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Abstract

Pulse-coupled systems such as spiking neural networks exhibit nontrivial
invariant sets in the form of attracting yet unstable saddle periodic orbits
where units are synchronized into groups. Heteroclinic connections between
such orbits may in principle support switching processes in these networks
and enable novel kinds of neural computations. For small networks of
coupled oscillators, we here investigate under which conditions and how
system symmetry enforces or forbids certain switching transitions that may be
induced by perturbations. For networks of five oscillators, we derive explicit
transition rules that for two cluster symmetries deviate from those known from
oscillators coupled continuously in time. A third symmetry yields heteroclinic
networks that consist of sets of all unstable attractors with that symmetry and
the connections between them. Our results indicate that pulse-coupled systems
can reliably generate well-defined sets of complex spatiotemporal patterns that
conform to specific transition rules. We briefly discuss possible implications
for computation with spiking neural systems.

PACS numbers: 05.45.Xt, 89.75.—k, 87.18.Sn

1. Introduction

Heteroclinic connections among saddle states are known to support nontrivial switching
dynamics in networks of units coupled continuously in time [1-5]. Interesting recent work
furthermore suggests that heteroclinic networks in state space may be used to encode a large
number of spatiotemporal patterns if the transition between different states is controllable [6].
Supplementing such systems with certain additional features may thus enable a new kind of
computation [7].
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Networks of pulse-coupled oscillators, which model, e.g., the dynamics of spiking neural
networks, constitute hybrid systems that are very distinct from systems coupled continuously
in time. In pulse-coupled hybrid systems pulses interrupt the otherwise smooth time evolution
at discrete event times when pulses are sent or received. Such networks may exhibit unstable
attractors [8], unstable saddle periodic orbits that are attractors in the sense of Milnor [9].
Recent works indicate that unstable attractors may generically occur in systems with symmetry
[10, 11] and that such saddle periodic orbits may be connected to heteroclinic networks in a
standard way, but with some anomalous features [12, 13]. In particular, due to the attractor
nature of the periodic orbits, switching among saddles requires external perturbations. It was
known before that in non-hybrid systems with non-attracting saddles, such perturbations may
in principle direct the switching path. In this work, we study under which conditions and
precisely how small controlled perturbations can exploit heteroclinic connections in pulse-
coupled systems to support switching processes among saddle states, a key prerequisite for
computation by heteroclinic switching.

The results may be of particular relevance for neural systems where pulses are electric
action potentials (spikes) generated by neurons because spatiotemporal switching patterns of
spikes have been suggested to underlie information processing [14, 15].

This paper is divided into four main sections. After introducing the model and explaining
our analytical approach in section 1, we present in section 2 the most persistent attractors
and their symmetries. In section 3, we derive the dynamic response of the system to single-
oscillator perturbations and provide a local stability analysis. Finally, we conclude discussing
the relation between switching processes in the pulse-coupled systems considered to those
in systems coupled continuously in time. We also briefly discuss potential implications for
neural coding and paths to future investigations.

2. Pulse-coupled network

Consider a network of N oscillators that are connected homogeneously all-to-all without self-
connections through delayed pulse couplings. The state of each oscillator i € {1,..., N} at
time ¢ is specified by a single phase-like variable ¢; (¢) [16]. In the absence of interactions, its
dynamics is given by

dey

=1, 0<¢; <1 1
ar ¢ (D

When oscillator i reaches a threshold, ¢; (t~) = 1, its phase is reset to zero, ¢; (r) = 0, and the
oscillator is said to send a pulse. Such pulse is sent to all other oscillators which receive this
signal after a delay time t. The incoming signal induces a phase jump

¢i(1) = Ho($i(17) = U [U (i (17)) +el, 2

which depends on the instantaneous phase ¢;(t~) of the post-synaptic oscillator and the
excitatory coupling strength € > 0. The phase dependence is determined by a twice
continuously differentiable potential function U (¢) that is assumed to be strictly increasing
(U’ (¢) > 0), concave down (U”(¢) < 0) and normalized such that U(0) =0, U(1) = 1. As
shown in [8, 17], this phase dynamics is equivalent to the ordinary differential equations

dv;
dr’

= f(V) +Si(t), 3
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where

N
Sty =) est—1 —1}) 4)
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J#
is a sum of delayed §-currents induced by presynaptic oscillators. Oscillator j sends its kth
pulse at time t}k whenever its phase variable crosses threshold, V; (t;) > 1; thereafter, it is
instantaneously reset, V; (t; ) — 0. The kth pulse of oscillator j is received by i after adelay 7’.
The positive function f (V) > 0yields afree (S;(¢') = 0) solution V;(t') := V(') = V({'+Tp)
of intrinsic period 7y. The above function U (¢) is related to this solution via

U(¢) = V(¢To), )

defining a natural phase ¢ by rescaling the time axis, t = t'/ Ty and T = 7'/ Tj.
We focus on the specific form U(¢;) = Up(¢;) = %(1 — e %7 that represents the

integrate-and-fire oscillator defined by f(V) = I — yV. Here I > 1 is a constant external

input and T = % log (1 — %)_1 is the intrinsic period of an oscillator. Any U (¢) sufficiently

close to Uir(¢) gives qualitatively similar results.
After defining the dynamics of the network elements, we define its collective state as a
phase vector

¢ = (1,92, ..., dn), 6)

where each ¢; describes the phase of oscillator i. Their dynamics is governed by (1) and (2).
The difference in phase among them will define the macroscopic states of the network, as
explained in the following section.

The event-based update presented above brings two main advantages: it yields exact
analytical solutions of state space trajectories and substantially reduces the simulation time
compared to numerical integration with fixed small time steps.

