUENCY CONTROL IN COMPETITION MODELS 613

A 1=1.86 F H
093
2
=09 NS o T T 220 —
2 osolf XA B=0.75
5 087 ! ] L 1 200
= i i i
0.85 : ' !
0 100 200 300 400 500 i i i 180
time (msec) i 1 1 =]
B 1=1.5 i i i = 160
1= = Pp—— i i i 2
2 o0s i i i g 140
5 06 i ! !
Z 04 | - 1 i i i 120
=] - P : H :
g 02 ; | i i i
S N ’ i i i 100
0 100 200 300 400 500 i i i
time (msec) i i i 80
C I=1 i i i
o Ve T o _ _ _ ] 0 L= : : 60
Zosf 0 02040608 1 1214 16 18 2 0 02 04 06 08 1 12 14 16 18
= 06 input I input I
£ 04
5 02 G 1
0
0 100 20 300 - 400 500 12
time (msec B=1.1 , | =075 N
D 1=0.5 1 . W geent
. ., o
ENCEREN N B o T\ ,,!r/ 038 . B
3 [IEN " . B R
o6l S~ R 08 o T s o
2 04 06 D P 0.6 N 7
g 02 5 S s 5 . P g
) - 4 L Y o 04 J e s
0 100 200 300 400 500 § . . . 7 N
time (msec) ° o 0.2 Piie
E o3 1=0.08 o ' /:.. T
3 025 0 N
Z 02 -02
£ 0{-)1]5 0 02040608 1 1214 16 18 2 0 02 04 06 08 1 12 14 16 18
P I input I input I
2 0.05 e
0
0 100 200 300 400 500

time (msec)

Figure 3. Bifurcation diagrams and examples of activity timecourses for neuronal competition model (2.1)
with parameter values g = 0.5, 7 = 100, r = 10, 0 = 0.2, and § = 1.1 (A-G), respectively, 8 = 0.75 (H-I).
Timecourses of u1, uz corresponding to panel F for different values of I: (A) I =1.86, (B) I =15, (C) I =1,
(D) I =0.5, and (E) I = 0.08. Bifurcation diagrams of period T of the network oscillation versus input strength
I (F and H). Bifurcation diagram of population activity ui versus I (G and I).

Figure 3F) the system starts oscillating with u(¢) and ug(t) alternatively on and off (Fig-
ure 3B); in this region the period of oscillation decreases with increasing input strength. At
intermediate values of I a winner-take-all kind of behavior is observed (region III, Figure 3F);
depending on the choice of initial conditions, one of the two populations is active indefinitely,
while the other one remains inactive (Figure 3C). Decreasing I even more (region IV, Fig-
ure 3F) the neuronal model becomes oscillatory again (Figure 3D) with u; and ug competing
for the active state; however, for this range of parameter the oscillation period 7' increases
with input value /—an opposite behavior to that observed in region II. Last, for small values
of stimulus strength (region V, Figure 3F) both populations remain inactive at identically low
level firing rates (Figure 3E); the timecourses of u;(t) and ua(t) tend to a stable steady state
less than uyg.

To further characterize system (2.1)’s dynamics as the input value I is varied, we also
construct the local bifurcation diagram of amplitude response u; to I (Figure 3G). For the
parameter ranges I and V the trajectories are attracted to a stable fixed point satisfying
the 1 = 1y condition (thick line in Figure 3G). This fixed point becomes unstable (dashed
line) in regions II, III, and IV, where the attractor is replaced by either a stable limit cycle
(regions IT and IV: branched filled-circle curves corresponding to the maximum and minimum
amplitudes during rivalry oscillations) or another stable fixed point with @; # g (region III).
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Due to the symmetry in the equations of (2.1) whenever (a1, @2, @1, as) is an equilibrium point,
(Ug, 1, az,a1) is as well. The local bifurcation diagram suggests the existence of some Hopf
and pitchfork bifurcations in the model that we will further investigate in section 3.

There is another common feature of many neuronal competition models based on reciprocal
inhibition architecture with slow negative feedback in the form of spike frequency adaptation
and/or synaptic depression [31]: the absence of the winner-take-all behavior when inhibition
strength [ is sufficiently small. As we illustrate in Figure 3H-I for 5 = 0.75 (all other
parameters are the same as above), the winner-take-all regime at intermediate I disappears.
However, the dependency of period T' on stimulus strength remains nonmonotonic.

An intriguing question is: What are the neuronal mechanisms underlying the two distinct
dynamics—one of increasing period with increase of stimulus strength (for smaller values of
input), and one of decreasing period (for larger values)? This issue is discussed in section 4
and then extended in section 5.

Our general goal is to understand and possibly to analytically characterize the numerical
results obtained for this specific competition model (2.1). Consequently, as already pointed
out, this step will help us understand the typical behavior of an entire class of neuronal
competition models.

3. Oscillatory antiphase solutions and local analysis. In this section we use methods
from local bifurcation theory [14, 16] to prove the existence of periodic solutions (u1 (%), u2(t),
ai(t),az(t)) for the two-population network (2.1). We also show that the main variables u;
and ug oscillate in antiphase, therefore competing for the ON /active state.

The bifurcation diagrams obtained numerically in section 2 suggest the existence of an
equilibrium point satisfying w1 = ue no matter the value of parameter I. Let us now investigate
system (2.1) theoretically.

All equilibria satisfy the conditions u; = S(I — fug — gay), ug = S(I — fuy —gaz), a; = uq,
and ay = ugy that are equivalent (due to the invertibility of S) to F(ui) = I — fug — gaq,
F(ug) = I — puy — gag, and a; = uy, ag = uz. Looking for a particular type of equilibrium
point, that is, for points with u; = ug, we obtain the equation I = H(u) with H defined by
(3.1) H:(0,1) >R, H(u) % Fu)+ 8+ g)u
Since F' is monotonically increasing on (0, 1) with vertical asymptotes lim, o F'(u) = —oo and
lim, 1 F(u) = oo, (3.1) has a unique solution u; € (0,1) for any real value of the parameter
I. Moreover, from the identity I = F(ur) + (8 + g)ur we compute
duI . 1
dl — B+g+ F'(ur)’
so a decrease in I leads to a decrease in u; with lim;_,ou; =1 and lim;_,_ ., u; = 0.

The neuronal competition model (2.1) always possesses an equilibrium of the type (ur, ur,
ur,uy). Its stability properties are then defined by the linearized system dY/dt = AY,Y =

(3.2)

(u1 — ug, ug —uy, ag —uy, ag —uy)*, where ()T stays for the transpose, and matrix
-1 —B/F'(ur) —g/F'(ur) 0
A | 8/F () -1 0 —g/F'(ur)
1/ 0 -1/ 0

0 1/7 0 -1/7
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This form of the matrix relies on the equality S’/(I —Bus —gai) = S'(F(u1)) = S'(S7 (u1)) =
1/(S7Y (u1) = 1/F'(uy), which is true at the equilibrium point.
The characteristic equation of A takes the form

o () o] = [t (0 )] -0

As a difference of squares it can be decomposed into two quadratic equations: the first is
PUNEDY (1 + % + ﬂf) =+ % (1 + g8 ) = 0, so two eigenvalues of the matrix A, say, A\; and

Ao, have negativg r(eué part no mal‘[c?tgr”%he value of parameter I. The other eigenvalues A3 and
A4 satisfy the second quadratic equation A\? + A (1 + % — F,ﬁ”)) + % (1 + %) = 0, and
their real part can change sign when [ is varied.

For |I] sufficiently large, us is close to either zero or one, keeping F'/(uy) larger than both
B/(1+ 1) and B — g (see Figure 2C); the corresponding equilibrium point (uy,ur, ur,uy) is
asymptotically stable.

There are two ways this equilibrium point can lose stability: either through a pair of
purely imaginary eigenvalues A3 4 = fiw at F'(ur) = 6/(1 + %) or through a zero eigenvalue
A3 =0, \y < 0at F'(uy) = 8 —g. Which of these two cases occurs first depends on the
relationship between /(1 + %) and 8 —g: if B/(1 + %) >3 —g,ie., B/g <T+1, then the
eigenvalues A3, A4 change the sign of their real part from negative to positive by crossing the
imaginary axis (A3 4 = %iw); if /g > 7+ 1, then the case A3 = 0, Ay < 0 is encountered first.

At this point we remind the reader of our assumption of a large time constant value 7.
(The competition between the populations in the network comes from the combination of
two important ingredients: reciprocal inhibition and the addition of a slow negative feedback

process.) Therefore, it makes sense to situate ourselves in the case of 3/g < 7, which implies

(3.3) B <g(t+1).

Inequality (3.3) can be interpreted as a feature of the neuronal competition model to be rather
(adaptation) feedback-dominated than (inhibitory) coupling-dominated.

We will assume in the following that parameters g and 7 are fixed and that 3 is chosen
such that (3.3) is true.

Another observation is that the graph of F'/ has a well-like shape with positive minimum
at 1/57(0) as in Figure 2C. Consequently the straight horizontal line y = 8/(1+ 1) intersects
it twice (if B/(1+1) > 1/5'(0)), once (for the equality), or not at all (if 3/(1+1) < 1/S'(6)).
As observed in numerical simulations, in order for the system to oscillate, a sufficiently large
inhibition strength has to be considered. Mathematically that reduces to

1+1/7
S'(0)

(3.4) B>

Thus we are able to characterize the stability of the equilibrium (ur,ur,ur, ur).

Theorem 3.1. The dynamical system (2.1) has a unique equilibrium point with uqy = ug,
say, er = (ur,ur,ur,ur), for any real I. The value uy increases monotonically with I and
belongs to the interval (0,1).

Let us assume that the adaptation-dominance condition (3.3) is true.
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(i) If p < LT then ey is asymptotically stable for all I € R.

57(0)
(ii) If B > %, then there exist exactly two values uy,, uyy € (0,1) such that uy, < ug <
upy and
(35) F(uiy) = F'(uif) = T2
1+ =

The equilibrium point er is asymptotically stable for all I € (—oo, I};,) U (I}, 00) and unstable
for I € (I}, I};), where I}y, = H(uy,), Iy = H(ujy) defined by (3.1). At I}, and I} the
stability is lost through a pair of purely imaginary eigenvalues.

Proof. (i) Since 8 — g < 8/(1+2) <1/5'(f) = min(F"’), all eigenvalues of the linearized
system about e; have negative real part.

(ii) The conclusion is based on the properties of F’/, which decreases on interval (0,ug)
and increases on (ug, 1) with F/(up) = min(F"). The sum A3+ A4 changes sign from negative
to positive when [ increases through I, and then back from positive to negative when passing
through I};. For I € (I}, I;}) at least one real part of A3 and A4 is positive, so ey is unstable.
At I = I}, and I = I} we have A\34 = +iw. For all other values of I we have A3 + Ay <0,
A3A4 > 0; so ey is asymptotically stable. |

Since the equilibrium point e; becomes unstable through a pair of purely imaginary eigen-
values as I crosses the values I, and I}, we expect to find there two Hopf bifurcation points.
Indeed, in section 3.1 we prove the existence of a supercritical Hopf bifurcation at both I},
and I;; and, as a consequence, the existence of stable oscillatory solutions for system (2.1).

3.1. Normal form for the Hopf bifurcation. In the following we assume that both in-
equalities (3.3) and (3.4) are true; that is, we take the coupling in (2.1) to be sufficiently
strong but still adaptation-dominated.

Let us use the notation I* for any of the critical values I}, and I;; and similarly the
notation u* for v* € {uj,,u;;}. Then the linearization matrix A at u* becomes

-1 —(1+1) —-501+1) 0
-(1+12) ~1 0 ~4(1+1)
-AO = % 0 _% 0 )

0 1 0 _1

and it has eigenvalues A; 2 with Re(A12) < 0 and A3 4 = *iw,

1 [g(t+1)
. ===
(3.6) W= 3

The system (2.1) has an equilibrium e; for any I € R; we translate e; to the origin with
the change of variables v; = u; —ur, b; = aj —us (j = 1,2) and obtain a system topologically
equivalent to (2.1),

01 = —v1 + S(F(uy) — fvg — gby) — uy,
Uy = —vg + S(F(uy) — fv1 — gba) — uy,
by = —by + vy,
(37) 7'62 = —by + v9.
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Near u*, u* # ug, we expand the nonlinear terms in (3.7) with respect to u; and obtain for
vy (and similarly for ve) an equation of the form

(38) i1 = —v — 8'(F(ur)) - (Boa +gbi) + 58" (F(ur)) - (Bea + gby)?

