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Chapter 1

Introduction

Computation defines the way we interact with the world around us and constitutes
an important field of contemporary research. Although computation has different
definitions, one of its general aspects is the capability to interpret and process
information. Systems with such capabilities can be implemented in hardware as
different as digital computers, mechanical machines and biological systems. De-
pending on the nature of the implementation, different computational paradigms
are expected to arise. Whereas digital processors are designed to implement se-
quential bitwise operations, complex systems such as biological or artificial neural
networks present a variety of non-trivial collective dynamics related to memory and
cognition [1-6].

Complex systems constitute a broad class of systems particularly promising for
the discovery and design of new computational paradigms [7-10]. A complex system
can be defined in general as a collection of interactive components restricted to a
certain topology. Such systems may present unpredictable collective dynamics even
if the dynamics of each single component is well characterized. Thus, such systems
have computational features of two different levels, one regarding its components
(that could be complex systems by themselves) and another regarding its collective
dynamics. Often the focus of interest lies on the collective dynamics rather than
in modeling its components. In these cases different levels of abstraction may be
implemented in its components and interactions in order to simplify the problem
mathematically, while isolating the features responsible for the dynamical behavior
of interest.

Networks of pulse-coupled elements are complex systems handling information
in the most powerful computer known to date —the human brain. Neuronal circuits
are networks of non-linear elements (neurons) that interact via electrical signals.
A neuron receives input pulses and, depending only on its internal potential (local
information), may itself release a pulse depending on well described non-linear pro-
cesses. Furthermore, it is believed that complex behavior arising in these networks
should not depend on the specific form of the generic non-linearity but on the very
presence of non-linearities and on the network topology. This is one of the reasons
why the study of idealized neuronal models and/or small networks are powerful
tools to better understand complex behaviors present in a broader class of complex
systermns.
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Pulse-coupled oscillators are neuronal models that, even though highly simpli-
fied, keep characteristic features of biological neurons [11]. A biological neuron
when constantly charged by an external current exhibits a slow monotonic increase
of its membrane potential until it reaches a threshold value. When this happens,
there is a sudden and fast increase of the potential, followed by a relaxation to its
rest value (action-potential). Pulsed-coupled oscillator models consist of threshold
elements that are driven monotonically from one initial phase (rest potential) to a
threshold and then instantaneously reset to an initial phase. Note that while the
slow processes in those elements are similar, the fast dynamics related to the action-
potential is replaced by a simple reset in the oscillator model. This is motivated by
the difference of magnitude in the time taken by these two main processes involved
in the neuronal dynamics. Furthermore, pulses that are dynamically generated
in real neurons are postulated to be released at the reset times in the oscillator
model. A further simplification may be made, when assuming that the width of
the postsynaptic response to an incoming pulse is much smaller than the oscillator’s
intrinsic period, idealizing the pulses to delta-pulses. Thus one pulse delivers an
instantaneous phase jump to connected oscillators. This last simplification yields
an analytical event-based computation of the system dynamics [12], avoiding nu-
merical error and increasing the speed of simulations.

Networks of pulse-coupled oscillators have been successfully used to investi-
gate mechanisms underlying dynamical phenomena in biological systems such as
synchronization and desynchronization of network components that constitute the
basis for a variety of collective dynamics with different complexities, conceptually
responsible for encoding and processing information in those systems. The com-
plexity of synchronous states can be characterized by its cyclic order. The simplest
class is given by period-one states, where all elements must elicit one pulse before
a second pulse is elicited by any component of the network. Its most well-known
examples are fully synchronized [12, 13| and phase-locked states [14]. More com-
plex states are achieved for cycles of higher order. Other examples of complex
collective phenomena are asynchronous states and partial synchronization [15, 16].
Simplified models such as pulse-coupled oscillators, thus, may constitute important
tools for the study of new collective dynamics.

It was shown in recent works that providing delayed interactions to systems
with symmetry [17, 18] may support heteroclinically connected saddle periodic
orbits (partially synchronized states). A heteroclinic connection in a dynamical
system is a distinguished trajectory that links two saddles in state space. It occurs
if unstable directions of one saddle are contained in the stable manifold of a second
saddle. A sequence of such connections linking several saddles cyclically is called
a heteroclinic cycle. Their relations to symmetry make heteroclinic cycles of high
current interest mathematically [17-23]. Simultaneously, their specific dynamical
feature, supporting repetitive switching close to the saddles, poses a promising
challenge for the study of information encoding and computation, in particular in
bio-inspired systems |5, 6, 10, 15, 16, 24-26].

For instance, it becomes more and more clear how information may be encoded
by systems with heteroclinic cycles [3, 6, 27|]. Recent studies have even provided
insights about how external perturbations may be processed [8, 10, 28|, providing
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hints on how such systems may actually compute using switching among saddles.
Nevertheless, it is still unclear whether and how biologically inspired neural systems
may actually perform generic computations using switching trajectories.