3. Periodic orbit dynamics and symmetries

Here we define and explicitly study the dynamics of partially synchronized states, periodic
orbits where groups of oscillators are identically synchronized into clusters, for three main
symmetries of N = 5 oscillators. The analysis reveals mechanisms of perturbation-induced
switching transitions that critically depend on the local stability properties of cluster periodic
orbits. As we show below, stability in turn is determined by whether a cluster receives only
sub-threshold input during one period (‘unstable’ cluster) or it also receives supra-threshold
input (‘stable’ cluster), the only two options available. Thus, similar switching mechanisms
for a given symmetry will prevail also for larger N, cf [17], and contribute to much more
complex saddle state transitions, cf figure 6. As shown in the last section, when a constant
external input / to a single oscillator i is sufficiently strong to drive the membrane potential to
cross its threshold (U’ > 0), the potential dynamics become periodic with period Ty. It was
known before that networks of such pulse-coupled oscillators may exhibit different invariant
states including partially synchronized states [5, 8, 9, 18, 20].

To explore the possible unstable attractors we systematically varied the parameters and
the initial conditions for our system and found numerically that three clustered states present
those state symmetries most persistent to perturbations. Two of these states are composed of
two clusters, with permutation symmetries S3 x S, and Ss x Sy, respectively; another one is
composed of two clusters and one single element, with the permutation symmetry S, x S X Sj.
The event-based analyses of these states are based on the return maps that are presented in
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detail in tables B1, B3, B4 and B6. For each of these three cluster periodic orbits, the event
sequence of sending and receiving pulses fully defines the type of periodic orbit such that the
analytical conditions for the existence of a family of such orbits can be directly read from these
tables. In particular, these three families of periodic orbits exist for an open set of parameters
close to the three examples numerically specified in tables B2, BS and B7. The existence
conditions for each periodic orbit naturally imply that the phases of all oscillators exactly
return to the same value after a fixed period; at the same time, the predefined event sequence
must be kept.

Throughout this work, we represent the dynamical states relative to the symmetries
S3 x 8, 84 x Sy and §; x Sy x S8y, respectively, by the phase vectors

¢ =(a,a,a,b,b), (7a)
¢ =1(a,a,a,a,b), (7b)
$=1(a,a,b,b,c), (7¢)

where each element represents one oscillator and the letters indicate to which cluster it belongs.
In these periodic orbits, the differences in phase (a — b), (a — ¢) and (b — ¢) will change in
time in a periodic manner, while the cluster configuration remains the same. In this notation,
the elements labeled as ‘a’ belong to an unstable cluster, ‘b’ to a stable cluster, while ‘c’
represents a single element that reacts stably to small perturbations (see below).

It is important to emphasize that this system exhibits symmetric connections and that
the parameters, I, y, € and t, are global (see section 2). As a consequence, the initial
condition controls the final attractor and determines which of the permutation-equivalent
states is obtained. By the same symmetry argument, the number of permutation-equivalent
configurations for each state symmetry is given by the number of ways we can form the vectors
presented above, which results in 10, 5 and 30 states, respectively. In the following section,
we study the stability of these cluster states and the possible state transitions among them in
the presence of small perturbations.

4. Stability and switching properties

In this section, we will study, case by case, the dynamics and stability of cluster periodic orbits
presented in the last section. First, we show that these periodic orbits actually are unstable
attractors, and later we study the possible transitions between different states in response to
small perturbations.

To study the local stability of these attractors, we introduce a perturbation vector

d(n) = (82(n), 83(n), 84(n), 85(n)) ®)

that has four components, since only the relative phases among the oscillators are relevant
(81(n) = 0). The analysis presented here consists of a study of the temporal evolution of this
perturbation vector at each cycle. Thus,

8i(n) := ¢i(t1,n) — ;' (1) 9

are the perturbations to phases on the periodic orbit just after oscillator one has sent its nth
pulse and been reset, i.e. §; = 0.

After a small enough initial perturbation that is added to the phase vector at some point
of the unperturbed dynamics, the temporal evolution of the perturbation vector is defined as
the difference between this perturbed vector after one cycle of the system dynamics and the
unperturbed phase vector at the same time. Analytically tracking the periodic orbit dynamics
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(cf tables B1, B4 and B6) yields the perturbation vector after one cycle as a function of the
perturbation in the previous cycle,

dmn+1)=F((n)), (10)
which can be linearly approximated by
dn+1)=Jé@n), (11)

where J is the Jacobian matrix at 6 (n) = 0, describing the local dynamics.

After analyzing the local stability properties, we study nonlocal effects in response to
single-oscillator perturbations. The procedure consists of perturbing only one oscillator at
each time. We consider negative perturbations, instantaneous decrements on the phase, and
positive ones, instantaneous increments on the phase. When possible, transition diagrams are
included.

4.1. Clustered state S5 x S»

For the clustered state S3 x S,, we have the temporal evolution for the vector § in one cycle,
(cf tables C1 and B1) assuming §, < §3 and 84 < &5 given by

dn+1)=¢—1(0,0,4, A), 12)

where ¢ is the phase vector given by the last row of table C1, and the vector (0,0, A, A)
represents the unperturbed cycle (see table B1). By (11) and (12) we obtain the following
Jacobian matrix:

o 0 0 O
06(n +1) _ jgi1 B 0 0 (13)
30(n) | 50m)=0 y Jjp» 0 0]
y Jo 00

where «, B and y are positive reals larger than 1, ji3; and ji, are positive, and j,; is much
smaller than the other elements (for analytical expressions of the partial derivatives refer to
appendix A). This matrix has two zero eigenvalues with eigenvectors that correspond to the
directions of §4 and &s and two nonzero eigenvalues given by

M=o =[-1+[1+H\(0)]H(H(1))H, (t + H (7)) (14)
Ay =B =[—1+2H(0)]|H (H (1)) Hy (T + Hy (1)), (15)
where
/ _ i —1
H.(¢) = 3¢U (U(p) +¢). (16)

Here A; and A, are larger than 1 (see lemma 1), noting that all terms are due to sub-
threshold events. Thus, a perturbation can effectively disturb the system in two different
possible directions, showing that the cluster S, is stable and the cluster S3 is unstable.

Lemma 1. If H.(¢) given by (2) mediates a sub-threshold reception event and € > 0, U'(¢p) >
0and U"(¢) <O, then H (¢p) > 1.