1
— 6s’”(F(uI)) - (Bvz + gb1)® + h.o.t.
Here h.o.t. means the higher order terms. The parameter value I* is a possible Hopf bifur-
cation, so we consider small perturbations about it and about the solution w*. That is, we
take

(3.9) I-I"=¢%,  V(t)=eVp(t)+eVi(t) +Valt) + -,

where « is the bifurcation parameter and V = (vq,v9, b1, b2)T.

The expansions of the coefficients S (F(uz)), k = 1,2,3,..., with respect to ¢ take the
form S'(F(ur)) = (1+1)/8 + ade? + O(e?), S”(F(ur)) = B + 0(¢?), and S"(F(uy)) =
D + O(g?), where A, B, and D are defined by

Fll(u*) - F/I(u*) D_ 3F//(u*)2 _ F’(U*) . Flll(u*)
F’(u*)z(ﬁ—l—g—i—F’(u*))’ - F/(u*)3’ - F’(u*)5
(see Appendix A for more details). Let us introduce the following notation: for two vectors

U = (v1,v2,b1,b0)" and W = (wq, w2, c1,co)" we define first the quantities Ui = Pvj + gb,
W;ij = Pw; + gci, and then, using the scalars from (3.10), we define the operators

(3.10) A=—

d
LOU = dfl—t] —AOU AU = _aA (’U127/U21a0 0)

B D
B(Ua W) = 5(1}121012’ U21W21, 07 O)T’ G(Ua Uv U) 6 (UIQaU217O O)

Then based on (3.8), (3.9), and (3.10), we write system (3.7) as
LoVp = €[B(Vo, Vo) — LoVA] + €%[€(Vo, Vo, Vo) + 2B(Vo, Vi) + AVp — LoVa] + O(e%) .

The construction of the normal form relies on an algorithm that we describe in Appendix A
(see also [4, 5] for a similar approach) and that involves tedious calculations; we present here
only the main result.

Theorem 3.2. Let us assume that conditions (3.3) and (3.4) are true (sufficiently strong
coupling and adaptation-dominated system), and take I* € {I},, I} }, v* € {uy,,up;} as in
Theorem 3.1. Then the system (2.1) has in the neighborhood of I* the normal form

(3.11) 5= Ap(I —I*) 2 — L2z,

where z is a complex variable and

2, 2 lpl? B+g 2 2/ 12 2(8+9) 2
L=4r W|2 w< —i—ﬂum-) +2TW|¢‘¢<1+(g+1)(1+i)B D)
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with o =5 +i$8, =2 -3 41 (5 %) —diw(r +1), and A, B, D as in (3.10).

In order to show that I}, and I;; are supercritical Hopf bifurcation points, we need to
check that the coefficient of 22% has negative real part, i.e., that Re(£) > 0.

As we prove in the appendix, for our range of parameters 3, g, and 7, the first term in £
has indeed positive real part (see (A.3)); on the other hand, the real part of the second term
(see (A.4)) is larger than

2 2 2 p2gmg w [ F (W) E" (u")
Br°w?|p|*B°F (u)(F”(u*)Q_2>

Remark 3.1. The inverse of function S defined by (2.2) satisfies the condition
(3.12) F'(u*)F" (u*) > 2F " (u*)2.

Moreover, the inequality (3.12) is true not only for u* but for all u € (0,1).

We use this observation to state our next result.

Theorem 3.3. Let us assume the same hypotheses as in Theorem 3.2. Given at u* €
{upy,urp} the property (3.12) for the gain function S, the input value I* is a supercritical
Hopf bifurcation point for system (2.1). The stable limit cycle occurs on the left side of I}}
(that is, for sufficiently close I < I};) and on the right side of I}, (I > I} ).

Proof. The Hopf bifurcation is supercritical since Re(L) > 0 in the normal form; the
nondegeneracy condition is Re(Ap) = AB/2 # 0.

The sign of A is opposite to the sign of F”(u*), so A > 0 for uj, and A < 0 for uy}.
Consequently the sign of Re(A@(I — I*)) that shows the direction of limit cycle bifurcation is
positive for I > I, and I < I};. [ |

Remark 3.2. It is possible to obtain supercritical Hopf bifurcation points for other types of
gain-function than (3.12), as long as Re(L) has positive value. When (3.12) is not valid, the
sign of Re(L) will be computed directly from the definition formula of L.

3.2. Antiphase oscillations. The stable limit cycle that exists in the neighborhood of
the bifurcation points I}, (for I > I},) and I} (for I < I}}) is a periodic solution L;(t) =
(uy(t),ua(t),ar(t),az(t)) of period, say, T. Due to the symmetry of the system (2.1) with
respect to the group I' = {14, v} where 14 is the unitary 4-by-4 matrix and

2
Il
oo~ o
oo o
— o oo
o~ oo

Lo(t) = vL1(t) = (ua(t),u1(t),az(t),ai(t)) is also a periodic solution for (2.1). Lo results
automatically from solution L1 by relabeling the two network’s populations. Moreover, it
belongs to the same neighborhood of the equilibrium point as L; does.

Since the limit cycle born through the Hopf bifurcation is unique, the corresponding phase
space trajectories of L1 and Ly coincide. Therefore, there exists a phase shift ag € [0,7") such
that Lo(t) = Li(t + ap). This implies ua(t) = wi(t + ap) and wui(t) = ua(t + ap), ie.,
ui(t) = ui(t 4+ 2ap) for all real ¢ [12]. The phase shift o needs to satisfy ag = kT/2 with k
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an integer, so k is either k = 0 or K = 1. If £k = 0, the two populations in the network will
oscillate in synchrony. If £ = 1, we have ua(t) = u1(t + 7/2) and as(t) = a1 (t + T/2), which
means an antiphase oscillation.

Let us assume for the moment that k¥ = 0. Then U(t) = (u1(t),u1(t),a1(t),ai(t)) is a
periodic solution of (2.1), and, as a consequence, (uj(t),ai(t)) is a periodic solution of the
two-dimensional system

U =—up + S — Pur —gar), Ta1 = —a1 + u.

This contradicts Bendixon’s criterion: the expression

0+ S~ fur — gan)) + o (~ 24 ) = 1581~ B — gan) —
U Oay T T T
is always negative, so our initial assumption should be false.

Excluding the first case, the limit cycle has to be an antiphase solution of (2.1): the two
populations compete indeed for the active state (see, for example, Figure 3B or 3D).

We state our conclusion in the following theorem.

Theorem 3.4. Let us assume that conditions (3.3) and (3.4) are true and the coefficient
L in the normal form (3.11) has positive real part. Then the stable limit cycle obtained at
the supercritical Hopf bifurcation (as I crosses either I}, or Iy ) corresponds to an antiphase
oscillation: the limit cycle of period T satisfies ua(t) = ui(t +T/2) and as(t) = a1(t +T/2)
for any real t.

3.3. Muiltiple equilibria for large enough inhibition. Our local analysis shows how stable
oscillations occur in system (2.1)—through a Hopf bifurcation. The uniform equilibrium point
er has four eigenvalues, A\; and Ay with negative real part independent of I (Re(A12) < 0), and
A3 and A4 that can cross the imaginary axis. Besides Hopf, another type of local bifurcation
appears in (2.1) when one of the eigenvalues A3, \s takes zero value, that is, when F'/(u;) =
0 — g. Because of the system’s symmetry we expect it to be a pitchfork bifurcation.

Numerical simulations of system (2.1) reveal indeed the existence of additional equilibrium
points. However, they exist for stronger (Figure 3G, § = 1.1) but not for weaker inhibition
(Figure 3I, 8 = 0.75). We explain analytically how that happens.

Theorem 3.5. (i) If B — g < 1/5'(0), then the dynamical system (2.1) has a unique equi-
librium point for all real I and this is e; = (uy,ur,ur,uy).

(ii) For strong inhibition,

(3.13) B—g>1/5'9),
there are exactly two values, say, u;f,u;} € (0,1), such that u;f <ug < u;;‘c and
(3.14) F/(u;f) = F'(u;’}) =06-g.

At Iy = H(uyp) and 1)} = H(uyt) defined by (3.1), the equilibrium point e; has a zero
etgenvalue.

Proof. The condition that characterizes the equilibrium points of (2.1) is equivalent to
G(u1) = G(ug) = I — (u1 +uz), where we define G by G(u) = F(u)+ (g9 —5)u, u € (0,1). We
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have lim, 0 G(u) = —o0, limy_,1 G(u) = oo, and G'(u) = F'(u)+g— 068> F'(ug) +g— 03 =
1/S'(0) + g — 8. Obviously, based on hypothesis (i), we have G'(u) > 0. Therefore, G is a
monotonically increasing function; so it is injective, and the conclusion follows immediately.
Statement (ii) results from the shape of F''. |

By constructing the normal form of the system around the bifurcation point I*, or I;;ﬁ,
we prove the existence of a subcritical pitchfork bifurcation. Therefore, in the neighborhood
of I, or I} the system (2.1) has multiple (three) equilibria. However, since the pitchfork
is subcritical, the two newly born equilibrium points are unstable. In the four-dimensional
eigenspace they actually possess two unstable modes (see Remark 3.4).

In some cases these nonuniform equilibria (having u; # ug) might change their stability
for I between I;f and I;;Z. Depending on the initial condition a trajectory will be attracted
either to the fixed point with u; > wuo or to that with u; < ug, so one population is dominant
and the other is suppressed forever. We call this type of dynamics in (2.1) winner-take-all
behavior. The issue of the existence of the winner-take-all regime will be discussed separately
in section 4.2. In this section we focus only on the mechanism that introduces additional
equilibrium points to system (2.1).

Theorem 3.6. Let us assume B/(1+ 1) > 8 —g > 1/S'(0) and take I° € {1y L35},

u® € {upp uptt as in (3.14), I° = F(u®) + (B + g)u°. Then the system (2.1) has in the

neighborhood of 1° the normal form
. (I = I°)F"(u°) (ﬂ_g)g 1 0N, O 3 o2, 39 3
(3.15) Z_2ﬁ[g(7’+1)—ﬁ]Z+6[g(7+1)—ﬁ] <F (u’)F (u)—iF (u®) —i-w)z.

Moreover, if the gain function S satisfies (3.12) at u® € {u;f,u;;}}, then I° is a subcritical
pitchfork bifurcation point for the system (2.1). Two additional unstable equilibrium points
occur on the left side of I'7 (I < I%) and on the right side of ', (I > 1;).

Proof. The construction of the normal form is sketched in Appendix B. Since (3.12)
is true, the coefficient of 2> in the normal form is positive and the pitchfork is subcritical.
Additional equilibrium points appear for (I —I°)F"(u®) < 0 with F'"(u°) negative at uy . and
positive at u;} [ |

Remark 3.3. In case of adaptation-dominated systems (when condition (3.3) or, equiva-
lently, B/(1+ %) > (3 — g is true) we conclude the following: (1) for weak inhibition (5 — g <
B/(14 1) <1/5(0)), system (2.1) has a unique equilibrium point e; which is asymptotically
stable for all I; (2) for some intermediate value of inhibition (3 —g < 1/5'(0) < B/(1+ 1)),
the system still has a unique equilibrium point for all I but this becomes unstable in the inter-
val (I}, I;y). However in order to obtain this case we need to properly adjust the maximum
gain to the adaptation parameters (i.e., we need S'(0) > 1/(rg)); (3) for strong inhibition
(1/8'(0) < B—g < B/(1+2)), additional equilibrium points occur in system (2.1) for I > I
and I < I;;Z.

Remark 3.4. In case of strong inhibition and adaptation-dominated system we obtain ujy, <
u;‘)f <uy < u;’} < uypy and

Iy < Lyp < Io < I} < Inp.