In this thesis we investigate this new computational paradigm, i.e. how control-
lable switching trajectories may be exploited for computation. Our results yield
a theoretical basis for universal computation in biologically inspired systems and
a novel concept of artificial short-term memory, consistent with current views on
working memory in the brain.

This work has three main parts divided into nine concise chapters: the first part
is introductory. It is composed of this brief introduction, Chapter 2 and Chapter 3.
Together they provide the context (Chapter 1), all fundamental definitions neces-
sary for a better understanding of the following chapters (Chapter 2) and introduce
the model class of pulse-coupled neurons on which we focus this study (Chapter
3). In the second part we derive the theoretical basis for computation by persis-
tent switching processes (Chapters 4-6). In Chapter 4 we present our approach to
find and to characterize partially synchronized states. In Chapter 5 we present a
complete analysis of the stability properties for these states. In Chapter 6 we show
how information may be encoded by inducing limit cycles close to a heteroclinic
network. The third part is devoted to two different applications (Chapters 7 and
8). In Chapter 7 we show how universal computation can be performed by ex-
ploiting heteroclinic cycles. Two examples of computation are provided. The first
consists of a two bits bitwise computer composed of five oscillators capable of per-
forming universal computation by encoding all basic logical operations (AND, OR,
XOR); as a second example we present an autonomous agent exhibiting spatially
distributed sensors that is capable of detecting and following a moving source field
by calculation the field gradient. In Chapter 8 we present a novel model for ar-
tificial short-term memory that exploits perturbed heteroclinic connections in the
presence of network asymmetries. As an actual example of short-term memory, we
provide a network architecture to memorize pictures with six bits colored pixels.
In Chapter 9 we summarize our results and discuss their implications.






Chapter 2

Fundamentals

This chapter provides the fundamentals necessary to better understand the follow-
ing chapters. Here, we introduce few definitions of orbits and saddles relevant to
this work.

2.1 Concepts of orbits and saddles

This work is focused in collective oscillatory dynamics arising in networks of oscilla-
tors. Thus, it is convenient to briefly explain the adequate terminology in order to
avoid confusion with non-oscillatory systems. We first introduced the definitions in
the context of real-time dynamical systems, and second for discrete-time dynamical
systems.

2.1.1 Real-time dynamical systems

Consider a dynamical system with time evolution given by a ordinary differential
equation

&= f(x), (2.1)
and its taylor expansion around a point x*,
i = f(z*) + Jox + O(0z?), (2.2)

where J is a Jacobian matrix at x = x* and O(dz?) denotes higher order terms.

Saddle Point. A saddle point is a fixed point z* satisfying f(2*) = 0 that in
local stability analysis the Jacobian matrix J of the linear approximation & = Jox
exhibits no zero eigenvalue, at least one eigenvalue with positive real part and at
least one eigenvalue with negative real part.

Periodic Orbit. If & = f(x) has a periodic solution Z(t + T') = &(t) for all ¢, the

set Po = {Z(t)|t € RT} is called the periodic orbit representing such solution. The
minimum 7" satisfying this solution is called the period of the orbit.

13
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Saddle Periodic Orbit. A saddle periodic orbit is an orbit given by a periodic
solution Z(t + 1) = z(t) for all ¢ that in Floquet analysis exhibits no zero Floquet
multiplier, at least one Floquet multiplier with real positive part and at least one
Floquet multiplier with negative real part.

Heteroclinic Connection. Given two saddle fixed points 2’ and z”. We say that
2’ is heteroclinically connected to z” if at least part of its unstable manifold w¥, is
contained in the stable manifold w?, of 2.

Heteroclinic Cycle. A heteroclinic cycle is a collection of saddles and the hete-
roclinic orbits that cyclically connect them.

Heteroclinic Network. A heteroclinic network is a collection of heteroclinic cy-
cles. It can be represented by a graph in which all vertices are saddles and all
arrows are heteroclinic orbits.

2.1.2 Discrete-time dynamical systems

Consider a dynamical system with time evolution given by a map

Tp+1 = g(xn), (23)

and its taylor expansion around a point z*
g(x* + dx) = g(a*) + Jox + O(62%), (2.4)
where J is a Jacobian matrix at x,, = x*. This equation can be rearranged as

g(x* + 0z) — g(a*) = Jéx + O(62?) (2.5)
5g = Jox + O(62?). (2.6)

Thus, dg is the difference after one iteration z,, 11 = g(x,) between two states with
close initial conditions zy = 2* and z{, = z* + dx.

Saddle Point. A saddle point is a fixed point z* satisfying g(z*) = =* that in local
stability the Jacobian matrix J of the linear approximation ég = Jdx exhibits no
eigenvalue equal one, at least one eigenvalue with real part larger than one and at
least one eigenvalue with real part smaller that one.

Periodic Orbit. If z,,,1 = g(x,) has a periodic solution ¢"(Zy) = o, where g"(Z)
represents the map ¢ iterated consecutively n times with an initial state zg, the set
Po = {Z,,|m € {0,...,n—1}} is called the periodic orbit representing such solution.