Proof. Assume € > 0. By definition

' U'(@) U'(@)
H (p) = —UYU = = )
D) =35V WO =T U@ o) ~ UH.9)




J. Phys. A: Math. Theor. 42 (2009) 345103 F S Neves and M Timme

1 * x ¥ Y Y
! Y
.0,
-0,
-0,
0
0,0 0,0
0,0, 000 g0,
L0 00,0 00, 0,0, 000 6.0,
1100 2200
t

Figure 1. Example of perturbation-induced switching in a S3 x S state set. The response of the
system to a sequence of five negative single oscillator perturbations preserving a S3 x S clustered
symmetry (t = 0.31,¢ = 0.025,1 = 1.04, y = 1). The phases of all oscillators are plotted at
the moment when oscillator 1 is reset, each color representing the phase of one oscillator. There
are transitions through two steps, where in a first moment the cluster S3 is unstable, after one
perturbation (as shown by the second and fourth perturbation) it reaches a new configuration with
the cluster S in a unstable phase position, a second perturbation (as shown in the first, third and
fifth perturbations) is needed to put the system in the initial phase difference again, maintaining
the cluster components but changing its stability. The symmetry of the unstable attractors is
preserved. The sequence of states given by the plateaus are (a, a, b, b,a)* — (a,a,b,b,a) —
(b,b,a,a,a)* — (b,b,a,a,a) — (a,a,a,b,b)* — (a,a,a,b,b), where the star indicate the
states where S2 is in a unstable phase.

Since U’(¢) is a monotonic decreasing function and H, (¢) > ¢, we have U'(¢) > U'(H(¢))
for any H.(¢), and consequently H/(¢) > 1. O

Now we describe the long-term effect of a single-oscillator perturbation to the unstable
cluster S3. A negative perturbation to one of the elements on the unstable cluster
(¢* = (a,a,a — 83, b, b)) puts one of its elements phase slightly behind; then the initial
stable cluster S, begins to receive an additional pulse just after it is reset increasing its relative
phase in each cycle, and thus approaching the phase of the elements in the originally stable
cluster. After some cycles it finally joins that cluster by a simultaneous reset, forming a new
S3 x 8, clustered state. This switching process is illustrated just after the second and fourth
perturbations in figure 1. The final state has the same symmetry as the initial state, but has
different stability properties: whereas the orbit is stable to splitting the Sz cluster, it is unstable
to splitting the S, cluster and upon perturbation resynchronizes and shifts in phase with respect
to the cluster S3 (see table B3). A further perturbation to the cluster S, does not change the
elements of each cluster but just returns the system to the initial phase difference, as illustrated
in the first, third and fifth perturbations in figure 1.

Intriguingly, positive perturbations (¢* = (a, a,a + 83, b, b)) result in a completely
different dynamics, as can be seen in figure 2 which presents a sequence of three negative and
two positive perturbations. A positive perturbation puts just one oscillator from the unstable
cluster ahead that now increases its phase in relation to its original cluster in each cycle till it
begins to be reset by pulses coming from the originally stable cluster. The original S, cluster
changes its phase to conform with this new pulse configuration, but has still been reset by

6



J. Phys. A: Math. Theor. 42 (2009) 345103 F S Neves and M Timme

1 } . } . ' . { : {
1: ° ¢1
-0,
. ¢3
<0,
95
o
030, ' N
< _" 05:0,,05 ] -
0,9, - 030,05+ 0,0, o,
0
ol futets bt 00 00, 00 0,0,
1100 2200
t

Figure 2. Example of symmetry change by perturbation-induced switching. A sequence of three
negative and two positive single oscillator perturbations (same parameters as in figure 1). Showing
that the positive perturbations split the unstable cluster until the system reach some periodic orbit.
The symmetry is not preserved.

pulses coming from the two elements left on the unstable cluster. Thus, the S3 cluster splits
into two clusters, and the new configuration becomes S, x S> x S;. A further perturbation
puts the system in a stable cyclic state.

Hence the symmetry S3 x S, is not preserved upon a general perturbation. However,
simulations suggest that if we only consider negative single oscillator perturbations, or one
negative perturbation with a larger magnitude than the others, the symmetry is preserved, and
it is possible to write a transition rule

(a—368i1,a,a,b,b) — (a,b,b,a,a), 17

that permits us to know which will be the next state after one perturbation.

4.2. Clustered state S4 x S|

Considering now the S; x S; symmetry, assuming §, < §3 < 84 and §5 > 0, in a procedure
analogous to that in the last section, we obtain the following Jacobian matrix (see last row of
tables C2 and B4):

o 0O 0 O
98(n + 1) B 000 s
36(n)  |501=0 s Jj2 v 0

Ja o 6 0

Here «, B, y and 0 are larger than 1, j4; and js are positive and j»;, j3; and j3» are much
smaller than the other elements (see appendix A). This matrix has one zero eigenvalue,
corresponding to the single element represented by S; and three nonzero eigenvalues given by

M =a=[-1+[1+H(t)H (H () H,(He (t)H (T + H3¢ (7)), 19)
A =B =[—1+[1+H(D)H/(He () H,(Hae (v)) H/ (T + H3 (7)), (20)
Ay =y = [~1+2H/(0)|H/(H(v)) H(H2e (7)) H (T + H3¢ (7). 21
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Figure 3. Example of perturbation-induced switching in a S x S; state set. A sequence of
four positive single oscillator perturbations preserving a S4 x S; clustered state (z = 0.27,¢ =
0.015,7 = 1.1,y = 1). The phase of all oscillators are plotted each time oscillator 1 is reset,
each color represents the phase of one oscillator. The perturbed oscillator leaves the cluster S4
and replaced the S oscillator, that join the cluster Ss, preserving the symmetry. The sequence
of states corresponding to the plateaus are (a,a,a,a,b) — (a,b,a,a,a) — (a,a,b,a,a) —
(a,a,a,b,a).