(Note that Iy = H(ug) is independent of B.) At each I between I}, and I};, the equilibrium
point er has at least one eigenvalue of positive real part. In fact for I € (I}, I;f) U (I,’:Z,I;;),
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3.5¢

2l Simultaneous
11'57 activity

Figure 4. Dynamical regimes in system (2.1) as inhibition strength B and stimulus strength I vary (other
parameters are fivzed: g = 0.5, 7 = 100, »r = 10, 6 = 0.2). To the left of curve Iny (solid line) the system has a
unique stable equilibrium, and this satisfies u1 = uz (simultaneous activity); in the region between curves Inp
and I, (dashed line) the system oscillates; then to the right of I, the system has a winner-take-all behavior
(two stable and one unstable equilibria). The curve Iy (dotted line) indicates a transition from one equilibrium
to multiple equilibria in (2.1). While the attractor’s type (limit cycle) does not change between I, and L, the
number of equilibria does: we find one unstable equilibrium between Iny, Ipy and three unstable equilibria between
Ing, Iy. The turning points of curves Iy, Ips, and I, are obtained at § = 1S+,1<é; =0.404, 3 = g+1/S’(9) = 0.9,
and Puwta = 1.0387, respectively.

it has exactly two eigenvalues with positive real part and for I € ( ;f, ;}“) it has only one
eigenvalue with positive real part. Due to the multidimensionality of the eigenspace, at ;f
and I;; the equilibrium ey does not actually change its stability (even if an eigenvalue takes
zero value). Instead two new (nonuniform) equilibria are born (e.g., Figure 3G). The two
nonuniform equilibria inherit the number of unstable modes from their “parent”—fixed point,
which means they have exactly two unstable modes.

As we see, condition (3.13) is necessary but not sufficient to obtain a winner-take-all
behavior in system (2.1). In section 4.2, equations (4.11) and (4.10), we will determine the
minimum value of 3 for which winner-take-all exists (i) and the corresponding values I,
I where transition from oscillation to winner-take-all dynamics takes place. We summarize
all these results in Figure 4 by drawing the bifurcation diagram in the parameter plane (I, /3).

4. Release, escape, and winner-take-all mechanisms in neuronal competition models.
As we mentioned in section 1, some common features are observed for a large class of neuronal
competition models based on mutual inhibition and slow negative feedback process. An im-
portant example is the nonmonotonic dependency of the rivalry-oscillation’s period T" on the
stimulus strength I: in a range of small values for I the period increases with input strength;
however, there exists another range for I, at larger values, where the period decreases with
stimulus strength. These two dynamical regimes are usually separated by another one that is
nonoscillatory; it occurs for sufficiently strong inhibition and corresponds to winner-take-all
behavior (see Figures 3F and 3H).

The goal of this section is to characterize the underlying mechanisms of the above dynam-
ical scheme. We aim to understand what causes the two opposite rivalry dynamics: as we will
see, a release kind of mechanism is associated with the increasing branch of the T versus [
curve (region IV in Figure 3F); on the other hand, for the decreasing branch of the I-T' curve
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(region IT in Figure 3F), an escape mechanim is responsible.

The terms release and escape were previously introduced by [36] for inhibition-mediated
rhythmic patterns in thalamic model neurons and then extended and refined by [32] for Morris—
Lecar equations. Most cases include an autocatalytic process either intrinsic by voltage-gated
persistent inward currents or synaptic by intrapopulation recurrent excitation. In neuronal
competition model (2.1) mutual inhibition plays the role of autocatalysis: one population
inhibits the network partner that inhibited it; thus the combination of these two negative
factors has a positive effect on its own activity. Rhythmicity is obtained due to a fast positive
feedback (disinhibition) and a slow negative feedback process. The slow negative feedback
process can be either an intrinsic property of the neuronal populations (e.g., spike frequency
adaptation as in (2.1)) or a property of the inhibitory connections between them (e.g., synaptic
depression). A simplified model similar to (2.1) but with synaptic depression and a Heaviside
step-gain function was analytically investigated in [33]. Numerical results for models with
synaptic depression and smooth sigmoid gain functions were also reported in [33] and [31].

In the context of neuronal competition models we define release and escape mechanisms
as follows: The two populations in the network oscillate in antiphase competing for the active
state; for the dominant population of variable, say, u1, the net input I — Sus — gaj decreases as
the slow negative feedback accumulates; on the contrary, for the suppressed population us the
feedback recovers (decays) so the net input I —fuj — gag increases. However, since the function
S'is highly nonlinear, equal changes in the net input I — Su; — ga;, of both populations can lead
to drastically different changes in the corresponding effective response S(I — fu; — gay). This
transformation has a direct influence on the variation of u; and ws. The switch in dominance
is due either to a significant, more abrupt change (decrease) in the response to an input to the
dominant population, or, on the contrary, to a significant change (increase) in the response
to an input to the suppressed population. In the first case the dominant population loses
control, its activity drops, and it no longer suppresses its competitor, which becomes active.
We call this mechanism release. In the latter case, when the input-output function S of the
suppressed population changes faster, this population regains control, its activity rises, and it
forces its competitor into the inhibited state. We call this mechanism escape.

Intuitively, escape occurs for higher stimulus ranges than release. Therefore, we expect
that an escape (release) mechanism underlies the dynamics in region II (region IV) in Figure 3F
with decreasing (increasing) I-T" curve. For large values of I the gain function for the dominant
population is relatively constant and close to 1 while that for the suppressed population falls
in the interval where it is steeper. For example, let us consider the fast plane (uj,ug) and
assume that u; is ON and wug is OFF; then the dominance switching point is on the shallow
part of the active population nullcline u; = S(I — Sug — ga1) and on the steeper part of the
down population nullcline uy = S(I — fu; — gaa) (see the animation 70584 _01.gif [3.7MB]
in Appendix C). A larger variation in us than in uy is expected, and that corresponds to
the escape mechanism. For small values of I the gain function for the dominant population
is steeper (the steeper part of active population nullcline u; = S(I — fug — ga1)), while the
gain function for the suppressed population is relatively constant and close to 0 (the shallow
part of the down population nullcline uy = S(I — fuy — gas))—see the animation 70584 _02.gif
[3.8MB] in Appendix C. That is what we call release.

For sufficiently large inhibition 3, at intermediate I the effective response to an input to
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both populations might end up being relatively constant: closer to 1 for the active population
and closer to 0 for the down population. The switching does not take place anymore; instead
a winner-take-all dynamics is obtained.

In the following we investigate analytically how the period of oscillations for system (2.1)
depends on the input strength and show that the increasing (decreasing) branch of the I-T'
curve is associated with the release (escape) mechanism. Our analysis is done in two steps:
first, in section 4.1, we consider the limiting case sigmoid function S(x) = Heav(z — ) such
that S(z) =0if x < 6 and S(z) = 1 if x > 0; the function does not obey the hypotheses in
section 2, but it provides a useful example where escape, release, and winner-take-all dynamics
are easily characterized. Then in section 4.2 we return to the case of smooth sigmoid func-
tion and describe the notions defined above in this more general context. We find a precise
mathematical characterization for the minimum value of 8 and then for the corresponding
input values, say, i and I)", where the winner-take-all regime appears. In the absence of a
winner-take-all regime we provide a mathematical definition for the transition between escape
and release.

4.1. A relevant example: The Heaviside step function. The choice of S(z) = Heav(z—0)
allows us to solve completely for the intervals of the stimulus strength I where oscillations
and winner-take-all dynamics exist. For system (2.1) with a Heaviside step function, there are
only four possible equilibrium points: (1,1,1,1), (1,0,1,0), (0,1,0,1), and (0,0,0,0). Here
(1,1,1,1) and (0,0,0,0) correspond respectively to the simultaneously high and low activity
states observed in numerical simulations in regions I and V of Figure 3F. Oscillations can
occur only between the states (u1,u2) = (1,0) and (uq,u2) = (0,1) in which one population is
dominant and the other one is suppressed. Let us now determine the necessary and sufficient
conditions for the oscillations to exist. The idea used in our analysis is similar to that in
[17] and [33].

In the fast plane, the nullclines of uq and us consist in two constant plateaus of zero
and unit value discontinuously connected at a “threshold” point (I — (6 + ga1))/f and
(I — (0 + ga2))/B, respectively (Figure 5A). During oscillation, due to the change in slow
variables a; and as these thresholds move along the vertical and horizontal axes. For example,
assuming u; = 1, ug = 0, the slow equations become 741 = —a; +1 > 0 and 7as = —ag < 0;
thus the ui-nullcline moves down while the us-nullcline moves to the right. If these nullclines
slide enough and the thresholds cross either 0 (for the uj-nullcline) or 1 (for the ug-nullcline),
i.e., either a;; = (I —0)/g or asy = (I — (0 + (3))/g are reached, then the equilibrium point
(u1,u2) = (1,0) disappears and the system will be attracted to (ui,u2) = (0,1). The switch
takes place and the slow equations change to 7a; = —a; < 0, T2 = —az+1 > 0, now pushing
the nullclines in opposite directions. As we explain below, depending on which of the two
Jumping values a1y or asy is reached first, a release or an escape mechanism will underlie the
oscillation.

We note that for an oscillatory solution, u;+ue = 1 always, and so 7(a1+as) = 1— (a1 +as).
Asymptotically, the slow dynamics will occur along the diagonal a1 4+ao = 1 of the unit square
(Figure 5D or 5F). The positions the horizontal line ay = (I — (0 + (3))/g and the vertical line
a1 = (I —0)/g have relative to the unit square is important when the trajectory points to the
lower-right corner; on the other hand, when the trajectory points to the upper-left corner, the
position of vertical line a; = (I — (0 + 3))/g and horizontal line ag = (I — 0)/g will matter.
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Figure 5. System (2.1)’s dynamics for large inhibition strength (/g > 1) and Heaviside step function.
(A) Nullclines in the plane of fast variables (ui,uz); (B-H) System’s dynamics in the slow variables plane
(a1,a2) for: (B) I > 0+8+g; (C) 0+8+9/2<I<0+F+g; (D) 0+8<I<O0+8+g/2; (E)b0+g<1<0+p0;
(F)0+g/2<I<0+g; (G)O<I<O+g/2; (H) <.
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Therefore, in the slow plane (a1, a2) (see Figure 5B-5H) we are interested in the intersection
of the unit square (grey) with the square defined by the possible jumping values (I —(0+/3))/g
(blue) and (I —0)/g (red). If the red line is reached, then the active cell (u; = 1) becomes
suddently inactive (u; = 0), allowing its competitor to go up. That is why we call this case a
release mechanism; otherwise, if the blue line is reached first, then the suppressed cell becomes
suddenly active, forcing its competitor to go down. That is the escape mechanism.

As parameter I decreases, the blue-red square slides down along the first diagonal, starts to
intersect the grey unit square, and then leaves it (Figure 5B—5H). The way those two squares
intersect determines the system’s dynamics, so we need to take into account the relative size
of their sides: 1 and 3/g.

Theorem 4.1 (five modes of behavior for large enough inhibition strength). Let us assume
that 3/g > 1. The following five dynamical regimes exist for the neuronal competition model
(2.1) with S(x) = Heav(x — 0).

(i) If I > 0+ B+ g/2, then the system’s attractor is the simultaneously high activity state
ur = ug = 1.

(ii) If 0+ 8 < I < 0+B+g/2, then the system oscillates between the states (ui,u2) = (1,0)
and (uy,uz) = (0,1) due to an escape mechanism. The period of oscillations decreases with I
and satisfies

_ 9 _
(4.1) Toscape = 27 In (I 675 1) .

(i) If 0+ g < I < O+ 3, then the system is in a winner-take-all regime with fast variables
either (1,0) or (0,1) depending on the initial condition choice.

(iv) If 0 + g/2 < I < 0+ g, then the system oscillates between the states (uy,us) = (1,0)
and (uy,uz) = (0,1) due to a release mechanism. The period of oscillations increases with I
and satisfies

(4.2) Tretense = 27 In <9+;;I - 1) .

(v) If I < 0+ g/2, then the system’s attractor is the simultaneously low activity state
Ul = ug = 0.

Proof. Since /g > 1, there are exactly seven relative positions of the blue-red square to
the unit square that lead to conclusions (i) to (v).

(i) For 1 < (I — (6 + ))/g (Figure 5B) both aj,as are smaller than (I — (6 + 3))/g, so
I—pPu; —gap >1—0—g >0, and we always have u; = ug = 1.

f1/2<(I—-0+p0)/g<1<(I-0)/g (Figure 5C), let us assume u; = 1, ug = 0, and
a1 + a2 = 1 as initial values. The slow variable a; increases while as decreases; in this case
only ao can cross the horizontal blue line, producing the jump of uy from 0 to 1. However,
just after the jump, in the equation of u; we have I — fus —gay =1 — 5 — g(1 — azy) =
2(I—(B+86))—g+06 > 6, which keeps u; at its value 1. Therefore, the point will be attracted
to the corner (aq,a2) = (1,1) and the oscillation dies.