Saddle Periodic Orbit. A saddle periodic orbit is a orbit given by a periodic
solution ¢"(Zg) = o where n is the number of iterations that in Floquet analysis
exhibits no Floquet multiplier equal to one, at least one Floquet multiplier with
real part larger than one and at least one Floquet multiplier with real part smaller
than one.



Chapter 3

Symmetrically pulse-coupled
oscillators

In this work we study a class of systems known as pulse-coupled threshold units
in the special case where the units are constantly driven towards their thresholds
(exhibiting a periodic dynamics when not coupled). As shown by Mirollo and
Strogatz [12|, given certain conditions their dynamics may be described in two
distinct, but equivalent, representations: either through numerical integration of
a potential-like variable or through analytical event-based maps. Throughout this
work we will use both approaches depending on the aspect to be studied. Whereas
stability properties and transition rules are studied in the event description, because
it yields an analytical approach (see Chapter 5), the analysis of induced cycles
(Chapter 6) and computation examples (Chapters 8 and 7) are evaluated in the
potential picture.

This chapter is divided into three sections. The first describes in a general
form both representations and discusses conditions of their equivalence. The sec-
ond describes mechanisms underlying synchronization in networks of pulse-coupled
oscillators. The third introduces the special case of Integrate-and-Fire oscillators
and defines a small network, in which we explain the phenomenon of persistent
switching and its implications for computation.

3.1 Network of pulse-coupled oscillators

We 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 ¢ € {1,..., N} at time ¢ is specified by a single phase-like variable ¢;(t)
[12, 15]. In the absence of interactions, its dynamics is given by

do;

—1 0< ¢ <1. 3.1
dat < i< (3.1)

When oscillator ¢ reaches its threshold 6 = 1, ¢;(t7) = 1, its phase is reset to zero,
¢i(t) = 0, and the oscillator is said to send a pulse (see Figure 3.1). Such a pulse
is sent to all other oscillators which receive this signal after a delay time 7. The

15
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incoming signal induces a phase jump

¢ (t) = He(di(t7)) = U [U (¢s(t7)) + ¢, (3.2)
V, ! ] 4)1 1
S1 S2 | 4 t2
0 T s 0 i t (a)
Ts T
v, 0 !
g 2
oer 08 H(¢) -0 -
S3 Sq Ss | ts 1 ts

Figure 3.1: Dynamics of two pulse-coupled oscillators. Sketch of the time evolution
of dynamic variables in both representations showing the one-to-one relation between
them, it is ¢ 2345 = $1,23.4,5/T1F and 7 = 7, /T1r; a) an oscillator is continuously charged
and sends one pulse after reaching its threshold; b) a second identical oscillator, apart from
a phase/potential lag, receives the pulse and performs an instantaneous phase/potential
jump. While the coupling strength in the potential picture is fixed (€), the effective
coupling H.(¢~) — ¢~ in the phase picture adapts to maintain the equivalence between
the event sequences.

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 [25, 26|, this phase dynamics is equivalent
to the ordinary differential equations

avi
Mo )+ 500, (33)
where
N
Si(s) = Z Z € (s — Ts — Sjk) (3.4)
i=1 ke
i

is a sum of delayed d-currents induced by presynaptic oscillators. Oscillator j sends
its kth pulse at time s;;, whenever its phase variable crosses threshold, V;(s;,) > 1;



17

thereafter, it is instantaneously reset, V;(s;x) — 0. The kth pulse of oscillator
j is received by i after a delay 7,. The positive function f(V) > 0 yields a free
(Si(s) = 0) solution V;(s) := V(s) = V(s + Tp) of intrinsic period Ty. The above
function U(¢) is related to this solution via

U(¢) =V (¢Tp), (3.5)

defining a natural phase ¢ by rescaling the time axis, t = s/Ty and 7 = 75/Tp.

Throughout this work we will represent the system state in both equivalent
forms, depending on the aspect to be studied. Whereas the stability properties are
analytically derived in the phase representation ( equations (3.1) and (3.2) ), the
study of induced cycles and computation examples are described in the potential
picture (equations (3.3) and (3.4) ). Figure 3.1 shows that the timing between
all relevant events are indeed equivalent between the representations (one-to-one
relation).

3.2 Synchronization mechanisms

In this work, we consider networks of generic pulse-coupled oscillators, biologi-
cally inspired neuronal models that present a monotonical increase of a phase-like
variable ¢(t) towards a threshold #, with a subsequent reset to an initial phase
¢(tT) — 0, where t is the time variable and ¢+ is the time immediately after an
event occurring at ¢ (infinitely close to ¢, from the right). In addition to this smooth
dynamics and reset condition, a second strong non-linearity takes place: the recep-
tion of pulses that deliver infinitely fast phase jumps. These three characteristics
combined provide four types of local dynamical events related to (non-local) syn-
chronization and desynchronization, which we define now.