Using the same argument as in the last section (see lemma 1), these three eigenvalues are
necessarily larger than 1 (A1, A», A3 > 1), showing the instability of the cluster Sy.

Again we study the effect of single-oscillator perturbations. As can be seen in figure 3,
positive perturbations to an element of the unstable cluster S; put one element from the unstable
group ahead. This difference in phase will increase each cycle, since pulses received at larger
phases more strongly shift the oscillator’s phase; at the same time, the S; element is not only
reset by the other oscillators pulses, but also receives additional pulses that makes its phase
approach the unstable cluster. After some cycles, the element S, joins the original unstable
cluster, forming a new Sy cluster, while the perturbed oscillator forms the new S, returning the
system to its original phase difference and symmetry, but with different elements composing
the clusters.

When a negative perturbation is applied (see figure 4) the element perturbed is put
backward, and as before the elements ahead increase the difference in phase in relation to
the perturbed element; at each cycle, after being reset, the original S1 element receives an
additional pulse coming from the perturbed element, increasing its phase. After some cycles,
this increase makes the S| element to join the perturbed element, forming a new cluster S,.
The new configuration becomes S3 x S, where S3 is unstable. A second perturbation to the
S5 cluster moves the perturbed element to the cluster S,. A last perturbation can either put
the system in its initial configuration or split the cluster into two; depending on the position
on the periodic orbit it is applied. The symmetry of this state is obviously not preserved
for negative perturbations, and computer simulations indicate that more general perturbations
bring an even more complicated switching dynamics due to the large number of elements in
the unstable cluster.
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Figure 4. Example of symmetry change by perturbation-induced switching. A sequence of three
negative single oscillator perturbations for the same parameter used in figure 3. The perturbed
oscillator joins the S; oscillator, forming a S, cluster, new perturbations led first to an S3 x S
configuration and later to split the clusters reaching a stable attractor. The symmetry is not
preserved.

Considering only single positive perturbations, we can state a transition rule between two
states when subject to a single positive perturbation,

(a+é1,a,a,a,b) — (b,a,a,a,a). (22)

Under these considerations, the resulting transition diagram is a fully connected one, and it
is possible to jump from one equivalent permutation state to any other one applying only one
perturbation.

4.3. Clustered state S> x S, x S

For the symmetry S, x S, x Sj, assuming 83 < 84 and &5, 85 > 0, we have the following
Jacobian matrix:

o
06(n+1) B
T - , 23

8 (23)

a4 (n) 5(n)=0 B

S O O
S O O
S O O

y 0.0 0

where @ > B > y > 0 (see appendix A), cf tables C3 and B4. This matrix has three zero
eigenvalues and only one nonzero eigenvalue given by

M=a=HG@T +H(( — 1t + Hk ()14 H(x — T+ Haoc ') + Hy ()11, (24)

which is larger than 1 accordingly to lemma 1. The fact that there is only one eigenvalue
and that it is larger than 1 not only shows that there is only one unstable cluster, but also that
perturbations change only the difference in phase between the two elements on this cluster.
As aresult, any general perturbation can be mapped to a single-oscillator perturbation.
Differently from the last two considered symmetries, we here have one single element,
one stable S, clusters and one symmetric unstable S, cluster. When perturbed, the initial
unstable cluster S, splits into two, the additional pulse received now by the initial single S

9
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Figure 5. Example of perturbation-induced switching in a S x S» x S state set. A sequence
of five perturbations driving the system through different states with symmetry S» x S x S
(r = 049,e = 0.025,1 = 1.04,y = 1). The phase of all oscillators are plotted at the
moment when oscillator number one is reset, each color representing the phase of one oscillator.
The apparent change of the phase differences among the clusters just after the perturbations
depends on the cluster to which the reference oscillator belongs. The symmetry of the unstable
attractors is preserved. The sequence of states corresponding to the plateaus are (a, a, b, b, ¢) —
(b,c,a,a,b) - (a,b,b,c,a) - (b,a,a,b,c) — (a,c,b,a,b) — (b,b,a,c,a).

element just after its reset makes it approaches the element that was put behind on the unstable
S, cluster, forming a new stable S, cluster. This occurs because it is reset by supra-threshold
pulses. Moreover, the element ahead begins to be reset by pulses and stops increasing its phase,
becoming stable and the original stable S, cluster after changing its phase is no longer reset
by pulses, becoming unstable. The final state has the same symmetry and stability properties
as the former state.

The preservation of the symmetry implies a closed transition diagram among all the
possible S, x S, x S states (see figure 6). We state two simple equivalent switching rules.
Considering first a positive representation, we have

(a,a+6é,b,b,¢c) > (¢c,b,a,a,b) (25)
that can be rewritten for negative perturbations simply as
(a—361,a,b,b,¢c) — (c,b,a,a,b). (26)

We conclude that for this symmetry the unstable attractors are linked to form a heteroclinic
network (figure 6), characterized by (25) and (26), forming a closed set of saddle periodic
orbits among which the systems switch in a controlled way upon small external perturbations.
We remark that in the absence of noise this dynamics does not exhibit spontaneous transitions
between nearby saddle states [12, 13] but instead displays convergence to unstable attractors.
The free dynamics of each element evolves continuously up to reset; still, the collective
dynamics of the entire network (network state) evolves continuously almost always, but
interrupted by discrete jumps due to the infinitely fast phase response of the interaction. As (i)
the transitions are fully controlled by external perturbations and thus predictable, and (ii) the
symmetry is preserved when the network is subject to sufficiently small, general perturbations,
arbitrarily small external noise, would trigger a persistent switching dynamics in which the
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Figure 6. Five steps state transition diagram for the symmetry S» x S» x S;. This diagram shows
all the possible 5-step paths, sequence of states, beginning on the state {a, b, ¢, b, a}. Each arrow
represents one of the two possible perturbations, subject to (25) and (26). At least 5 perturbations
are necessary to reach the initial state again.

network states are constrained to the closed set of periodic orbits with an initial $, x S x S
symmetry. A numerical example of this spontaneous switching phenomenon has been reported
before [17] for a system of N = 100 oscillators exhibiting S>; X Sp; X S21 X S»1 X S16 symmetry.