(i) For0O< (I —(0+0))/g<1/2<1<(I—-0)/g (Figure 5D), ay will first cross the blue
line and induce a sudden change in us. Then in the uj-equation we obtain I — Bus — ga; =



626 R. CURTU, A. SHPIRO, N. RUBIN, AND J. RINZEL

I—-03—g(1—agy)=2(I—-(6+80))—g+6 <80, which forces u; to take zero value. The fast
system switches from (1,0) to (0,1) and the slow dynamics changes its direction of movement
along the upper-left-lower-right diagonal of the unit square. The change I — Bu; — gas =
I —gas > I — g > 0 does not affect the new value uy = 1; oscillation exists indeed and its
projection on the slow plane is the segment defined by the intersection of the unit square’s
secondary diagonal with the two blue lines. When I decreases, the length of this segment
increases, so it will take longer to go from one endpoint to the other. We expect the period T’
to increase as I decreases. Indeed, at the jumping point, the slow variable for the suppressed
population takes the value ay := asy = (I — (0 + 3))/g; however, just after the previous jump
it was a; :=1—ay5 =1—(I—(0+03))/g. Therefore, from 7ay = —as we compute the solution
a(t) = a;e™/7, t € (0,T/2). The period T of oscillation is T = 27 In(a;/ay), i.e., exactly (4.1).
Moreover, dT'/dI < 0, so T decreases with I.

(iii) By choosing I such that (I — (0 + 3))/g < 0 < 1 < (I — 0)/g, the unit square
falls completely inside the blue-red square (Figure 5E). Starting at u; = 1, ug = 0 we have
I—fus—gay=1—gay >1—g>0and [ — Buy —gas =1 — 5 — gas < I — (5 < 0; the slow
variables a1 and a9 continue to increase, respectively, decrease, approaching the lower-right
corner of the unit square, and a winner-take-all state is achieved. For u; = 0, us = 1, the
point (a1, az) will be attracted to the upper-left corner.

(iv) Decreasing I even more, we enter the region (I —(6+03))/g <0< 1/2 < (I—-0)/g9 <1
(Figure 5F). Here the threshold is crossed at the red line and (when u; = 1, ug = 0) uy jumps
from 1 to 0. In the wus-equation, the expression I — fu; — gag becomes I — g(1 — ayy) =
2(I —0) — g+ 6 > 0, which leads to us = 1. That is the release mechanism. In the slow plane
(a1, az2) the point changes its direction of movement; the oscillation occurs along the segment
defined by the intersection of the unit square’s secondary diagonal with the two red lines. The
length of this segment decreases as I decreases; it takes less time to go from one endpoint
to the other, so we expect the period T to decrease. Indeed, for the release mechanism,
af:=ayy = (I —0)/g, with value just after the previous jump a; :=1—asy=1— (I —6)/g.
The slow differential equation is now 7a; = 1—ay, that is, a(t) = 1— (1—a;)e "7, t € (0,T/2).
The period T of oscillation satisfies T' = 27 In((1—a;)/(1—ay)), or (4.2). Obviously dT'/dI > 0.

(v) Oscillations cannot exist anymore for (I —(0+03))/g <0 < (I—60)/g < 1/2 (Figure 5G).
Say, again, that we have u; = 1, ug = 0: only a; can reach the threshold (red) line for u; to
become inactive. However, just after the jump, in the us-equation the net input I —fu; —gas =
I—g(1—ayy) =2(I—0)— g+ 0 is still less than 6, and it keeps uz at zero. Both slow
variables start to decrease approaching the corner (ai,az) = (0,0). The oscillation dies, and
the fast system has (0,0) as a single attractor. For even smaller values of input strength,
(I—-(0+0)/g < (I—-6)/g <0 (Figure 5H), it is true that I — fu; — gar, < I < 6 and
Uy = uy = 0. |

Remark 4.1. We note that in the escape regime, T'— 0 as I — 0+ 3+ g/2 and T — oo as
I — 0+ 3. Similarly, in the release regime, T — 0 as [ — 0+ g/2 and T — 00 as I — 0+ g.

Case (iii) in Theorem 4.1 (case (E) in Figure 5) is not possible if the side of the blue-red
square is smaller than the unit. Therefore, the winner-take-all dynamics is eliminated. On
the other hand, the blue-red square can lie completely inside the unit square. Then we need
to distinguish between two cases: the point moving along the secondary diagonal of the unit
square may first reach the blue line (Figure 6A) or the red line (Figure 6B).
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Figure 6. (A) FEscape and (B) release mechanisms for low inhibition strength (B/g < 1) in system (2.1)
with Heaviside step function.

Theorem 4.2 (no winner-take-all regime for low inhibition strength). Let us assume that 3/g
< 1. Then the neuronal competition model (2.1) with S(x) = Heav(x — ) exhibits only four
dynamical regimes.

If I > 0+ B+ g/2, then the system’s attractor is the high activity state u; = uy = 1.
Similarly, if I < 0+ g/2, the system’s attractor is the low activity state u; = ug = 0.

For intermediate values of input strength, the system oscillates between the states (u1,u2)
= (1,0) and (u1,u2) = (0,1). If 0+ (B+9g)/2 < I < 8+ B+ g/2, oscillations occur due
to an escape mechanism; the period T decreases with I and satisfies (4.1). If 0 4+ g/2 < I <
0+ (8 + 9g)/2, then a release mechanism underlies the oscillations and T increases with I
according to (4.2).

Moreover, at ITmae = 60 + (6 + g)/2 the system has mazimum oscillation period

1+6/9>
1-8/g)"

Proof. Let us assume again initial conditions u; = 1, ue = 0, and a1 + ao = 1; therefore,
a; increases and ay decreases. In order to first reach the blue line (Figure 6A), the inequality
1-(I—-(0+08))/g<(I—-0)/g,ie. I> Ippa, must be true. When the blue line is reached,
the down variable ug switches from 0 to 1. If (I — (0 + 3))/g < 1/2, the net input for u;
becomes N, :=I—fus—ga; =1 —B—g(1l—agy) =2(I—F—0)—g+60 < 0, so uy changes to 0
and oscillation occurs due to an escape mechanism. If (I — (604 3))/g > 1/2, then N, > 6 and
up remains 1; the fast system has (1,1) as an attractor. Similar arguments are used for the
release mechanism; the condition for intersection with the red line (Figure 6B) is equivalent
to the inequality 1 — (I —0)/g > (I — (0 + 3))/g, i-e., I < ITpmas. For both (4.1) and (4.2),
T — Thaz as I — 0+ (B +g)/2. Also, Tescape — 0 as I — 6 + 4+ ¢g/2 and Trejeqse — 0 as
I—60+g/2. [

Trar = 271In <

4.2. Global features of the competition model with smooth sigmoid gain function.
Numerical simulations of system (2.1) with smooth gain function S indicate that the limit
cycle born through the Hopf bifurcation as in section 3 takes a relaxation-oscillator form just
beyond the bifurcation (Figure 3B and 3D). That is, because of the two time-scales involved
in the system, variables u; and ug evolve much faster than a; and az (7 > 1). We use this
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observation to describe for (2.1) the relaxation-oscillator solution in the singular limit 1/7 = 0.
In the plane (a1, az2) of slow variables we construct the curve of “jumping” points from the
dominant to the suppressed state of each population, and back. This curve is the equivalent
of the blue-red square from the case of Heaviside step function, and similarly it consists of two
arcs associated with an escape and release mechanism, respectively. Then we give analytical
conditions for the winner-take-all regime to exist.

4.2.1. The singular relaxation-oscillator solution. For large values of 7 let us consider the
slow time s = et (¢ = 1/7; ' = d/ds) and rewrite system (2.1) as eu) = —u1 +S(I — fuz —gay),
eul, = —ug + S(I — Buy — gas), a) = —ay + u1, ah = —as + us.

In the singular perturbation limit € = 0 any solution will belong to the slow manifold >
defined by —uy + S(I — fuz — gay) = 0, —uz + S(I — Buy — gag) = 0 or, based on the inverse
property of S (S71 = F),

(4.3) ¥ = { (uy,ug,a1,a2) : up,uz € (0,1), a;,a2 € R, and

ug = S(I — Puy — gaz), a; = ;[I—F(ul) — BS(I — Puy — gaz)] }

The surface ¥ is multivalued and can be visualized by plotting a; as a function of u; and ao
(Figure 7).

Then the slow dynamics is according to equations a’1 = —a; + w1 (a1, a2), ay = —az +
tg(ai,az), where (uq,us2,a1,a2) € . The “slow” nullclines are characterized by additional
conditions: a; = wu; for a;-nullcline (N7) and ag = ug for ag-nullcline (N3); geometrically these
are two curves situated on the surface ¥ and defined by

(4.4) Ni(d) =0)= { (uy,uz,a1,a2) : up =ay, ug =S — Pa; — gaz(ay)),

0y — ; |:I—ﬂa1 _F <I—ga15— F(CM))] with a1 € (a1, a2) }

and
(4.5) Ng(a’Q =0)= { (u1,uz,a1,az) : up = S(I — Pag — gai(az)), ug = ag,

a; = ; {I— Bay — F (I_g@ﬂ_ F(@))] with ag € (a1, ag) }

Here a1,y € (0,1) are the unique solutions of the equations F(ai) + gay = I — 3 and
F(ag) 4+ gag = I, respectively.

The equilibrium points are at the nullclines’ intersection, which means a; = v and as = ug
simultaneously on . They are characterized by the conditions

(4.6) NiNNg: up =aq, ug = as, F(al) + gay + Bas = F(ag) + gas + Bay = 1.

We recall from section 3 that if 3 > ( 1—1—%) /S’(0) (which in the limit case e = 0 corresponds
to 8> 1/57(0)), there exist two values of input parameter I}, < I} such that the system has
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Figure 7. Projection of the slow manifold ¥ on the space (ui,a1,a2). System (2.1)’s parameters are
B=11,¢g=0.5,0=0.2,r =10, and I = 1.5 (A-C), respectively, [ =1 (D-F). The curve SN of saddle-nodes
(jumping points) is represented in blue-red (C, F). Nullclines N1 (magenta) and No (black curve) intersect in
three points for (B) I = 1.5 and (E) I = 1. However, either the equilibrium points can all lie on the middle
branch of ¥ (A), that is, inside the curve of saddle-nodes (C), or two equilibrium points can move to the lateral
branches, outside of SN (D, F).

a unique stable equilibrium point for I € (—oo, I};) U (I}, 00). This equilibrium point takes
the form e; = (uy, us, ur,uy) with uy € (0,1), F(ur)+ (8+g)ur = I, and it becomes unstable
at I, and I} a stable limit cycle appears for I > I, and I < I;;. The critical parameter
values are defined by I}, = F(u},) + (8 + g)u;, and I} = F(up;) + (8 + g)upy with uy,, ury
according to (3.5). Again, in the limit case ¢ = 0, condition (3.5) becomes

F'(ujp) = F'(ujp) = B,

(4.7)
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and obviously we have F'/(ur) < 3 for each I € (I}, I}:}).

Moreover, if 3 —g > 1/S'(0), two additional equilibrium points occur for I > I;f and
I < I;; through a pitchfork bifurcation. However, at least in the neighborhood of I;
I7%, these equilibrium points are unstable. Their coordinates (u1p, ugp) satisfy (4.6), so either
utp < ur < Ugp OT Uty > Ur > Uzp. In addition, they are close to uy for all I sufficiently close
to I, or I7; in conclusion, at least in a small region, F'(u1p) < B and F'(ugp) < f.

In Figure 7 we plotted the projection on the three-dimensional space (u1,ai,as) of the
slow manifold 3 and the nullclines Ny and Na (N7 is colored in magenta and Ny is colored in
black; because X is defined over the full range —oco to co with respect to a; and aq, we plot
only part of it). All plots are done for S as in (2.2), 8 = 1.1, ¢ = 0.5, r = 10, § = 0.2, and two
values of input strength, I = 1.5 (Figure 7TA-C) and I = 1 (Figure 7D-F). For these values of
parameters we have I;f = 0.4064 and I;}k = 1.5936, so at both I = 1.5 and I = 1 the system
has three equilibrium points; nullclines intersect three times and the middle intersection point
is exactly e;y. We note that all equilibrium points are unstable at I = 1.5 while two of them
become stable at I =1 (see also Figure 3G).