Sub-threshold input signal event. An arriving pulse p; from oscillator ¢ at
time ¢ is said to be a sub-threshold event to oscillator j if the resulting phase
¢;(t") is smaller than a threshold 6; of oscillator j.

Supra-threshold input signal event. An arriving pulse p; from oscillator ¢ at
time t is said to be a supra-threshold event to oscillator j if the resulting phase
¢;(tT) is equal or larger than a threshold 6; of oscillator j.

Reset event. A reset event is a compulsory instantaneous phase change ¢;(t") —
0, that occurs each time ¢;(t) > 6.

Synchronization by supra-threshold event. A synchronization by supra-threshold
event is said to occur for a pair of oscillators {i, 7} if at any time ¢ a supra-threshold
input signal occur simultaneously at ¢ and j, such that initially different phases
¢i(t) # ¢;(t) become equal after the event: That is, ¢;(t7) — 0 and ¢;(t7) — 0,

and thus ¢;(t7) = ¢;(¢tT).
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3.3 Integrate-and-Fire oscillators

In this work we focus in a neuronal oscillator model known as the leaky integrate-
and-fire oscillator [11]. It is a one-dimensional threshold model defined as

av;
ds

= [ =V + Si(s), (3.6)

where [ is a driving current and ~ is a dissipative factor. The interaction S;(s) is
given by (3.4).
From equation (3.6) we recognize

f(V)=1-17V, (3.7)

of the general form (3.1) and calculate the oscillator’s intrinsic period
1 Y\ !
Tip = ~log (1-7) . 3.8
IF 5 0g i (3.8)

With equations (3.7), (3.8) and (3.5) we find the specific form of U(¢)
I; iy
U (¢i) = Urr (¢i) = > (1 —e7otir), (3.9)
that together with equation (3.1) completes our set of equation for both represen-
tations.

For the sake of clarity, we here focus on a small network already exhibiting
a rich switching dynamics, a globally coupled network of N = 5 oscillators. This
choice makes the system mathematically simpler, while it still exhibits a rich variety
of non-trivial dynamics as a complex network of heteroclinically connected saddle
periodic orbits (see Chapters 4 and 5). Although in principle this choice of network
size and model may seem restrictive, the results that follow are general with respect
to those two aspects. It was shown in [25]| that unstable attractors are prevalent
in larger networks, enhancing the likelihood of finding heteroclinic cycles. As a
concrete example, it was shown for NV = 100 a persistent switching among states
with cluster symmetry So; X S X So1 X So1 X S16. Regarding the oscillator model,
any U(¢) sufficiently close to Up(¢) brings qualitatively the same results because,
as will be shown in the following chapters, the phenomenon of controllable switching
will depend rather on the properties of heteroclinic cycles than on the exact slope
of V.



Chapter 4

Periodic orbit dynamics and
clustered states

This work is focused on the study of spatiotemporal patterns arising in networks
of pulse-coupled oscillators. As shown in the previous chapter, when a constant
external input I; to a single oscillator ¢ is sufficiently strong to drive the membrane
potential to cross a predefined threshold (U > 0), the potential dynamics, and
thus the phase dynamics, becomes periodic with period 7j. Therefore, networks
of such oscillators exhibit different invariant sets in the form of periodic orbits |15,
21, 25, 29]. Tt was known before that, provided delayed connections, such networks
exhibit partially synchronized states, periodic orbits where groups of oscillators
are identically synchronized into clusters, and may support a persistent switching
between unstable yet attractive orbits through heteroclinic cycles. In this work
we will often refer to the clustered states by its symmetry, where each cluster
contributes to the total symmetry with a permutation group S, where n is the
number of elements in the cluster. In this section, we identify and characterize
three distinct partially synchronized states that robustly occur for a network with
N = 5 oscillators.

To explore the possible unstable periodic orbits we systematically varied the

Figure 4.1: Diagrams of three main clustered states. Sketch of three globally
coupled networks with N = 5 presenting three distinct clustered states. Each color label
one clusters. Equivalent states can be achieved by node permutations. a) Displays one of
the 10 possible S3 x Sy states; b) displays one of the 5 possible Sy x S; states; c¢) displays
one of the 30 possible Sy x Sy x S states.

19
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network parameters and initial conditions, and found numerically that three clus-
tered states present the most persistent state symmetries to perturbations (seems
to preserve the total symmetry). Two of these states are composed of two clus-
ters, with permutation symmetries S3 x Sy and Sy x S1, respectively; another one
is composed of two clusters and one single element, with permutation symmetry
Sy x S5 x Sq. A graphical representation of those three states is displayed in Figure
4.1.