5. Discussion

In the networks of pulse-coupled oscillators studied above, three sets of heteroclinically
connected unstable attractors appear to have a well-defined symmetry that depends on the
network parameters. Interestingly, for two state symmetries, the possible switching transitions
markedly deviate from those in time-continuously coupled systems [19]. Moreover, all
attractors with the third symmetry S, x S, x S§; form one closed heteroclinic network, where
all possible transitions are predictable and depend on the precise direction of the perturbation.
In fact, mapping an arbitrary small perturbation to a single-oscillator perturbation, we derived
a general set of transition rules, (25) and (26). This last feature guarantees that there are no
changes of symmetry during the switching and precisely defines a transition diagram (figure 6)
that holds for all sufficiently small perturbations.

Thus, this work explicitly shows how nontrivial switching dynamics is induced and
precisely controlled by perturbations in pulse-coupled systems. Our analysis shows that
and how event sequences, collectively generated by the network, fully determine switching
transitions in pulse-coupled oscillators. Consequently, these results are not restricted to the
IF model (used here for numerical simulations and illustrating purposes) but equally hold
for different oscillator models with sub-threshold potential dynamics that are sufficiently
close to the one considered here. Moreover, the phenomenon should still hold qualitatively
for temporally extended responses as long as the post-synaptic response times are short
compared to the membrane time constant and inter-spike-interval times. Nevertheless,
although we expect the same transition possibilities, the dynamics without noise will show
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heteroclinic switching sequences that depend on the initial condition and do not require
external perturbations, cf [13]. As stability and instability of clusters reflect synchronizing
and desynchronizing mechanisms [20], here realized by supra- and sub-threshold inputs,
respectively, similar switching features also occur in networks of N > 6 pulse-coupled
oscillators [17].

Since the systems studied here are pulse-coupled and of hybrid type, with smooth time
evolution interrupted at discrete times of interactions, it is interesting to compare our results
to those systems of oscillators coupled continuously in time [6, 7]. The latter systems exhibit
partially synchronized saddle states with the same symmetry S, x S, x S;, where a persistent
switching dynamics appears as one feature of the model and, when subject to asymmetric
external currents, generates a wide variety of spatiotemporal patterns. Interestingly, the
transitions rules given by (25) and (26)—illustrated in figures 5 and 6—not only guarantee an
equivalent persistent switching dynamics when subject to noise, but also imply the existence
of the same set of spatiotemporal patterns when subject to asymmetric external currents as
well. Thus, our model characterizes exactly this switching dynamics in a pulse-coupled
neuronal framework, where the patterns can be described as distributed pulse sequences (spike
patterns). The importance of such a spiking representation becomes evident in particular
when considering potential applications to neural coding and information processing [7]. For
instance, studies on the olfactory system of insects [21, 22] have shown that biological systems
could use spatiotemporal spike patterns as part of their information processing. In particular,
our results agree with the interesting predictions of Hansel et al [2], Rabinovich et al [3]
and Timme et al [8] regarding the generation of spatiotemporal spike patterns based on a
switching dynamics. In addition, our work presents a neural system where the entire (long-
time) switching dynamics follows from a fixed set of transition rules, a promising feature that
may prove not only advantageous for computation in biological but also in artificial systems.

We remark that although the apparent equivalence between the dynamics of pulse-coupled
oscillators and continuously coupled oscillators works for this specific symmetry, it does not
hold as a general rule. The most pronounced counter-examples are systems with symmetry
S3 x S5, which when smoothly coupled exhibit persistent switching dynamics, but when pulse-
coupled, any continuous small noise required for the switching necessarily drives the system
to a stable attractor, cf figure 2.

To understand how these switching properties may actually perform computational tasks,
a complete analysis of the effect of asymmetric currents, driving pulses and asymmetric
connections on the spike patterns is needed. The answer to these controlling factors could
bring us important information about alternative mechanisms of neural computation, both
biological and artificial.
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Appendix A. Partial derivatives

Here we present the analytical expressions for the Jacobian matrices presented in section 3.
Where we introduce a short notation Hy(x) — x,,forx € {0, 7, (r — 7)), (r — 7' + t;)} and
y € {€, 2¢, 3¢}
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A.l1. 83 x S2. Nonzero elements for the Jacobian matrix (13)

o =[—1+[1+H (t)]H. (t)]H) (T + T2¢) (A1)
B =I[—1+2H/(t)]1H.(te) Hy (T + T2¢) (A2)
y =[—14+ H(0)]H;,(t +0.) + H.(t.) H5, (T + T2c) (A.3)
Jor = —[1+[=2+ H/()1H.(t)1H,, (T + T2c) (A4)
J2 = jaz = [—1+ H(D)]H.(te) Hy. (T + T¢). (AJ5)

A.2. §4 x S1. Nonzero elements for the Jacobian matrix (17)

o =[—1+[1+H (t)H (t)|H.(t20)1H. (T + T3¢) (A.6)
B=I[-1+[1+H (0)H (t0)|H(12e) H (T + T3¢) (A7)
y = [—142H.(?)1H.(te) H (T2 ) H. (T + T3¢) (A.8)
J31 = Jju = —[1+[-2+ H (vo))|H.(t20)1H. (T + 13¢) (A.9)
Ja = —[=14 H(0)1H(02) + [—1 + H(z)]H/ (T + ) (A.10)
Jao = —[=1+ H.(0)]JH.(0)H.(02¢) + [—1 + H.(t)]H(t2¢) H. (T + T3¢) (A.11)
0 =—1+H/(0)H (0)H/(02) + [1 + [—1 + H (t)]H (te) H (120 ) 1H. (T + T3¢). (A.12)

A.3. 82 x 82 x S1. Nonzero elements for the Jacobian matrix (22)

M=a=HG@T +@@ -1t +1))-1+H(t -t + 1)1+ H,.(t]l, (A.13)
B=HOH (t"+0)+H(t"+(t =T+ ne))[—-1+ H/(x — T+ 15,)] (A.14)

y =—[-1+H/(t — HH((t — 1))
+H (' + (=1t +t))[-1+H(t — "+ 15)]. (A.15)

Appendix B. Return maps

Here we explain step by step the periodic orbit dynamics described by the unperturbed return
maps that define the three main families of the attractors given in tables B1, B3, B4 and B6.
The event notation is the following: s; indicates that oscillator i sent a pulse; r; indicates that
pulses were received coming from the oscillators indicated by i. The capital letters indicate
constants, H,(¢) is the transfer function presented in section 1 and p; ; is a short notation for
the phase of oscillator i at event number ;.