On the surface ¥ we have 8“1 = g/[6%2S'(I — Bui — gag) — F'(u;)] and 24 = —3g/[3>

"(u1)/S"(I — Buy — gas)], 1e dazy —
ouq Bg

gu = g (u2) and — = —
da; (2 — F'(u1)F’(ug) Oay B2 — F'(u1)F'(ug)

For an initial condition (u1,u2,ai,as) with uy sufficiently large (close to 1) we have 8—“1 <0

and g%:; > (; therefore, a simultaneous increase in a; and decrease in as lead to a decrease

in w;. Similarly, for a choice of u; sufficiently low (close to 0), g% < 0, g% > 0, and a

simultaneous decrease in a; and increase in as lead to an increase in uy. On the other hand,
the limit cycle exists for some I € (I}, I}}). Since here e; € ¥ with F'(u;) < 3, we have
‘9“1 > 0 and 8“1 < 0 in a neighborhood of this equilibrium point; the behavior of u; with
respect to aq and ag is opposite that previously described.

Therefore, relative to the plane (uj,a;) the surface ¥ has a cubic-like shape: its left
and right branches decrease with u; while the middle branch increases. The curve of lower
(u1 < ug) and upper (u; > uz) knees on ¥ is defined by F'(u1)F'(ug) = 8% (blue-red curve
in Figure 7C and 7F). As we show in the following, when the trajectory on surface ¥ reaches
the curve of knees on its upper side, the point will jump from the right branch of ¥ to its
left branch. Similarly, when it reaches the lower side of the curve of knees, the point will
jump from the left to the right branch of . In the plane of fast variables (u1,u2) the curve
of knees corresponds to a saddle-node bifurcation (a node approaching a saddle then merging
with it and disappearing—see the animations 70584_01.gif [3.7MB] and 70584_02.gif [3.8MB]
in Appendix C). For this reason we also call it the curve of saddle-nodes (SN) or the curve
of jumping points. It is defined by the equations

(4.8) SN: F'(uys)F'(ugy) = 57, a1y = ;[I—F(uu) — Buayl, agy = ;[I— F(ugy) — Buyl.

We do not prove here the existence of the relaxation-oscillator singular solution. We aim
only to provide the reader with the intuition for how oscillations occur in the competition


http://epubs.siam.org/sam-bin/getfile/SIADS/articles/70584_01.gif
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model (2.1) if a smooth sigmoid is taken as a gain function. Thus, if the oscillations exist
and, for example, u; is dominant and ug is suppressed (u; > wug), we have —a; + u; > 0,
—ag + ug < 0, so ay increases and as decreases. They push u; down and the point moves
on the trajectory until it reaches SN at an upper knee U of coordinates (ujs,uz27); here the
derivatives % and g—Z; become infinite, so u; jumps from the upper to the lower branch of
Y (Figure 8A-8B). On the lower branch (u; < ug2) we have —a; +u; < 0 and —ag + ug > 0,
so u; increases and the point will move due to the decrease of a; and increase of ag until it
touches SN at L. At L the point jumps up to the right branch of 3. The projection of the
limit cycle on the slow plane (ai,a2) is a closed curve that touches the projection of SN at

two points (a1, a97) and (a2, a1y) symmetric to the line a; = ag (Figures 8C and 9B).

4.2.2. Release, escape, and winner-take-all in the competition model with smooth
sigmoid gain function. Analogous to our analysis in section 4.1 we consider in the following
the projection of the curve of jumping points SN on the slow plane (a1, a2). As mentioned
above, if the up-to-down jump takes place at (ais,ass), then the down-to-up jump is at
(a27,a17); so the projection is a closed curve symmetric to the diagonal a; = as.

We consider in (ai, as) the curve I'y of equations

A= —;[F(uu) + Pugg], Az = —;[F(WJ) + Bury]

with F'/(u1;)F'(ugy) = 3. Then from (4.8) we have

I I
apg=A1+—, azy=As+ .
g g

For a given I, the projection of 8N on the slow plane (say, I' = I') is exactly the translation
of I'y with quantity (I/g,1/g) along the first bisector. Obviously as I decreases, the curve
I' moves down on the upper-right-lower-left direction (Figure 9B). That is similar to the
movement of the blue-red square for the case of the Heaviside step function in section 4.1
(Figure 5).

Let us consider now an oscillatory solution that exists for some I € (I}, I;;). If popula-
tion 1 is dominant (uy > usg), then —ay + u1 > 0 and —ag + uy < 0 imply u; — ug > a1 — as.
On the other hand, since the trajectory is on X, we also have a1 = [I — F(u1) — Pus]/g,
ay = [I — F(uz) — Pui]/g, and thus a3 — ay = [B(u; — u2) — (F(u1) — F(u2))]/g. At the
jumping point a; reaches its maximum and ag its minimum, so 0 < a1y — asy < U1y — Uay
can be written as

_1 F(U1J)—F(u2j>
(4.9) 0<W(ury) = p (6 — A ) < 1.

The point (uyy,uss), ury > uay, satisfies F/(u1s)F'(uay) = B? and describes the part
of 8N that corresponds to the upper knees. Let w3, upg € (0,1) be the values defined by
Ump < Ul < ug < uls < upg, F'(umg) = F'(upp) = B%/F'(ug) = 32S’(0) (see the shape of
F' in Figure 2C). Then the upper branch of 8N results by gluing together three arcs on which
(1) w1y increases between uy; and upg (so ugy decreases from uyy to ug); (2) uiy decreases
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Figure 8. (A-B) Limit cycle solution and the slow manifold ¥ for system (2.1) with parameters I = 1.5,
B=11,9g=05,r =10, 6 = 0.2, and 7 = 5000. (C) The projection of the limit cycle on the slow plane
(a1,a2); Pi, P2, and Ps are the projections of the equilibrium points.

from upsp to ug (and ugy decreases from ug to u,g); (3) w1y continues to decrease from ug to
uy, (however, us; increases now between u,,3 and uj,).

We can plot the expression W (uyy) from (4.9) for uiy € [uj;, unmg) and w1y € [uf,, unrg]
with the corresponding us; = ug(u1y) and check if the graph is below the horizontal line
W =1 (Figure 9A). If for all combinations (ujs,ugy) we have W < 1, then the winner-take-
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Figure 9. (A) The graph of W = W (u1s) for upper knees on SN computed for g = 0.5, r = 10, § = 0.2, and
S as in (2.2). At 8 =0.75 (dashed-dotted curve) the mazimum value of W is less than unity: Winner-take-all
regime does not exist; at = 1.1 (thick curve) the mazimum value of W is larger than unity: the values of I
where winner-take-all occurs correspond to uiy at points a and b. (B) Projection T of the curve of saddle-nodes
on the slow plane (a1,a2) for 3 =0.75, g = 0.5, r =10, 6 = 0.2, S as in (2.2), and two values of input I = 1.2
and I = 1; T moves down on the first bisector direction as I decreases. The blue side is associated to the right
branch of W in panel A, from W = 0 to Wyae (an escape mechanism), and the red side is associated to the
left branch of W from Winaz to 0 (a release mechanism,).

all regime does not exist in the interval (I;,, I;;;). Otherwise, for (uis, ugy) where W =1 we
can compute the values of I where winner-take-all occurs (see below).

Remark 4.2. Let us observe that W (uyy) = [8 — F'(§)]/g for some intermediate § between
ugy and uyy. At uig = usg = ujy or ury = uasy = uj, (that represents exactly the equilibrium
point er at I = I} and I}, respectively) we have F'(§) = (3; therefore, we can extend by
continuity the function W|upy, unp| at uiy = uyy and the function Wy, upnrg) at uiy = up,
by taking W = 0 at these edges.

For gain function S as in (2.2) and different values of § we plotted the curve W; the
curve W always has a maximum value W, for some u%m““ € (uo, uprp) with ug = us(uy) €
(Umgp, uo). Here Qug/Ouy = —[F'(u2)F"(u1)]/[F'(u1)F " (uz)] > 0. W measures the relative
distance between the values of slow variables against that between fast variables. Based on
this observation we color SN, and obviously I, in blue for (u17,u2) starting at (uy;, uy;) and
varying until it reaches (u]"/"%® ulm9%) and in red for (uys,usy) between (u}/;mer ylVmar)
and (uj,,uy,) (Figures 7C, 9B). The first corresponds to the right branch of W from W =0
to Winaz, and the latter corresponds to the left branch of W from W4, to 0.

Well inside the interval that defines the blue part of I' (that is, not too close to the
value u‘ﬂ/]m“x that gives the maximum W) we have either ug < ua; < uj; < uyy or ujp, <
ugg < up < upp < wig; so F'(ugy) < B < F'(u1y). However, we recall that F''(ug;) =
1/S(I — Pury — gasy) and F'(u1y) = 1/S'(I — Pugy — gary). That means that the gain
function S has at the jump a bigger slope at I — fu; — gao, the net input to the suppressed
population, than at I —fBus—gai, the net input to the dominant population; in other words, the
gain to the suppressed population falls in the range of steeper S. According to the definitions
introduced at the beginning of section 4, this case corresponds to an escape type of dynamics.

Wmax

On the red part of I' there is an opposite behavior: at least away from the edge uj’;
we have either ugy < uj, < wg < ury < upy or ugy < upy < uyy < ug < upy. That is,
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F'(uay) =1/S'(I — Buyry — gazy) > B> F'(ury) =1/S'(I — Buzy — gary). At the jump the
gain S/(I — fug — gay) to the dominant population falls in the range of steeper S than that
to the suppressed population. We called this a release mechanism.

In fact, the values u);/% and u}"/™%% with u}"%® < ug < u}/™* (and not u}, and u}})
determine what we generically call the ‘steeper” part of S. For the particular case of gain
function symmetric to its inflection point (6, ug), i.e., for S such that S(0 +z) + S0 —x) =1
it can be shown that indeed u;™%® = v, and u};™* = u** (for example, S as in (2.2); see
Remark 4.3). However, in other cases that is not true anymore; then it is more difficult to
interpret the terms escape and release for ui; close to u‘l/‘;m‘w, the passage point from one
dynamical regime to another.

Occurrence of the winner-take-all regime. We can determine now the minimum value of
B, say, Bwta, where the winner-take-all regime occurs in system (2.1). Moreover, for a given
B > Buwta We find the corresponding values of I that delineate this regime.

We note that if I € (I}, I; ;] U [I;7, I;7), then system (2.1) has a unique equilibrium point
and it belongs to the middle branch of ¥ (F'(ur) < ).

For I > I}, or I < I} sufficiently close to the pitchfork bifurcation point, system (2.1)
has three equilibria and all are situated again on the middle branch of 3, inside SN, the
curve of lower and upper knees (Figure 7A and 7C). That is because F'(u1p) < ( and
F'(ugp) < B, so F'(u1p)F'(ugp) < B2 A trajectory that starts on either the upper or
the lower branch of ¥ cannot approach an equilibrium point since it will first reach SN,
and so the system oscillates. However, for intermediate values of I between I;f and I;}“,
two of the equilibrium points may move on the lateral branches of ¥ and become stable
(F'(u1p)F'(ugp) > 2 see Figure 7D and 7F). That is the case where the winner-take-all
regime occurs. We should point out that the equilibrium e; = (ur, ur, us, ur) always remains
unstable for I € (I};, I)7) C (I, I;;;). The boundary between oscillatory and winner-take-all
dynamics is obtained when the equilibrium points (u1p, u2,) belong to 8N, that is, when on
SN both a; = wy and ay = ug are true. We find in the following the values of I where
winner-take-all appears.

The values of I, say, I,,, that delineate the winner-take-all regime are defined by

F'(u1)F ' (ugy) = 3%,
1 - F
(4.10) - ( Flu) (“2J)> —1,
g Uy — u2g
Iy = F(uiy) + guiy + Buzy | = F(uay) + guay + Buiy .
The left-hand side of the second equation in (4.10) is in fact W(u1s). Since the curve
W always has a maximum value W, for some u%m““ € (uo,upg), the line W =1 can be

either above the maximum or below it. If W4, < 1 (Figure 9A, 8 = 0.75), then there is no
winner-take-all regime. If W4, > 1 (Figure 9A, § = 1.1), then there exist two values for u; s
where the curve W intersects the horizontal line W = 1.