After defining numerically the most promising orbits, we derived analytical
event sequences (tables C.1, C.3, C.4 and C.6) that fully characterize each orbit.
For the symmetry S3 x Sy, the resulting orbit is such that the event sequence is

& = (01,02,03)(p1, P2, p3, 04, 05)(pa, ps)(01,02,03) . .., (4.1)

where each parentheses defines one given instant, o; represents a elicited pulse by
oscillator 7 and p; represents the reception of a pulse elicited by oscillator 7. In the
same way, the sequences defining the orbits with symmetries Sy x.S; and S5 x S5 x .Sy
are respectively given by

& = (01,09,03,04)(p1, P2, p3, pa, 05)(ps) (01, 02,03, 04) . . ., (4.2)

and

& = (01,02)(p3, Pi, 05)(p1, p2, 03,04)(p5) (01, 02) . . .. (4.3)

where the stars indicate that the event results from a pulse coming from the pre-
vious cycle. For each of these three cluster periodic orbits, the event sequence of
sending and reception of pulses fully defines the type of periodic orbit such that the
analytical conditions for existence of a family of such orbits can be directly read
from the detailed event sequences (Appendix C). In particular, these three families
of periodic orbits exist for an open set of parameters close to the three examples
numerically specified in tables C.2, C.5 and C.7. The existence conditions for each
periodic orbit naturally imply that the phases of all oscillators return exactly to the
same value after a fixed period; at the same time, the predefined event sequence
must be kept. Figure 4.2 displays a graphical representation of three limit cycles
as a sequence of pulses and as a Poincaré section. For a visual representation of
the complete orbits in state space, please refer to Appendix A.

As shown in the event tables, the clusters persist synchronized at all times
after one periodic orbit is established (in the absence of perturbations) and each
oscillator elicit only one spike during one cycle. Thus, these orbits are uniquely
defined by a cluster-state vector that samples one single point over these orbits
(Poincaré section). Here we choose the point s such that Vi(s') = 0, that yields a
vector

V(s') = (0, Va(s"), Vs(s), Va(s"), Vs(5)), (4.4)

unique during one cycle. Equivalent vectors are yield by the periodic condition,
V(s) =V (s4+nT)withn =1,2,3,... where T is the period of the orbit. In order
to simplify the notation, we now substituted the exact potential of each oscillator
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! S3xS2 S4xS1 S2xS2xS1
Lo0sk 4 08 s 7 08 7
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Figure 4.2: Clustered states in different descriptions: V, ¢ and pulse sequences.Three
distinct limit cycles for a globally coupled networks with IV = 5 displayed as Poincareh sections,
for both representations, and as a sequence of pulses. Each color correspond to one oscillator.
a) Displays one of the 10 possible S5 x So states, oscillators {1,2,3} and {4, 5} are synchronized
(1 =0.31, e =0.025, I = 1.04, v = 1); b) displays one of the 5 possible Sy x S states, oscillators
{1,2,3,4} are synchronized (7 = 0.27, ¢ = 0.0015, I = 1.1, v = 1); c) displays one of the 30
possible Sy x Sy x Sy states, oscillators {2,3} and {4,5} are synchronized (7 = 0.49, e = 0.025,
I=104,v=1).

at the moment oscillator number one is reset (o7 event times) by a cluster label
Vi € {a,b, c}, where a, b and c are cluster labels for the network elements (maximum
of three labels since we consider symmetries with two and three clusters); a denotes
an unstable cluster, b a stable cluster and ¢ an isolated unit at a stable position.
In an equivalent phase representation, taking ¢’ such ¢;(t') = 0 yields

P(t') = (0, 6a(t'), d3(t), a(t'), 5(1')), (4.5)

with the same label representation ¢; € {a,b,c}. The actual values of {a,b,c} are
determined by the specific cluster symmetry and the representation chosen. Note
that there is no loss of generality by choosing to sample the orbit at V;(s") = 0.
Any other given point s” over the orbit (V3(s”)) or other choice of oscillator (V; with
i# 1) yields an equivalent vector with different values of {a, b, c}. In particular, all
states with cluster symmetries S3 X Sp, Sy X S7 and Sy x Sy x Sp are represented
by the set of all permutations of the vectors:

V(s') = (a,a,a,b,b) & ¢(t') = (d',d,d 0, b),
V(S/) - <a7 a? a’ a’? b) @ (p(t/) = (a/’ aj/? CL/? al? b,) bl
V(S/) - (a’ a7 b’ b7 C) @ ¢(t,) - (a,7 a,7 bl? b/’ C,) )

where each vector element on the right hand side of each equality represents one
oscillator and the letters indicate to which cluster it belongs. Here {a’, V', '} were
used instead of {a,b,c} to emphasize that the values denoted by the labels are
different for each representation. As mentioned above, the actual values of {a,b, c}
depend also on the symmetry of the state. The number of permutation-equivalent
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configurations for each state symmetry is given by the number of permutations of
the vectors presented above, which results in

( ; ) — 10, (4.9)

equivalent states for the symmetry S3 x So,

( i ) =9, (4.10)

states for the symmetry S, x S , and

( 2’52 ) — 30, (4.11)

states for the symmetry Ss x Sy x Si.

