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Abstract We analyze a competitive neural network model of perceptual rivalry that
receives time-varying inputs. Time-dependence of inputs can be discrete or smooth.
Spike frequency adaptation provides negative feedback that generates network oscil-
lations when inputs are constant in time. Oscillations that resemble perceptual rivalry
involve only one population being “ON” at a time, which represents the dominance
of a single percept at a time. As shown in Laing and Chow (J. Comput. Neurosci.
12(1):39–53, 2002), for sufficiently high contrast, one can derive relationships be-
tween dominance times and contrast that agree with Levelt’s propositions (Levelt in
On binocular rivalry, 1965). Time-dependent stimuli give rise to novel network oscil-
lations where both, one, or neither populations are “ON” at any given time. When a
single population receives an interrupted stimulus, the fundamental mode of behavior
we find is phase-locking, where the temporally driven population locks its state to the
stimulus. Other behaviors are analyzed as bifurcations from this forced oscillation,
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time; (iii) increasing contrast of one stimulus increases the rivalry alternation rate;
and (iv) increasing the contrast of both stimuli increases the rivalry alternation rate.
Propositions (i)–(iii) imply that increasing the contrast of one eye’s stimulus will de-
crease the dominance time of the other. Recent evidence suggests proposition (ii) may
only hold for high contrast stimuli (Bossink et al. 1993), and increasing one stimulus’
contrast affects the dominance time of the stronger stimulus (Brascamp et al. 2006;
Klink et al. 2008; Moreno-Bote et al. 2010). There are also recent observations
regarding dominance time dependence upon intermittently presented stimuli (see
Fig. 1c). Periodically interrupted ambiguous images can be perceived in the same
configuration several presentations in a row (Orbach et al. 1963; Leopold et al. 2002;
Blake et al. 2003; Pearson and Brascamp 2008), possibly due to recovery of adap-
tive processes in the interruption period (Brascamp et al. 2009). Switching seems
to not be noise-dominated, since rivalrous processes appear to have memory up to
several minutes (Leopold et al. 2002; Pearson and Brascamp 2008). In addition, the
periodic strengthening of contrast in the images of alternating eyes can provide a
means by which perception can actually lock to the time course of these stimulus
intensifications (Kang et al. 2009). Understanding the neural processes underlying
these kinds of effects could have implications for many aspects of visual process-
ing.
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Fig. 5 Left population oscillates while the right population remains ON. (a) Plots of all model (1a)–(1d)
variables with constant inputs IR = 1.1 and IL = 0.6. (
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Fig. 6
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Fig. 7 Various periodic solutions to the system (1a)–(1d) with a single time dependent step input (3).
(a) Phase-locking (Ph) of left population to stimulus (∆I = 0.8 and TI = 50). (b) Early escape of the right
population (RE) to a switch in dominance (∆I = 0.6 and TI = 120). (c) Escape of right population to a
fusion (EF) ON state (∆I = 0.8 and TI = 100). (d) Left population fails to switch ON (LF) immediately
with stimulus (∆I = 0.55 and TI = 60). Other parameters are α = 0.2, β = 0.5, τ = 50, φ = 0.5, IR = 0.6

each. Since switching is entirely induced by the time-dependence of the input here,
adaptation variables do not affect the time duration of population activity. However,
there are inequalities involving the adaptation variables that must be satisfied in order
for the phase-locked state to exist.

We now derive the set of inequalities that must be satisfied in the phase-locked
state. Assuming that the system starts at t = 0 with the input IL(t) just switching
ON, so the left population uL ≈ 1 and the right population uR ≈ 0, we have the two
inequalities

α + ∆I > aL(t) and −β + IR < aR(t), t ∈ (0, T
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Now we derive two similar inequalities for the second part of the oscillation, when
IL(t) = 0. At the beginning, the left population should switch OFF

α < aL(TI ) = φ − (
φ − aL(0)

)
e−TI /τ ,

and the right population should switch ON immediately after

IR > aR(TI ) = aR(0)e−TI /τ .

For the time period from t = TI to t = 2TI , the states of each population must not
change and the left population will certainly not escape since

−β < 0 < aL(t), t ∈ (TI , 2TI ),

is always true, and the right population must not release

αR(t), t∈ (T

I,2T
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4.3 Escape to Fusion

A further variation on simple phase-locked behavior includes a period in which both
populations are either ON or OFF at the same time. Psychophysically, this would



S. Jayasuriya, Z.P. Kilpatrick

Fig. 8 Cycle skipping generates 1 : n mode-locked solutions in network (1a)–(1d) with left input inter-
rupted in time where (a) n = 2 for ) a 2 for
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generating a switch (Blake and Logothetis 2002). For a long timescale of periodic
image presentation, the right population (percept) appears through either early fusion
or dominance while the left image is still ON. For weak stimuli, the left percept does
not switch ON immediately with its input. As the stimulus amplitude is weakened
further or the input period is lessened, this effect becomes more pronounced. This
can even lead to the left percept skipping one or multiple stimulus epochs as shown
in the region of 1 : n mode-locked solutions, (1:2) and (m) respectively.