A realization of the dynamics described by these tables is presented for specific parameter
in tables B2, BS and B7. As there are no approximations to the corresponding analytical
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Table B1. Analytic table of condition for an unperturbed S3 x S> dynamics, S3 unstable.

Event
Event Time b1, P2, P3 bu, G5 number
851,2,3 0 0 A 0
r1235845 T Hy(7) = p11 H;(A+1)>1—>0 1
Ta5 2t Hy(pri+7)=p12  H(t) = ps> 2
5123 2t+1l—=p1p 1—-0 pa2+1—pia 3

Table B2. Analytic prediction of phase dynamics for parameters t = 0.31, ¢ = 0.025, 1 = 1.04
and y = 1, realizing a S3 x S cycle.

Event
Event Time b1, 02, O3 P4, s number
S123 0.000000 0.000000 0.501612 O
ri23;84s  0.310000 0.353450 0.000000 1
45 0.620000 0.829344 0.330956 2
S123 0.790655 0.000000 0.501612 3

Table B3. Analytic table of condition for an unperturbed S3 x S> dynamics, S unstable.

Event
Event Time b1, P, P3 Pa, Ps number
r(4,5); 51,213 0 0 C 0
r12,3 T Hy (1) = p1,) H; (C+1)=ps; 1
S4.5 1 — p4; L+ pi1— pa1=pi2 1-0 2
455 1,23 T+l —ps1 He(piao+1)>1—>0 HJ(7) 3

condition tables, the specific values completely agree with the iterated simulation in figures 1,
3 and 5.

B.1. Unperturbed Sz x S, dynamics

The initial condition is such that no pulse was sent before time zero. At time zero, the first
event, oscillators 1, 2 and 3 fire (s1»3); the second event is the reception of these signals a
time t later (r123), these are supra-threshold events to oscillators 4 and 5, which then send
a signal (s45) and are reset; the third event is the reception of pulses from 4 and 5 (rys);
and the last event is the reset of oscillators 1, 2 and 3 (s123) by reaching the threshold. For
any choice of the parameters resulting in A = ps4» + 1 — p;» (while preserving the event
sequence), we have a period-one attractor, since the initial state is obtained after one pulse of
each oscillator. A numerical example of such a structure is presented in table B2. From this
map, we can conclude that the cluster S, is stable, since any small variation will be restored
when its elements are reset together by the incoming pulse.

14
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Table B4. Analytic table of condition for an unperturbed S4 x S; dynamics.

Event
Event Time b1, P2, P3, P s number
§1,2,3,4 0 0 B 0
ri234>85 T H3 () = p1a Hy(B+7)>1—->0 1
s 2t H(pi+1)=pi2 7 2
§1,2,3,4 21+ 1 — P12 1—=0 T+1— P12 3

Table B5. Analytic prediction of phase dynamics for parameters 7 = 0.27,¢ = 0.015,1 = 1.1
and y = 1, realizing a S4 x S; cycle.

Event
Event Time b1, 02, P3, 04 G5 number
S12.3.4 0.000000  0.000 000 0.672908 O
ri23.458s  0.270000  0.303940 0.000000 1
rs 0.540000 0.597 091 0.270000 2
S12.3.4 0.942909  0.000 000 0.672908 3

B.2. Unperturbed Sz x S, dynamics, S, unstable

This map describes the partner orbit of table B1, once they appear for the same range of the
parameter, but for different initial conditions. The initial condition here is that pulses from
oscillators 4 and 5 are received (r@4,5)) exactly at time 0, forcing oscillators 1, 2 and 3 to fire
(s1,2,3), what defines the first event; the second event is the reception of these pulses (r;23) T
time later; the third event is the reset of oscillators 4 and 5 upon reaching the threshold (s45),
and consequently the generation of two new pulses; the last event is the reception of these
pulses (r4 5), which causes oscillators 1, 2 and 3 to generate one pulse (s} > 3). In this case, the
S5 cluster is stable, since any small variation on the phase of its components will disappear in
the next cycle when all are reset together by incoming pulses [10].

B.3. Unperturbed S4 x S dynamics

This map describes another period-one attractor, where no pulse was sent before time 0.
The first event is the signal sent by oscillators 1, 2, 3 and 4 (s;2,3.4); the second event
is the reception of these pulses after t time units (r; 2 3.4), which makes oscillator 5 to generate
one pulse due to a supra-threshold input (ss); the third event is the reception of this pulse at
time 27t (rs); the last event is the pulse generation from oscillators 1, 2, 3 and 4 upon reaching
the threshold. If the event sequence is preserved, the condition B = v + 1 — p;, follows
from the periodicity of the orbit. A numerical example of this orbit structure is presented in
table BS.
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Table B6. Analytic table of condition for an unperturbed S> x S» x S; dynamics.

Event
Event Time b1, P2 b3, ¢4 b5 number
S1.2 0 0 D E 0
raass T Hy(T) = p1a H (D +1') = ps, Hy (E +7') 1
>1—0
ri2; 834 T H(piy+t—1) Hy(psa+t—1) Hy(t —7) 2
=Ppi2 >1—>0
rs T+7 H(pra+t)=pis H(psa+7)=p3z psa+7 =ps3 3
S1,2 t+t'+1l—p; 10 p3stl—pis P53+ 1 —pis 4

Table B7. Analytic prediction of phase dynamics for parameters t = 0.49, € = 0.025, I = 1.04
and y = 1, realizing a S x S» x §j cycle.