In summary, these results suggest that for N = 5 three distinct cluster peri-
odic orbits exhibits the most promising features to sustain a persistent switching
dynamics. Analytical descriptions of each orbit are given by event sequences and a
cluster-state vector has been introduced. In the next chapter, we study the stabil-
ity of these cluster states and the possible state transitions when subject to small
perturbations.



Chapter 5

Nonlinear dynamics of controlled
switching

In this chapter we study, case by case, the stability of the periodic orbits presented
in the last section and show that they present unstable and stable manifolds. We
first show that the orbits are unstable by a local stability analysis and later, by
studying the long term effect of perturbations, we show that these orbits are at-
tractive, such that the basin of attraction of one orbit lies in the vicinity of other
orbits. Furthermore, we provide general transition rules between clustered states
with symmetry Ss x Sy x S7. The content of this chapter was published in the "J.
Phys. A: Math. Theor., vol. 42, 2009."

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

d(n) = (02(n), 03(n), da(n), 35(n)) , (5.1)

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

6i(n) == ¢i(tin) — &5 (tin) (5.2)

are the perturbations to phases on the periodic orbit just after oscillator one has
sent its nth pulse and been reset, i.e. 9; = 0.

After a small enough initial perturbation that is added to the phase vector
at t = t11, the temporal evolution of the perturbation vector is defined as the
difference between this perturbed vector after one cycle of the system dynamic and
the unperturbed phase vector at the same time. Analytically tracking the periodic
orbit dynamics (cf. tables D.1, D.2, and D.3) yields the perturbation vector after
one cycle as a function of the perturbation in the previous cycle,

dn+1)=F(n)), (5.3)
which can be linearly approximated by

8(n+1) = Jé(n), (5.4)

23
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where J is the Jacobian matrix at d(n) = 0, describing the local dynamics.

After analyzing the local stability properties, we study non-local effects in re-
sponse to single oscillator perturbations in order to reveal the attractive aspects
of the periodic orbits. The procedure consists of perturbing only one oscillator
at a time. We consider negative perturbations, instantaneous decrements on the
phase, and positive ones, instantaneous increments on the phase. When possible,
we include state-transition diagrams displaying all possible transitions.

5.1 Clustered state symmetry Sz X So

For the clustered state S3 x Ss, assuming d < 3, and d; < 5, the temporal
evolution for the perturbation vector & in one cycle is given by the difference
between the perturbed and the unperturbed orbits after one cycle (last row of
table D.1 and C.1, respectively), resulting in

d(n+1)=F(d(n)) = (02(n+1),03(n+1),04(n+ 1),d5(n+ 1)), (5.5)
with

52(n -+ 1) = ng (HE (HE ((52 + 7= (53) + 53) + 7= 52) — P12 (56)

d3(n+1) = Hoe (He (He (T + 93 — 02) +02) + 7 — 62) — P12 (5.7)

54(7’2 + 1) = H26 (H€ ((52) + 7 — (52) + 1— P12 (58)

(55(71 + 1) = ng (HE (52) + 7 — (52) +1-— P12 (59)
where

pro = Hoe (He (He (T — 03) + 03 — 62) +7) (5.10)

Remember that H is the transfer function defined in (3.2).

These equations fully characterize the time evolution in one cycle. Now, to
study its local dynamics we perform a linear approximation of (5.5),

§(n+1) = J&(n), (5.11)
where the dynamics is dictated by the following Jacobian matrix:
a 0 00
. )
85(n) 8(n)=0 Yoo J32 0 0
v Ja2 00
with,
o= [~1+ |1+ B()| B(7)] Hylr + 70) (5.13)
G=[-1+ 2H;(7)} H.(r.) Hyy (7 + 720) (5.14)
S H;(o)} Hy, (74 00) + H. (7.) Hy, (7 + 7o) (5.15)
jor = = |1+ |2+ HU(7)| HU(7)| Houlr + 720) (5.16)
oo = o = | =1+ H(7)| HI(r) Ho(r + ) (5.17)
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with the short notation
= H,(x) (5.18)

forx € {0,7,(r=7),(r—7 +7,)} and y € {¢, 2¢,3¢}.

Here o, (3, and v are positive reals larger than one, j3» and jso are positive, and
Jo1 is much smaller than the other elements. This matrix has two zero eigenvalues
with eigenvectors that correspond to the directions of ¢4 and d5; and two non-zero
eigenvalues given by,

AM=a= {—1 + [1 + H;(T)] H;(He(r))} H, (7 + Ha(1)) (5.19)
Ne = 8= | =1+ 2H/(7) | HL(HA7) Ha (7 + Hacl7), (5.20)
where
, )

H () U (U(¢+e)).

"9

Here A\; and A are larger than one (see Lemma 1), noticing 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 S5 is stable and the
S5 is unstable.

Lemma 1 If H(¢p) given by (3.2) mediates a sub-threshold reception event and
>0, U (¢) >0, and U"(¢) <0, then H.(¢) > 1.