The critical (minimum) value (., where the winner-take-all regime appears in system
(2.1) results from the case of Wy, = 1; i.e., it satisfies the conditions W(u;;) = 1 and
W'(u1y) = 0. Thus the minimum value (¢, that introduces winner-take-all dynamics in
system (2.1) is defined by
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F'(uyg)F'(u2g) = 62, u1y # uag,
(F(u1y) = F(u2.g))[F' (u1g) F " (uzg) + F'(u2s) F" (1))
= (urg — uag)[F'(u1y)*F " (uag) + F'(u2g)*F " (w1 )],
F(u1y) — F(uay)

(4'11) /Bwta =g+ .
Uy — u2Jg

Remark 4.3. We note that due to its particular form (2.2), S is symmetric about the point
(0,up) with ug = 0.5. The graph of F' is symmetric to the vertical line u = 0.5, i.e.,
F'(1 —u) = F'(u) for all w € (0,1), and so F"(1 —u) = —F"(u). In this particular
case we have F'(uy,) = F'(uyy) = B, so up, = 1 —wujy and F"(u},) = —F"(u}}). According
to (4.11) the mazimum value Wy,qq is obtained exactly at w1y = upy, usy = uy,.

For gain function S as in (2.2) and different values of 5 we plotted the curve W and
determined the interval [}, I7*] where winner-take-all occurs. For example, choosing r = 10,
0 =02, g =05, and § = 1.1, we have Wy,q, = 1.1046 and I} = 0.697 (computed at
upy = 0.7158, ugy = 0.0424) and I = 1.303 (computed at u;; = 0.9576, usy = 0.2842).
The minimum value of 3 for the winner-take-all regime is By, = 1.0387. As expected from
our analysis in section 3.3, the value of § that guarantees existence of multiple equilibria in
system (2.2), i.e., By = g+ 1/5'(0) = 0.9, is smaller than Syuq.

For the same choice of parameters as above (5 = 1.1, ¢ = 0.5, and S as in (2.2) with
r =10, § = 0.2), we plot the projection of the limit cycle and the curve of saddle-nodes on
the slow plane (aj,az) for different values of parameter I. Figure 10A gives the bifurcation
diagram of activity u; versus input strength I for 7 = 100. In the rest of the panels we choose
7 = 5000 to mimic the singular limit cycle solution with jumping points exactly on the curve
of saddle-nodes (for smaller 7, e.g., 7 = 100, the jumping points do not belong to the curve
of saddle-nodes but fall close to it). In this case we have

I}, = 0.1434, I’y = 0.4064, I}, = 0.697, [}} = 1.303, I’ = 1.5936, I;; = 1.8566.

At larger values of I (I = 1.7 and I = 1.5) oscillation is due to an escape mechanism (Fig-
ure 10B-C); at an intermediate value I = 1 the system is in the winner-take-all regime
(Figure 10D); at smaller values of I (I = 0.5 and I = 0.3) oscillation is due to a release mech-
anism (Figure 10E-F). Besides the limit cycle other important trajectories are the equilibrium
points. There are three unstable equilibria for I = 1.5 and I = 0.5 but only one equilibrium
point at 1 = 1.7 and I = 0.3. At I = 1 two out of three equilibria are stable.

Remark 4.4. Equations (4.11) and (4.10), used to determine the critical 3 where the win-
ner-take-all regime exists in system (2.1) and then, for B > Byia, to estimate I and IF,
prove to be reliable. The estimations obtained by this method are in excellent agreement with
the results found in system (2.1)’s numerical simulations for both symmetric and asymmetric
gain functions. The latter case is discussed in section 5.

5. Neuronal competition models that favor the escape (or release) dynamical regime.
As seen in section 4.1, the dynamical scheme of 1" versus [ is symmetric to I = 6 + % for
S, the Heaviside step function. When the winner-take-all regime exists, its corresponding
I-input interval is equally split around the value 6 + %, that is, 0 + g < I < 0+ ( as in
Theorem 4.1. Moreover, an equal input range is found for both release and escape mechanisms:
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Figure 10. (A) Bifurcation diagram of activity ui versus input I for f =1.1, g = 0.5, r = 10, 6 = 0.2,
7 =100. (B-F) Projection of the limit cycle and the curve of saddle-nodes on the slow plane (a1, a2) for different
values of parameter I chosen according to the bifurcation diagram in panel A; however, in order to mimic the
singular limit cycle solution we choose here T = 5000. Symbol * indicates the location of equilibria. At large
values of I oscillation is due to an escape mechanism: (B) I = 1.7, (C) I = 1.5; (D) at intermediate value
I = 1 winner-take-all dynamics is observed; then at low values of I oscillation is due to a release mechanism:
(E) I =0.5, (F) I =0.3. Single (panels B, F) or multiple (panels C, E) unstable equilibria can coexist with the
limit cycle.

0+9<I<O0+gand+B<I<0+(+%asin Theorem 4.1, or 0+ § < I < 0+ 219
and 0 + @ < I <6+ p3+ % asin Theorem 4.2. Therefore, it seems reasonable to ask to
what extent the symmetry of the I-T" dynamical scheme about a specific value I'* relates to
the geometry of S and, more generally, to the form of the equations in (2.1). We address
this question in the following and find a heuristic method to reduce one of the two ranges of
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escape and release mechanisms while still maintaining the other one.

First let us note that we obtain a result similar to that in section 4.1 for any smooth
sigmoid S as long as it is symmetric about its threshold. The threshold (say, th) is defined as
the value where the gain function reaches its middle point: for S taking values between 0 and 1,
it is S(th) = 0.5. The terminology comes from the fact that if a net input to one population
is below the threshold (z < th), then it determines a weak effective response (S(z) < 1/2);
at equilibrium that would correspond to an inactive state. On the other hand, a net input
above the threshold (z > th) determines a strong effective response (S(x) > 1/2) which, at
equilibrium, corresponds to an active state. The symmetry condition of S with respect to
the threshold is described mathematically by the equality S(th + x) + S(th — x) = 1 for any
real x or, equivalently, S(x) 4+ S(2th — z) = 1. The gain function defined by (2.2) is such an
example: in this case the threshold is exactly the inflection point 6 (S”(0) = 0; S(8) = 0.5).

Theorem 5.1. If the gain function S satisfies S(0 + x) + S(0 — x) = 1, then system (2.1)
with input I* is diffeomorphic equivalent to system (2.1) with input I =20 + 3+ g — I*.

Proof. Due to the symmetry of S, equation @, = —a; + S(I* — Bug — gay) with the change

uy =1—1uy, upo =1—19, ay =1—ay, ap =1 — as becomes i, = —u1+1—S(I*—ﬁ(1—u2)—
g(l—a1)) = —u1+S((20+5+g—I*)— Puz—gay); on the other hand, equation T7a; = —a1 +1u;
becomes 7a; = —aj + uj. Therefore, system (2.1) with input I* is diffeomorphic equivalent

to system (2.1) with input (20 + 5+ g — I'*). [ |

Remark 5.1. Theorem 5.1 implies that system (2.1) has the same type of solutions for any
two values of input strength Iy and I7 such that %(Il + 1) =60+ %. Moreover, if at I
and I an oscillatory solution of period Ty and T} exists, then, due to the diffeomorphism,
Ty = T17. Obviously, if Ty < Ty for Iy < Iy < 0 + %, then Ty < Ty for the corresponding
values I7 > I5 > 0+ @. Therefore, for symmetric S to its inflection point (threshold in this
case), the intervals of I for regions II and IV (see Figure 3F or H) have the same length and
are symmetric to the line I =0 + @.

In order to explore the effect the asymmetry of S has on the bifurcation diagram, we
consider S to be

2o/ (1 n e*ﬁ(’“")) <0,
(5.1) S(x) = v (o)
1=2(1 =)/ (14 e 2w ) 5>,

with ug € (0,1).

Therefore the inflection point 6 and the threshold th satisfy S(6) = wo and th > 6 if
up < 1/2, respectively, th < 6 if ug > 1/2.

The graphs of S as in (5.1) and their corresponding F’/ (where F' = S~!) are drawn in
Figure 11A-B with parameter values » = 10, # = 0.2, and ug = 0.1,0.5,0.9. Then the [-T
bifurcation diagram for the competition model (2.1) is constructed at 5 = 0.75 (Figure 11C).
Numerical results show that the symmetry of this bifurcation diagram is indeed a direct
consequence of the symmetry of S to its threshold. Such is the case ug = 0.5. For other
choices of ug one of the two regions that correspond to the increasing and decreasing I-T
branch is favored (it is wider)—the former when ug > 1/2 and the latter when up < 1/2.

Recall from section 4 the definition (4.8) for the curve 8N of jumping points (with its
projection I' on the plane of slow variables (a1, a2)) and the definition (4.9) for W that char-
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Figure 11. Consider parameter values r = 10, = 0.2, g = 0.5, 7 = 100 and gain functions S as in (5.1)
with uo = 0.1,0.5,0.9. (A) Graphs of S. (B) Their corresponding F'' where F = S~'. (C) Bifurcation diagram
for period T wversus input I in system (2.1) as 8 = 0.75. (D) The graph of W = W (u1) for upper knees on SN
computed as = 0.75. (E-F) Projection I of the curve of saddle-nodes on the slow plane (a1,az2) for 3 =0.75,
I =1.2, and uo = 0.1,0.9. The blue side is associated to the escape mechanism and the red side to the release
mechanism. The asymmetry of S to the threshold favors (E) escape if uo < 1/2 and (F) release if up > 1/2.

acterizes escape, release, and winner-take-all regimes. The shape of W changes dramatically
with ug (Figure 11D, 8 = 0.75) but not at all with 5. However, for any fixed ug the curve W
always has a unique maximum point; this maximum moves down as 3 decreases.

The asymmetry of S leads to an asymmetry of the curve I': for ug < 1/2 we have

ug < u%m“z < Upj, u%m“m < u},, and the curves SN and I' have a longer blue part than
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red part; the escape mechanism is favored (Figure 11E, uy = 0.1). On the contrary, for
uop > 1/2 the release mechanism is favored since the red part of ' is longer: u‘l"f]max > upy
and uf, < uy;%® < uy (Figure 11F, ug = 0.9). We can understand this specific behavior
by looking at the network populations’ dynamics about the threshold: in case of uy < 1/2
the maximum gain to each population is reached for some net input below the threshold
(S7(0) = max S’ with S(6) = ug, so 6 < th); then about the threshold th the gain S” has a
decreasing trend. Consequently, there is a wider range for inputs where the inactive popula-
tion has a significant gain compared to the active population, and so the escape mechanism is
favored (the suppressed population regains control on its own, thus becoming active). On the
other hand, if ug > 1/2, the maximum gain to the network’s populations is reached for some
net input above the threshold (6 > th) and the gain has an increasing trend in the vicinity of
th. Therefore, the release mechanism is indeed much more easily obtained.

Remark 5.2. The function S defined by (5.1) does not entirely satisfy the hypotheses in-
troduced in section 2. In this case F"'(ug) does not exist anymore at ug # 1/2 even if we
still have F' as C2(0,1) and C>® ((0,1) \ {ug}). Nevertheless this property does not affect our
analytical results (e.g., the expansion we used in section 3 to prove the existence of stable os-
cillatory solutions still makes sense since it is done locally about some point u* different than
up). Consequently, all the results found for system (2.1) in previous sections remain valid.

5.1. A competition model that favors escape. In [31] we investigated four distinct
neuronal competition models: a model by Wilson [37], one by Laing and Chow (the LC-
model [17]), and two other variations of the LC-model that we called depression-LC and
adaptation-LC. The latter is exactly the system (2.1) with symmetric sigmoid function. Be-
sides the models’ commonalities we also noticed some differences: in some cases the bifurcation
diagrams show a preference of the system to the escape mechanism (the region of I that cor-
responds to the decreasing I-T" branch is wider; see Figures 3 and 4 in [31]). Moreover, for
sufficiently low inhibition in Wilson’s and the depression-LC models the increasing (release-
related) branch can disappear completely. Based on the results obtained in the present paper,
we can explain those numerical observations.