Event
Event Time o1, P2 P3, P4 s number
S12 0.000000 0.000000 0.381978 0.795680 O
raasss  0.119095 0.141656 0.541358 0.000000 1
ri2; 834 0490000 0.554491 0.000000 0.424775 2
rs 0.609095 0.748191 0.130168 0.543870 3
$1.2 0.860904 0.000000 0.381978 0.795680 4

B.4. Unperturbed Sy x Sy x Sy dynamics

For this map, the initial conditions are such that pulses from oscillators 3 and 4 will be received
at time t’ after time 0. The first event is the pulse generation from oscillators 1 and 2 upon
reaching the threshold (s; »); the second is the reception of pulses from oscillators 3 and 4
(r3,4)) at time 7’ and the pulse generation from oscillator 5 (ss) caused by this supra-threshold
input; the third event is the reception of the pulses from oscillators 1 and 2 (7} ) at time 7 that
forces oscillators 3 and 4 to elicit a pulse (s3,4); the forth event is the reception of the pulse
coming from oscillator 5 (rs); the last event is the pulse generation from oscillators 1 and 2
(s1,2) upon reaching the threshold. This map implies three periodic conditions to describe a
period-one attractor: D = p33+ 1 — p13, E = ps3+1—pis,andt =27+ 1 — p13. An
example of this structure is presented in table B7.

Appendix C. Perturbed dynamics, return maps

In this appendix, we present three tables that show the changes to the dynamics described
in tables B1, B4 and B6 due to an incremental perturbation § = (0, 8,, 83, &4, 65), where
0 < 8 < 83 < 84 < s < 1. In all cases without lose of generality, oscillator 1 was taken as
the referential phase to define the new cycle, since this does not affect the dynamics itself but
only the point of reference. The notation is the same as in appendix B.
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Table C1. Perturbed S3 x S> dynamics.

Event
Event Time o 10 b3 o s number
s O 0 8 33 A+, A+ 5 0
3 T — 33 H (t—83) =pi1a H(Gr+1—63) T H((A+6+7—0835) HA(A+d5+1—353) la
= DP21a = P4.1a = Ds5.1a

;845 T — 08 He(pria+38:—38) Pria+t8—6 H(t+85—6) He(ps1a+383—38) He(psia+t83—38) 1b

= PLip = P21 = P3.1b >1—->0 >1—->0
r T Prap+8 = pi1 He(paip+82) = pa1 He(psp +82) = p31 He(82) = paa Paa 1
45 2t — & Hy(pri+7t—368) Hx(pri+7—293) Hy(p3,1+7 —82) Hye(pai+7t—38)  pan 2

= P12 = D22 = P32 = D42
§3 2t =8+ 1—p3n piatl—p3» P2+l —p3o 1—-0 Papt+1l—p3o Papt+ 1l —p3o 3a
$2 2t =8+ 1—prs piatl—pas 1-0 P32 — P22 Papt+ 1l —pan Papt+l—pas 3b
S1 2t =6+l —p1a 1 >0 P22 — P12 P32 — P12 papt+l—pio papt+l—pio 3
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Table C2. Perturbed S4 x S dynamics.

Event
Event Time o 103 b3 o s number
§1,(2,3,4) 0 0 52 83 54 B+ 85 0
ra4;85 T — 64 H.(t —4,) H.(t +6, —d4) H.(t +6—64) T H.(B+685+1—34,) la
= Pl.la = P21a = P3.1a >1—->0
r3 T—38 He(pi1a+384 —83) He(paia+84—383) psiatds—36; H(t +84 — &3) H.(84 — 83) b
= P11 = P21p = P3w = P4.1p = P51
r T—8 He(piip+383 —82) paip+83— 38 He(p3,1p + 83 — 82) He(paip +83 —82) He(psip+83 —82) Ic
= PlLlc = DP2.1c = P3.1c = DP4.1c = Ds.1c
r T Piic+ 8 H(pa,ic +62) H(p3,1c +62) H(psic +62) Hc(ps,ic +62) 1
= P11 = P21 = P31 = P41 = Ps.1
rs 2T — 84 He(pri+7—384) He(pa1+7T—384) He(ps1+7—384) He(psi+t—384) psi+7T—46 2
= P12 = D22 = P32 = D42 = P52
S4 2t — 84+ 1 —pas pro+1—pao P2+ 1 — pas P32+l —pas 1—-0 Ps2+ 1 — pas 3a
§3 2t =84+ 1 —p3s pra+1—psp P2t 1 —p3s -0 P42 — P32 psa+T—084+1—p35 3b
= P53b
52 21 — 84+ 1 —pon pro+1—pas 1-0 P32 — P22 = P33c P42 — P22 Ps3bt+ D32 — P22 3c
= P5.3c
S1 2t =8+l —p1a 1 >0 P22 — P12 P32 — P12 P42 — P12 D53ct P22 — P12 3

€01SHE (6007) TP 109YL YIRIA 1V "SAyd [

SQWIWL], JA] PUB SOAIN S



61

Table C3. Perturbed S, x S x S dynamics.