Proof Assume € > 0. By definition

U'(¢) U9

SN = o+ )~ U @)

H ()

:8_¢U

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

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 (¢t = (a,a,a — d3,b,b)) puts one of its elements phases slightly behind,;
then the initial stable cluster S5 begins to receive an additional pulse just after it
is reset, increasing its relative phase in each cycle, and thus approaches 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 S5 clustered state. This
switching process is illustrated just after the second and fourth perturbations in
Figure 5.1. The final state has the same symmetry as the initial state but this time,
while the clusters themselves are stable, the orbit described by the new cluster S, is
unstable (see table C.3). A further perturbation to the cluster Sy does not change
the elements of each cluster but rather returns the system to the initial phase
difference, as shown in the first, third and fifth perturbations in Figure 5.1.
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Figure 5.1: Switchings due to negative perturbations. Example of perturbation-induced
switching starting from a S5 x So state. The response of the system to a sequence of five negative
single oscillator perturbations preserving a S3 x Sy clustered symmetry (7 = 0.31, ¢ = 0.025,
I =1.04, v =1). The phases of all oscillators are plotted at the moment when oscillator one is
reset, each color representing the phase of one oscillator. There are transitions through two steps,
where in a first moment the cluster Ss is unstable, after one perturbation (as shown by the second
and fourth perturbation) it reaches a new configuration with the cluster Sy in an 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 are 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 an unstable phase.

Intriguingly, positive perturbations (¢t = (a,a,a + d3,b,b)) result in a com-
pletely different dynamic, as can be seen in Figure 5.2 which presents a sequence
of three negative and two positive perturbations. A positive perturbation puts just
one oscillator from the unstable cluster ahead, increasing its phase in relation to
its original cluster in each cycle until 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 still has been reset by 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 Sy x Si. 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 per-
turbations, or one negative perturbation with a larger magnitude than the others,
the symmetry is preserved, and it is possible to write a transition rule that permits
us to know which will be the next state after one perturbation.

Transition rule for cluster symmetry Sz x Ss:

(a — 01,a,a,b,b) — (a,b,b,a,a). (5.21)
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Figure 5.2: Switchings due to positive perturbations. Example of symmetry change by
perturbation-induced switching. A sequence of three negative and two positive single oscillator
perturbations (same parameters as in Figure 5.1). Showing that the positive perturbations splits
the unstable cluster until the system reaches some periodic orbit. The symmetry is not preserved.

Although the symmetry is not always preserved after perturbations, this result
shows that orbits with cluster symmetry S3 x S5 are indeed attractors with at least
part of their attraction basin close to another symmetrically related orbit.

5.2 Clustered state symmetry Sy x Sy

Consider now the Sy x S7 symmetry. Assuming dy < 03 < d4 and d5 > 0, in an
analogous procedure as in the last section we obtain the following Jacobian matrix
(see last row of tables D.2 and C.4):

a 0 00
d8(n+1) | Jn B 00 (5.22)
96(n)  |s5(m=o | da d2 v O .
Ju Jiz 0 0

Here «, (3, v, and 0 are larger than one, js; and js are positive, and ja1, j31, and
Jjs2 are much smaller than the other elements (see Appendix B). This matrix has
one zero eigenvalue Ay = 0, with the eigenvector in the direction of d5. It means
that any perturbation in this direction is erased after one cycle. Furthermore, it
presents three non-zero eigenvalues given by

’ ’

M=a= :—1 + [1 + H (1)H. (HE<T>)} H (Hze(f))] H (r+ Hoo(7)), (5.23)

Yo = = [=1+ [L+ ()| HL(HA(r)] B, (Hacln) H, (7 + Hl7)), - (5.24)

Ns =y = | =14+ 2H,(7)| H. (H(7)) B, (Hao(7)) H, (7 + Hac(7). (5.25)
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Figure 5.3: Switchings due to positive perturbations. Example of perturbation-induced
switching starting from a Sy x S; state. A sequence of four positive single oscillator perturbations
preserving a Sy X Sy clustered symmetry (7 = 0.27, ¢ = 0.0015, I = 1.1, v = 1). The phases of
all oscillators are plotted each time oscillator one is reset. Each color represents the phase of one
oscillator. The perturbed oscillator leaves the cluster Sy and replaces the S7 oscillator that join
the cluster Sy, 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 H,(¢) > 0 for all ¢ > 0 and all ¢ (see lemma 1), these three eigenvalues are
necessarily larger than one (A1, Ao, A3 > 1), showing the instability of cluster Sy.