Let us take, for example, Wilson’s model for binocular rivalry [37, 31]. Since the time-scale
for inhibition is much shorter than the time-scale for the (excitatory) firing rate, we can assume
that the inhibitory population tracks the excitatory population almost instantaneously. Thus
Wilson’s model becomes equivalent to a system of the form

) (I — Buz)?
U = —up + )
! PO+ a2+ (I - Bug)?
. y(I = Bur)}
U2 = —Uz + ,
T 0w+ (- Bw)d
(5.2) T = —a1 + gur,
TGy = —ag + gus,

where 7 is a positive constant and [z]|1 is defined as [z]y = 0if x < 0 and [z]+ =z if z > 0.
Asin (2.1), parameters 3 and g represent here the strength of the inhibition and adaptation; I
is the external input strength. We see that in the differential equations for u; the nonlinearity
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is introduced through a function

~ x2
S(x;0) = @;EL][;H’

that is, 4 = —u1 + S(I — Bug; 0+ ay) and g = —ug + S(I — Buy; 0+ az). We note that S
is asymptotic to v as * — oo and satisfies S = 0 for z < 0 and S(©;0) = /2, which means
O is the threshold. To compare system (5.2)’s dynamics with that of (2.1), we will assume
without loss of generality that v = 1.
By the change of variables w; = fuy — I, wy = fugs — I, Ay = a1 /g — I, Ay = fas/g — 1,
the system (5.2) is diffeomorphic equivalent to
y = —wi + B8 (—w; 1) — I,
g = —wy + BS(—wi;02) — I
(5.3) TAl =—-A + wi,
TAy = — Ay + wy

)

with Hl(t) =0+ %(Al(t) + I) and 62(t> =0+ %(Ag(t) + I).

On the other hand, let us consider the system (2.1) with S as in (2.2). By a similar
change of variables wy = Buy — I, wy = fuy — I, Ay = Bay — I, As = PBag — I this system is
diffeomorphic equivalent to

Wy = —wy + BS(—we;01) — I,
Wy = —wy + BS(—wi;0) — I
(5.4) A = — Ay +wi,
TAy = —Ag + wo

)

with 6;(t) and 62(t) as above. The threshold of S (rewritten as S(z;6) = 1/(1 + e "(*=9))
is 6.

As we can see, up to the specific expression of the gain function, Wilson’s and the
adaptation-LC models are equivalent. The reason Wilson’s model shows preference to the
escape mechanism instead of release (while for the adaptation-LC model the interval ranges
for escape and release dynamics have equal length) resides in the asymmetric shape of S with
respect to its threshold. The threshold is © but the maximum gain is obtained at % <0

- V3
(S (2;0) =0 at z = %) The resulting behavior is similar to that of S as in (5.1) with
uy < 1/2 (8”(0) = 0, S(0) = up, and 6 < th). The role of 6 is played by % and the

corresponding value for ug is S (%; 0)=1/4.
Remark 5.3. In fact, the difference between S and asymmetric S from (5;1) 1s more subtle.
Take again v = 1; the restriction of S on (0,00) is invertible with inverse F defined on (0, 1)
Z ) = Ep— ~/ ~/ N s ) = 9—]
by F'(u;©) = O, /1% In systems (5.3) and (5.4) the graph of F,, F} (u;0;) TR )

dug yif u € (0,up] and

ru(2uo—u

has a well-like shape similar to that of the graph of F)(u;0;) =
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Wg%iﬁu) if u € (ug,1). However, F! depends on 0; (that implicitly means dependence
on the slow variable) while F), does not. That explains why, for S as in (5.1), when they exist,
the Hopf bifurcation points always come in pairs (and oscillations start at both points with the
same frequency—see (3.5) and (3.6) in section 3); so release and escape oscillatory regimes
(even if not equally balanced) always coexist for (2.1). On the contrary, in Wilson’s model
(5.2) the dependence of F!, on the slow variable allows us to find a (reduced) parameter regime

where only the escape mechanism is possible [31].

5.2. Competition models with nonlinear slow negative feedback. The local analysis
pursued in section 3 shows that the uniform equilibrium point e; can lose its stability through
either a Hopf bifurcation (at exactly two values I}, and I;}) or a pitchfork bifurcation (at
exactly two values [ ;f and I;;E). This result comes from the intersection of the graph of F'’

5 andy = 8y
respectively. This type of intersection restricts the possibilities to either I;7, < I ;f <1 ;;2 < Iy
or IDe < I, < Ij; < I;J’?. The first case corresponds to a feedback/adaptation-dominated

neuronal competition model and ensures the existence of stable oscillations in (2.1). Moreover,

(which has a well-like shape) with the straight horizontal lines y =

these appear with the same frequency w = % % — 1 at both values I}, and I}, and they
are due to two different mechanisms: escape (for larger values of I) and release (for lower
values of I). Thus we conclude that in system (2.1) escape and release oscillatory regimes
always coexist. The choice of asymmetric gain function with respect to its threshold helps to
reduce one or another regime but cannot eliminate it completely.

Nevertheless there is a way to modify (2.1) such that the new obtained system shows
preference to either the escape or release mechanim; moreover, as for Wilson’s model, in some
parameter regime we can find only escape-based oscillations (or, vice versa, only release-based
oscillations). In this sense we consider the neuronal competition model with nonlinear slow

negative feedback

Uy = —uy + S(I — ﬁ’LLQ — gal),
U = —ug + S(I — ﬁul — gCLQ),
(5.5) Ta1 = —a1 + aeo(uy),

Ty = —a2 + aoo(u2)

with S as in (2.2) and
(5.6) aoo(x;ea) _ 1/ (1 + e—m(z—%)) )

We obtain the following result, which is similar to Theorem 5.1.

Theorem 5.2. Consider the nonlinear term as(x;60,) defined by (5.6). If the gain function
S satisfies S(6 + x) + S0 — x) = 1, then system (5.5) with input I* and slow equation
nonlinearity a(x; 0,) is diffeomorphic equivalent to system (5.5) with input I = 20+ +g—1I*
and slow nonlinearity as(x;1 — 60y).

Proof. With the change of variables uy =1 — @1, us =1 — 19, a1 =1 — @y, as = 1 — as,
system (5.5) with input I* and nonlinear term in the slow equation as(x;6,) takes the form
(5.5) with input (20 + 8+ g — I*) and aco(z;1 — 6,). |
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Figure 12. Bifurcation diagrams for neuronal competition model (5.5): (A) population activity ui versus
input strength I; (B) period T of the network oscillations versus I. Parameter values are 8 = 1.1, g = 0.5,
7 =100, 6 = 0.2, r = 10, 7o = 10, and 0, = 0.7. Functions S and a~ are defined by (2.2) and (5.6).

If 0, = 1/2, we have ax(7;0,) = aoo(z;1 — 6,), and thus the system (5.5) has the same
type of solutions for any two values of input strength I; and I] such that %(I 1+17) =0+ %.
As for the case of linear adaptation (where the choice was ao(u) = u), the intervals of I where
the period of oscillations increases and decreases have the same length and are symmetric to
the line I =0 + %.

The symmetry of the I-T bifurcation diagram can be destroyed by choosing 6, # 1/2. As
numerical simulations of system (5.5) show, the choice of §, > 1/2 leads to a preference of the
system for the escape mechanism (decreasing T versus I). On the contrary, for 6, < 1/2 the
system shows preference to the release mechanism (increasing 7' versus I).

For parameters g = 1.1, g = 0.5, 7 = 100, and ¢ = 0.2, » = 10 for S and r, = 10 and
0, = 0.7 for ao,, we plot in Figure 12 the bifurcation diagram of population activity u; versus
the stimulus strength I and then the period T versus I. In Figure 12A we observe that the
Hopf bifurcation point that existed for low value of I in case of linear adaptation disappears
now. Instead we find a supercritical pitchfork bifurcation where stable nonuniform equilibrium
points are born (they correspond to the winner-take-all case). The increasing branch of 7'
versus I graph disappears while the decreasing branch is still present (Figure 12B). We find
only four dynamical regimes (as opposed to the five described in Figure 3F and G): fusion
(equal activity levels) for large and low input, winner-take-all, and oscillations with decreasing
T as function of I for intermediate values of stimulus strength.

By choosing 6, = 0.3 the bifurcation diagrams in Figure 12 are virtually mirrored along
the stimulus axis; in this case only the increasing I-7T" branch exists.

We explain these numerical results through an analytical approach. Similarly to the
local analysis in section 3, we note that system (5.5) has a unique uniform equilibrium e; =
(ur,ur, @oo(ur), aso(ur)) for any real I. The value uy € (0,1) is defined by equation I =
F(ur) 4+ Bur + gaso(ur) and decreases with a decrease in I; moreover, lim; oo u; = 1 and
lim;_,_o uy = 0. The characteristic equation of the linearization matrix about e is a product
of two factors: )\2+/\(1+%+F,(Bul)) —|—%(1+ga%§,((+ll);rﬁ) =0 and )\2+>\(1+%—%)+

1
-

(1 + %) = 0. Thus two of the eigenvalues always have negative real part, while the
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other two show the type of stability for e;. Decreasing I, the stability of e; is lost either
through a pair of purely imaginary eigenvalues at F'(u;) = 8/(1+ 1), F'(us) + gal(ur) > 8
or through a zero eigenvalue at F/(us) + gal,(ur) = 8 and F'(us) > /(1 + 1).

Assume now that 6, is greater than 1/2 and close to 1. For large I the corresponding
fixed point e; has uy close to 1 and in the vicinity of 6,. Since this is the steeper (almost
linear) part of aeo, we can approximate ac(ur) ~ kuy. The condition F'/(u;) = 8/(1 + %),
F'(ur) > p—gal(ur) = B — gk, can be attained (at least for adaptation-dominated systems)
and stable oscillations occur. On the other hand, for small I, the fixed point e; has u; close
to 0 and further away from 6,. The function a«, is almost constant there, so a’(ur) ~ 0. Then
F'(ur) + gal(ur) ~ B> B/(1+ 1) and the stability of e; is lost through a zero eigenvalue (a
pitchfork bifurcation).

Remark 5.4. We note that the choice of 0, > 1/2 sufficiently close to 1 helps the slow
variable for the suppressed population, say, a1, to change faster than the slow variable for the
dominant population, say, az. Since as(u1) is approrimately constant to zero and ao(us2) falls
onto the linear part of the sigmoid, a1 decays almost exponentially according to Td; ~ —aq,
while as grows more slowly according to Tdy =~ —as + kus. The input-output function of
the suppressed population changes faster, favoring escape. An opposite effect is obtained for
0, < 1/2.

6. Discussion. We investigated a class of competition models that describe rhythmic
(alternating) phenomena that arise in a range of neural contexts including perception of
ambiguous sensory stimuli (such as binocular rivalry) and motor coordination (as in CPGs).
These models rely on mutual inhibition between populations of neurons and a slow process
in the form of spike frequency adaptation and/or synaptic depression, and they have the
following commonalities [31].

A decrease in the strength of the input to the noise-free system leads to five possible types
of dynamics: (i) at high values of input strength both competing populations are active at
equal levels; (ii) by decreasing the input strength the system enters an oscillatory regime with
the oscillation period increasing as input decreases; (iii) then for lower input the system is in
a winner-take-all regime where only one population is dominant while the other is suppressed
forever; (iv) continuing to decrease the input strength, the system oscillates again; in this
region the oscillation period decreases as the input decreases; (v) at low values of input,
oscillations disappear and both competing populations are inactive at an equal level. In
addition, for weak inhibition the winner-take-all regime does not occur; however, the period
of oscillations still depends on the input strength in a nonmonotonic fashion.

In a computational study of a model similar to (2.1), the authors of [23] also report
transitions between simultaneous activity (single equilibrium), oscillations, and winner-take-
all. The bifurcation diagram (Figure 4) in the parameter plane (I, () resembles Figure 9
in [23]. However, Moldakarimov et al. were interested mostly in how the system’s dynamics
changes with inhibition strength (an internal parameter of the system) and not with stimulus
strength. By analyzing the influence of stimulus on the oscillations’ frequency/period, we
provide a refined characterization of possible behaviors in this class of competition models.

The five dynamical regimes mentioned above were illustrated in Figure 3 for system (2.1),
our choice as a particular example. Despite the fact that it has some limitations such as a lack
of recurrent excitation, a symmetric gain function, and a nonsaturating a(u), system (2.1)
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has the advantage of being simple enough to allow for a thorough analytical investigation while
still displaying the dynamical characteristics found in a larger class of models. Thus, for (2.1)
we proved the existence of oscillations and we showed that they are antiphase as expected for a
network of two competing populations. Moreover, by considering the period of oscillations T" as
a function of input strength I, we proved that the I-T" graph is nonmonotonic. We associated
the increasing I-7T" branch with a release mechanism and the decreasing branch with an escape
mechanism. Release occurs for lower values of I. It means that during oscillation the dominant
population loses control due to accumulating slow negative feedback and it becomes unable
to suppress its competitor; consequently the latter becomes active and thereby takes the role
of suppressor. On the contrary, escape occurs for higher values of I and it means that the
suppressed population regains control on its own, starts to inhibit its competitor, and forces
it into the down state. Moreover, using singular perturbation techniques, we characterized
in the limiting case the conditions for occurrence of winner-take-all dynamics at intermediate
values of stimulus strength.