Many qualitatively new behaviors emerge as we temporally vary the left input
that could correspond to complex perceptual states that emerge when the stimulus is
presented intermittently over time to an observer. We now proceed to examine some
more qualitatively different behaviors that emerge from the system when we vary
both inputs over time.

5 Time-Variation in Both Inputs

Several authors have examined the effect of simultaneously switching both inputs ON
and OFF in a competitive neural network (Noest et al. 2007; Brascamp et al. 2009;
Gigante et al. 2009), in an attempt to understand how interrupted stimuli allow a
single percept to remain in dominance for longer (Orbach et al. 1963; Leopold et
al. 2002; Blake et al. 2003; Chen and He 2004). They did not probe more complex
dynamics, which we study here. Exploiting a fast/slow analysis, we can partition pa-
rameter space, in a similar way to the single input varied case of Sect. 4, into different
dynamical behaviors. We assume both inputs vary in the same way, according to the
stepwise input (3).

5.1 Phase-Locked ON/OFF Oscillation

The simplest possible periodic solution is one where both populations turn ON and
OFF together, with the input (see Fig. 10a). Activity variables should then be identi-
cal, as should the adaptation variables. Performing a fast/slow analysis, we arrive at
the same expression for both adaptation variables here as in the phase-locked case for
the single varied input

aj (0) = aj (2TI ) = φ

1 + eTI /τ
and aj (TI ) = φ

1 + e−TI /τ
, j = L,R.

Now, we require that neither population escapes or releases and that they are only
switched ON and OFF by changes in the input’s state. These requirements, along with
the formulae for the adaptation variables yield four inequalities, restricting parameter
space for this solution:

(OF-i) No Release: ∆I + α − β >
φ

1 + e−TI /τ
,

(OF-ii) Switching OFF: α − β <
φ

1 + e−TI /τ
,
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Fig. 10 Various periodic behaviors of the system (1a)–(1d) when both inputs IL(t), IR(t) are the periodic
step (3). (a) Phase-locked ON/OFF oscillation where both populations lock to time-dependent stimulus
(∆I = 0.8 and TI = 50). (b) Rivalry/fusion oscillation where both populations turn ON with the stimu-
lus, and there is an alternation in the population that releases each stimulus presentation (∆I = 0.6 and
TI = 50). (c) Dominance switching where there are multiple alternations in dominance with each stim-
ulus presentation (∆I = 0.6 and TI = 120). (d) Rivalry where dominance switches after each stimulus
interruption (∆I = 0.2 and TI = 50). Other parameters are α = 0.2, β = 0.5, φ = 0.5, τ = 50

(OF-iii) No Escape: 0 <
φ

1 + eTI /τ
,

(OF-iv) Switching ON: ∆I >
φ

1 + eTI /τ
.

Inequality (iii) is always satisfied, since φ must be positive. Existence of this phase-
locked ON/OFF oscillation is then determined by three inequalities that restrict pa-
rameter space. We will use these to build a diagram of parameter space at the conclu-
sion of this section (Fig. 11). Now, we turn to studying rivalrous behavior.

5.2 Rivalry/Fusion

To study more intricate dynamics, different from that found in previous work, we
examine half-periods TI commensurate with the adaptation time constant τ . Note, we
also restrict the OFF period of the stimulus to be the same as the ON period, which
is unlike protocols that generate stabilization, since they usually require a longer
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Fig. 11 Partitioning of the
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(RF-i) L (R) switches ON

∆I >
φe−2TI /τ (1 − e−TI /τ + e−2TI /τ )

φ+β−α−∆I
α−β+∆I

+ e−4TI /τ
,

(RF-ii) R (L) switches ON

α − β + ∆I >
φ

φ+β−α−∆I
α−β+∆I

(e−TI /τ − e−2TI /τ ) + φe−4TI /τ

φ+β−α−∆I
α−β+∆I

+ e−4TI /τ
,

(RF-iii) No release of L (R)

α − β + ∆I >
(α − β + ∆I)(1 + e−2TI /τ − e−3TI /τ ) + φ(e−TI /τ − e−2TI /τ )