Event
Event Time o} o) b3 N s number
(s3,4); 1,2 O 0 8 D+ 683 D +8, E + 65 0
73.4; S5 T’ Hy) (t') = p1, Hy (T'+8)=py1 HD+1'+8)=p31 HD+1'+8)=ps1 He(E+7T +685) 1
>1—0
125834 =38 Hi(pi+t—1—8) put+tt—1 -8  Hlppi+t—1—-8) H(pypi+t—1-8&) H((@T-1-58) 2a
= Pl.2a = DP22a >1—->0 >1—->0 = P5.2a
Ty T P12a+62 = pia Hc(p22a +02) = p22 He(82) = p3n Hc(8:) = pan He(ps.2q +62) 2
= P52
rs =1t H(pra+t)=pi;s H(pr2+7) = pas He(psn+71') = pss P33 psa+T 3
52 T+ P13+l —pas 1—-0 P3sz+t1l—pa3s=psa  DP3a psa+ T +1—pys 4a
+1—pas
S1 T+T 1—0 P23 — P13 Pizt+1l—pis pis+1l—pis psatT+1l—pis 4
+1—pis

€01SHE (6007) TP 109YL YIRIA 1V "SAyd [

SQWIWL], JA] PUB SOAIN S



J. Phys. A: Math. Theor. 42 (2009) 345103 F S Neves and M Timme

References

(1]
[2]

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
(11]
[12]
[13]
(14]
[15]
(16]
(17]
(18]
(19]
(20]
(21]

(22]

20

Guckenheimer J and Holmes P 1988 Structurally stable heteorclinic cycles Proc. Camb. Phil. Soc. 103 189-92

Hansel D, Mato G and Meunier C 1993 Clustering and slow switching in globally coupled phase oscillator
Phys. Rev. E 48 3470-7

Rabinovich M, Volkovskii A, Lecanda P, Huerta R, Abarbanel H D I and Laurent G 2001 Dynamical encoding
by networks of competing neuron groups: Winnerless competition Phys. Rev. Lett. 87 068102

Postlethwaite C M and Dawes J H P 2005 Regular and irregular cycling near a heteroclinic network
Nonlinearity 18 1477-509

Dawes J H P and Tsai T L 2006 Frequency locking and complex dynamics near a periodically forced robust
heteroclinic cycle Phys. Rev. E 74 055201

Ashwin P and Borresen J 2004 Encoding via conjugate symmetries of slow oscillations for globally coupled
oscillators Phys. Rev. E 70 026203

Ashwin P and Borresen J 2005 Discrete computation using a perturbed heteroclinic network Phys. Lett.
A 347 208-14

Timme M, Wolf F and Geisel T 2002 Prevalence of unstable attractors in networks of pulse-coupled oscillators
Phys. Rev. Lett. 89 154105

Kaneko K 1997 Dominance of Milnor attractors and noise-induced selection in a multiattractor system Phys.
Rev. Lett. 78 2736-9

Ashwin P and Timme M 2005 Unstable attractors: existence and robustness in networks of oscillators with
delayed pulse coupling Nonlinearity 18 2035-60

Broer H, Efstathiou K and Subramanian E 2008 Robustness of unstable attractors in arbitrarily sized pulse-
coupled networks with delay Nonlinearity 21 13—49

Broer H, Efstathiou K and Subramanian E 2008 Heteroclinic cycles between unstable attractors
Nonlinearity 21 1385-410

Kirst C and Timme M 2008 From networks of unstable attractors to heteroclinic switching Phys. Rev.
E 78 065201

Ashwin P and Timme M 2005 Nonlinear dynamics: when instability makes sense Nature 436 36—7

Rabinovich M, Huerta R and Laurent G 2006 Transient dynamics for neural processing Science 321 48-50

Mirollo R E and Strogatz S H 1990 Synchronization of pulse-coupled biological oscillators SIAM J. Appl.
Math. 50 1645-62

Timme M, Wolf F and Geisel T 2003 Unstable attractors induce perpetual synchronization and desynchronization
Chaos 13 377-87

Ermst U, Pawelzik K and Geisel T 1995 Synchronization induced by temporal delays in pulse-coupled oscillators
Phys. Rev. Lett. 74 1570-3

Orosz G, Ashwin P, Wordsworth J and Townley S 2007 Cluster synchronization, switching and spatiotemporal
coding in a phase oscillator network Proc. Appl. Math. Mech. 7 1030703

Kirst C, Geisel T and Timme M 2009 Sequential desynchronization in networks of spiking neurons with partial
reset Phys. Rev. Lett. 102 068101

Mazor O and Laurent G 2005 Transient dynamics versus fixed points in odor representation by locust antennal
lobe projection neurons Neuron 48 661-73

Laurent G 2002 Olfactory network dynamics and the coding of multidimensional signals Nat. Rev.
Neurosci. 3 884-95


http://dx.doi.org/10.1017/S0305004100064732
http://dx.doi.org/10.1103/PhysRevA.48.3470
http://dx.doi.org/10.1103/PhysRevLett.87.068102
http://dx.doi.org/10.1088/0951-7715/18/4/004
http://dx.doi.org/10.1103/PhysRevE.74.055201
http://dx.doi.org/10.1103/PhysRevE.70.026203
http://dx.doi.org/10.1016/j.physleta.2005.08.013
http://dx.doi.org/10.1103/PhysRevLett.89.154105
http://dx.doi.org/10.1103/PhysRevLett.78.2736
http://dx.doi.org/10.1088/0951-7715/18/5/009
http://dx.doi.org/10.1088/0951-7715/21/1/002
http://dx.doi.org/10.1088/0951-7715/21/6/014
http://dx.doi.org/10.1103/PhysRevE.78.065201
http://dx.doi.org/10.1038/436036b
http://dx.doi.org/10.1126/science.1155564
http://dx.doi.org/10.1137/0150098
http://dx.doi.org/10.1063/1.1501274
http://dx.doi.org/10.1103/PhysRevLett.74.1570
http://dx.doi.org/10.1002/pamm.200700130
http://dx.doi.org/10.1103/PhysRevLett.102.068101
http://dx.doi.org/10.1016/j.neuron.2005.09.032
http://dx.doi.org/10.1038/nrn964

	1. Introduction
	2. Pulse-coupled network
	3. Periodic orbit dynamics and symmetries
	4. Stability and switching properties
	4.1. Clustered state
	4.2. Clustered
	4.3. Clustered state

	5. Discussion
	Acknowledgments
	Appendix A. Partial derivatives
	A.1
	A.2
	A.3

	Appendix B. Return maps
	Unperturbed
	Unperturbed
	Unperturbed
	Unperturbed

	Appendix C. Perturbed dynamics, return maps
	References