Our presumption is that the potential for alternation of percepts depends on neuronal
competition. If competition were significantly reduced or eliminated (say, effectively making
B very small in the model), alternations would not occur in the presence of a stimulus. That is,
we suppose that an isolated population would not oscillate. To satisfy this constraint we have
disallowed recurrent excitation in (2.1): this precludes oscillations in an isolated population
for any input value I. Perhaps for this goal the complete elimination of recurrent excitation is
an extreme way to satisfy the constraint. Alternatively, we could consider systems with fast
equations of the form 4; = —u;+S (I +ou; —Pur—ga;) and allow for some recurrent excitation
but not strong enough to let an isolated population oscillate (e.g., take v < (14 1)/5'(6)).
This modification, however, does not affect our conclusion on the nonmonotonicity of the
period of oscillations versus input strength curve (not shown): both “release” and “escape”
branches still appear.

Other modifications of (2.1) that favor either release or escape as responsible for oscillations
were discussed in section 5. One extension of (2.1) allows the gain function to be asymmetric
with respect to the threshold. This maintains one of the two oscillatory regimes while reducing
the other one. A different rendition of (2.1) invokes a nonlinear slow negative feedback (a
sigmoidal-shaped a(u)) and completely eliminates one of the two regimes. The existence of
the saturating branches for a sigmoidal as(u) introduces an asymmetry in the system; thus
under some specific conditions either the suppressed population recovers from slow negative
feedback faster than the dominant population accumulates its own negative feedback (favoring
escape, see Figure 12), or the reverse occurs. Interestingly, adding noise to these specially
designed models, we automatically recover the nonmonotonicity of the period versus input
curve [31].

Oscillations in mutually inhibitory neuronal networks based on fast-slow dynamics [27]
as well as the terms “release” and “escape” [36, 32] were previously discussed for neuronal
networks in the presence of local autocatalysis. The autocatalysis was either an intrinsic pro-
cess (like voltage-gated persistent inward currents) or a synaptic process (like intrapopulation
recurrent excitation). Other models assumed networks of excitatory cells interacting through
a global inhibitory feedback that typically produce the winner-take-all dynamics; the inhibi-
tion was dynamic with a slow time-scale and induced more complicated oscillatory patterns
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with one cell being active for a while and then spontaneously turning off and allowing another
one to take over [8]. Contrary to these examples, there is no autocatalysis in the neuronal
competition models we investigate here. Instead the alternation is a combined result of two
processes: mutual inhibition that acts effectively as a fast positive feedback (disinhibition) and
a slow negative feedback (adaptation, but that could alternatively be synaptic depression).

Appendix A. Normal form for Hopf bifurcation. To construct the normal form for the
Hopf bifurcation, in section 3 we use the expansion of S (F(ur)), k =1,2,3,..., with respect
to €. That is obtained as follows: take, for example,

A E S (F(un)) = A(I" + %) = A(I) + f(I')%a + O().
Here fi(I*) = S'(F(u*)) = 1/F'(u*) = (14 £)/8 and f{(I) = S"(F(ur)) - F'(us) - dur/dI.
Based on (3.2), f{(I) = S"(F(ur))-F'(ur)/(B+g+F'(ur)). On the other hand, since u =
S(F(u)), we have 1 = S/(F(u))-F'(u), and further 0 = S"(F(u))-F'(u)?+S'(F(u))-F"(u),

ie., S"(F(u)) = —F"(u)/F'(u)3. Therefore,

L+1/7 F"(u*)
B F!(w)*(B+ g+ F'(u))

i) = e2a+ 0(eh).

Similarly, we compute
F " (U* )
F’(u*)3

def

(D) ¥ 8"(F(ur)) = Lo(I" + %) = fo(I") + O(e?) = +0(e?)
ond £,(1) “ SUE) = S0 e 20) = f3(I*) + 0(e?) = S"(F(u*)) + O(*). From
S"(F(u)) = —F"(u)/F'(u)* we obtain 8" (F(u)) = [3F"(u)? — F'(u) - F"(u)] /F'(u*)?, 50

3F//(u*)2 o F/(U*) . F/I/(u*)
F’(u*)5

fs(I) = +0(£2).

Normal form. Let us now present the main steps in the algorithm for the construction of
the normal form starting with

(A1) LoVp = e[B(Vo, Vo) — LoVi| + €2[€(Va, Vi, Vo) + 2B (Vy, Vi) + AV — LoVa] + O(£%).

In the limit ¢ — 0, the vector Vj is a solution of the linear system LgVy = 0 with two
eigenvalues A1 2 of negative real part and two purely imaginary eigenvalues A3 4 = +iw. Thus
Vj belongs to the center manifold; i.e., for an eigenvector & € C* of Ay that satisfies Apé = iwé,
say,

(A.2) E=(—tw+i, Tw—1, 14, —i)"

the solution Vj takes the form
Vo(t) = w(t)&e™" + w(t)Ee ™"

However, since LoV = O(e), w(t) is e-dependent, and it can be written in slow time s = %t
as w = w(s). In the singular perturbation expansion, w(s) = w(s).—o + %|€:052t + 0(e%).
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With notation Z = w(s).—g, Z' = ds =07 and so on (here " stands for the derivative with

respect to the slow time), we have w = Z + £2tZ’ + O(*) and
‘/0 — (deiwt + de—iwt) + €2t (Z lEeiwt + Zlge—iwt) + 0(84) .
Then we compute Lg (temﬁ) = eie, Ly (te_i“’tf) = e W and B (fei“’t, fei“’t) = %Bpr et

B (fe~™t L) = LBb2pe 2t B (¢e™!, Ee~t) = 1 B|b|?p, where b = Brw +i(g — 3) and
p=(1,1,0,0)T. Equation (A.1) becomes

1 ) 1., _ ) _ ) o
LO‘/l — 5Z2_Bb21)627,u.)t + §Z2Bb2p€_Zth + ZZB‘b’2p+€ [7zl£€lwt o Z/é-e—zwt
+ C(Vo, Vo, Vo) + 2B(Vo, Vi) + AVp — LoVa] + O(e?),
so we look for solutions V; of the form

Vi = w2€1eP9 1 2wty + wEze 2t = Z2¢1e? 4 22260 + Z2E3e7 2 4 O(2).

From the singular pertur_bation expression we determine & = %Bb2(2iw1 — Ao p, & =
—%B|b|2fl51p, and &3 = &4, that is,
Bb? Blb|?
& = 2|wrf(l + 2itw, 1 + 2itw, 1, 1)T, & = i (1,1,1,1)T,

2[1+(%+1) (1+%)]

where 1) = 1 — 4w?T + (% +1) (14 1) —diw(r +1).
Then we compute C(Vp, Vo, Vo), B(Vo, Vi) and AVy = —aA(Zbe™! + Zbe ™) q + O(e?)
with ¢ = (1,—1,0,0)T and obtain

: N D B2
LoVs = _(Z/£+QAqu) ezwt+ZQZb2bq€zwt 4 (/8+g)
2 14 (g5+1) 1+ D)
BB+ g + 2ifwr)yY
2[¢)|2

+ e ) 4 cc + O(e).

In order for the solution V5 to exist, the right-hand side of the above equation should be
orthogonal on the eigenvectors of the adjoint operator L{ = —% —AOT on the space of periodic
solutions V'(t) = V (t + 2T) with inner product

o2
w w B
vy =2 /0 S w®wmd, V= @) W= @)l

That means the right-hand side should be orthogonal on {ne ’“’t} with 7 solution of
Aon = —jwn and & - 7 = 1; that is,

1
=——(1, -1, =1 —iwr, 1 +iwr)".
n 4w7( , —1, iwT, 14 iwT)



FREQUENCY CONTROL IN COMPETITION MODELS 647

We obtain the normal form Z' = aApZ — LZ?Z with L as in Theorem 3.2.

By rescaling I —I* = £%a and 2(t) = £Z(et) = eZ(s), we have 2 = dz/dt = e £ % = 37/
the above differential equation becomes exactly (3.11).

First Lyapunov coefficient. We would like to determine sufficient conditions for the Hopf
bifurcation to be supercritical, i.e., for Re(L) > 0.

We now use inequality (3.3) to show that the first term in the sum that defines L has
positive real part:

Re (100 <52+g+ww)) (269)7 + (74" + 589 — 68%) + - (74" — 689 + 35"

> 262 — 289 + (7g + 589 — 65°) + 1(792—669+352)

4T
(A3) = 1(792 — 389 +25°%) + E(?g — 689 +35%) >0
For the second term, (3.3) implies
2 2 1
I = (6+9) S — > <1+ >F’(u*)>F’(u*).
1+(%+1)(1+%) Frg T T T+1

Therefore, the real part of the second term satisfies

(A4) Br2w?|p|?B? ( 52) > Br2w?||? B*F ' (u*) (FW — 2) .

Appendix B. Normal form for pitchfork bifurcation. The construction of this normal
form follows similar steps to those in section 3.1 and Appendix A. Here F''(u°) = 8 — g with
u® € {uyp,ups} and I° € {15 I>3}.

The operators B, €, A, and L are defined in the same way as in section 3.1 with coefficients
A, B, D as in (3.10). However, the derivatives of F' at the bifurcation point u° take different
values, so S/ (F(ur)) = 1/(8 — g) + aAe® + 0(e*), S”(F( )) B+0(£?), and S (F(uy)) =
D + O(e?) with A, B, and D evaluated at either u* 5 or upr. The matrix of the linearized
system is now

_ _ B8 __g9
é B—g B—g Og
b= 0 —= 0
0 1 0 _1
T T

and has a zero eigenvalue. Therefore, we find an eigenvector £ (Ag€ = 0) and an eigenvector
71 of the adjoint matrix (AOTn = 0) such that £ - = 1. They are

1
2(8—g(r+1))

With the perturbation I — I° = e2a, V(t) = eVo(t) + e2Vi(t) + e3Va(t) + - - -, we obtain
that Vp belongs to the eigenspace, that is, Vy = w(t){. The expansion with respect to the
slow time (s = &%, w = w(s), Z = w(s)|.—o, etc.) implies Vo = (Z + &%t 2’ + O(e*))€ and

LoVi = Z*B(&,€) + e[~ 2"€ + Z°C(€,€,€) + 2B(Vo, Vi) + ZAE — LoVa] + O(e?).

fz(l,—l,l,—l)T, n= (/8_97_ﬁ+ga _TgaTg)T'
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The vector V7 is chosen to be of the form V; = w?¢; = Z2¢; + O(£?) with & orthogonal on 7.
It results in & = —Ag'B(£,€), ie., & = 32(57/;9)3(1’ 1,1,1)T. The normal form is

Z' = (A& ) Z + [C(&,€,8) -n+2B(¢, &) -n)Z°.

From A{ = aA(B — g)q, C(£.£,€) = 2(8— 9)*q, B(&,&) = —Z:(8— 9)" (B + g)q (where
q = (1,—1,0,0)1), and by rescaling I — I° = e?a and z(t) = Z(e%*t) = €Z(s), we obtain
exactly (3.15).

Appendix C. Additional material. To illustrate system (2.1)’s dynamics under the escape
and release mechanisms we run numerical simulations in XPPAUT [7, 9] with S as in (2.2),
r = 10, § = 0.2, and parameters § = 1.1, ¢ = 0.5, 7 = 100 as in Figure 3F. Then in the
fast plane (uj,us) we obtain the trajectory of the point on the rivalry limit cycle: the point
is drawn as a black thick dot; the ui-nullcline is colored in red, and the us-nullcline is colored
in blue.

70584 01.gif [3.7MB] illustrates the escape mechanism for I = 1.5.

70584_02.gif [3.8MB] illustrates the release mechanism for I = 0.5.

The small black square corresponds to the slow plane (a1, a2), where we included in green
the projection of the limit cycle trajectory. This picture shows how the slow negative feed-
back accumulates for the dominant population and then how it recovers for the suppressed
population (e.g., if u; is ON and uy is OFF, then a; increases and ag decreases). Then the
cycle repeats.
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