1 − e−TI /τ + e−2TI /τ
,
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the space of input parameters TI and ∆I that give excellent approximations of where
these behaviors exist. We show this partitioning in Fig. 11. Several principals can be
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Fig. 12 Mode-locked solutions in the network (1a)–(1d) when a single population receives sinusoidally
varied input (4). (a) 1 : 1 mode-locked solution for input parameters ∆I = 0.7 and TI = 50. (b) 1 : 2
mode-locked solution for input parameters ∆I = 0.55 and TI = 50. Other parameters are α = 0.2, β = 0.5,
φ = 0.5, τ = 50, IR = 0.5

The left population will then switch OFF after a dominance time duration TL, once
the input IL decreases to a sufficiently weak value so that

α + IL(T∆) = aL(T∆ + TL), (12)

allowing the right population to subsequently switch ON. Determining the resultant
evolution of the left population’s adaptation variable aL and employing the functional
form of the sinusoidal input, (11) and (12) become

∆I
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We can track the value ∆I at each period-adding bifurcation point as a function of
TI by simply identifying where the set of nonlinear equations (16) and (17) ceases
to have a solution. Doing so, we show regions in parameter space where particular
1 :
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Finally, the right population switches OFF after TR , its sole dominance time

I (TU + TL + TR − T∆) + α = aR(TU + TL + TR − T∆).

Upon solving for the adaptation variables and employing the sinusoidal input func-
tion (4), we arrive at the following four equations for the associated durations of each
phase of the behavior

∆I

2

(
1 − sin

(
πT∆

TI

))
= φ

e(−2TI +TL+TU )/τ − e−2TI /τ

1 − e−2TI /τ
,

∆I

2

(
sin

(
π(TL − T∆)

TI

)
+ 1

)
− β = φ

e(−2TI +TR+TU )/τ − e−2TI /τ

1 − e−2TI /τ
,

∆I

2

(
sin

(
π(TU + T
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durations of each phase of behavior. In total, our analysis suggests that a host of novel
oscillatory behaviors in competitive networks can arise when input is constant and
especially time-dependent. We believe these provide a rich avenue for study in the-
oretical models of competitive networks (Laing and Chow 2002; Shpiro et al. 2007;
Noest et al. 2007) as well as experimental studies of perceptual rivalry (Blake and
Logothetis 2002; Pearson and Brascamp 2008).

Perceptual rivalry has long provided a noninvasive way of uncovering neural sub-
strates of visual experience (Blake and Logothetis 2002). Our results suggest sev-
eral directions for gauging contrast dependent mechanisms in binocular vision and
comparing models of perceptual rivalry to potential data sets. The periodic inter-
ruption of a single input could be easily enacted in a binocular rivalry experiment.
For high contrasts, our analysis predicts the subject should immediately perceive the
interrupted stimulus, once it is turned ON, if the OFF period is long enough. This
would provide substantial support for the claim that dominance switches in percep-
tual rivalry are mainly governed by a slow adaptive process (Laing and Chow 2002;
Lankheet 2006; van Ee 2011) rather than noise (Brascamp et al. 2006; Moreno-Bote
et al. 2007). As the length of the stimulus ON period is increased, it would be in-
teresting to see when subjects lose this locking of their perception to the phase of
the input. Stimuli whose contrast varies continuously in time could also be used to
quantify a relation between dominance times of each percept and stimulus ampli-
tude. It is interesting that the dominance time of a percept increases with increas-
ing contrast, as shown in our analysis in Sect. 6. This reverses the contrast depen-
dence of dominance times present in constant input paradigms, where dominance
time decreases as contrast increases according to Levelt proposition (iv) (Levelt 1965;
Seely and Chow 2011). Future experiments could employ periodic stimuli of longer
timescales that potentially lead to the combinations of fusion and rivalry seen in our
analysis. This may relate to existing evidence of hysteresis between fusion and ri-
valry in previous experiments (Buckthought et al. 2008). Rather than simply record-
ing dominance times, patients could indicate when the stimulus paradigm produces a
mixture of rivalry and fusion in their perception.

Our results also suggest several interesting directions for future theoretical work
on perceptual rivalry and competitive neural networks. In preliminary numerical sim-
ulations of a network with a smooth firing rate function and continuously varying
input, we have found novel dynamical behaviors such as mixed mode oscillations
(MMOs). This is not surprising, since recently Curtu has characterized MMOs in
a competitive neural network model where adaptation depends linearly upon firing
rate (Curtu 2010). However, studying such behavior in a nonautonomous system
may offer new challenges that could be handled, perhaps, using Floquet theory. By
adding noise into our model, we could examine how robust the boundaries parti-
tioning input parameters are in the face of perturbation. In particular, the parameter
region in which pure phase-locking to a single population’s input may shrink, and we
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