Again we study the effect of single oscillator perturbations. As can be seen
in Figure 5.3, 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 pulses arriving
from other oscillators, but also receives additional pulses that makes its phase to
approach the unstable cluster. After some cycles, the element S; joins the original
unstable cluster, forming a new S, cluster while the perturbed oscillator forms the
new Si, 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 5.4) the perturbed element
is put backwards, 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 S element receives an additional pulse coming from the perturbed element,
increasing its phase. After some cycles this increase makes the S; element join the
perturbed element, forming a new cluster S;. The new configuration becomes
S3 X Sy, where S3 is unstable. A second perturbation to the Sz cluster moves the
perturbed element to the cluster S;. A last perturbation either puts the system
towards its initial configuration or splits the cluster into two, depending on the
position on the periodic orbit to which it is applied. The symmetry of this state
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Figure 5.4: Example of symmetry change by perturbation-induced switching due to
negative perturbations starting from a S5 x S; state. A sequence of three negative single
oscillator perturbations to the initially Sy cluster for the same parameter used on Figure 5.3. The
perturbed oscillator joins the Sy oscillator, forming a Ss cluster, a second perturbations (to the
S cluster) yields an new S3 X Sy configuration where Sy is unstable, and a last perturbation (to
the Sy cluster) puts the system in the initial symmetry. The symmetry is not preserved.

is obviously not preserved for negative perturbations, and computer simulations
indicate that more general perturbations bring an even more complicated switching
dynamic due the large number of elements in the unstable cluster.

Considering only single positive perturbations yields a transition rule between

two states when subject to a single positive perturbation.

Transition rule for cluster symmetry Sy x S;:

(a+d1,a,a,a,b) — (b,a,a,a,a). (5.26)

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.

Notice that, as in the last section, this transition rule implies that this cluster
periodic orbit is an attractor with at least part of its basin of attraction close to
an orbit with the same cluster symmetry.
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5.3 Clustered state symmetry Ss X So X Sy

For the symmetry Sy x Sy x Sp, assuming d3 < d4 and {d2,05} > 0, we have the
following Jacobian matrix:

a 0 0 0

98(n—+ 1) 300 0
ke Uo7 - : 5.7
96(n) lsmeo | B 0 00 (5.27)

v 00 0

where o > 3 > v > 0 (see Appendix B), in accordance with tables D.3 and C.4.
This matrix has three zero eigenvalues \g = A\; = Ay = 0, with eigenvector in the
direction of d3, d, and d5. This means that the system is super-stable in those
directions, and any perturbation is erased within one cycle. The largest and only
non-zero eigenvalue is given by

s =a=H, <7'/ + H€<T —7 + H2€(7_l>)> X
X [—1 +H (7‘ — 7+ HQE(T/)) (1 + Hée(T/)ﬂ : (5.28)

which is larger than one accordingly to Lemma 1 with a eigenvector in the direction
of 95. The fact that there is only one eigenvalue larger than one and the eigenvector
align to one of the perturbation dimensions 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 a result, any general perturbation
can be mapped to a single oscillator perturbation.

Different from the last two considered symmetries (S; x S7 and Sy x Sy), we
here have one single element, one stable S, clusters, and one symmetric unstable
S5 cluster. When perturbed, the initial unstable cluster Sy splits into two, the ad-
ditional pulse received now by the initial single S; element just after its reset makes
it approach the element that was put behind on the unstable Sy cluster, forming
a new stable Sy 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 S5 cluster after changing its phase,
is not reset by pulses anymore, 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 Sy x Sy x S; states (see Figure 5.6). We state two simple and
equivalent switching rules.

Transition rule for cluster symmetry S; X S; x Sy
Considering first a positive representation we have

(a,a+ d3,b,b,¢) — (b,c,a,a,b) (5.29)
that can be rewritten for negative perturbations simply as

(a —61,a,b,b,¢) — (b,c,a,a,b). (5.30)
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Figure 5.5: Example of perturbation-induced switching starting from a S, x Sp x S;
state. A sequence of five perturbations driving the system through different states with symmetry
So xSy x 81 (1=0.49, ¢ = 0.025, [ = 1.04, v = 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 is (a,a,b,b,c) —

(b,¢,a,a,b) — (a,b,b,c,a) — (bya,a,b,c) — (a,c,b,a,b) — (b,b,a,c,a).
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Figure 5.6: Five steps state transition diagram for the symmetry Sz x S2 x S;. This

diagram shows all the possible 5 steps paths, sequence of states, beginning on the state {a,b,c,b,a}.
Each arrow corresponds to one of the two possible perturbations, subject to (5.29) and (5.30). It
is necessary to have at least 5 perturbations to reach the initial state again.
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We conclude that for this symmetry the unstable attractors are linked to form
a heteroclinic network, characterized by (5.29) and (5.30), forming a closed set of
saddle periodic orbits among which the systems switches in a controlled way upon
small external perturbations. We remark that in the absence of noise this dynamic
does not exhibit spontaneous transitions between nearby saddle states |5, 22|, but
instead displays convergence to unstable attractors. The free dynamic of each
element evolves continuously up to reset; still, the collective dynamic of the entire
network (network state) evolves continuously almost always, only 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 dynamic in which the network states are constrained to the closed set of
periodic orbits with initial Sy x Sy x S; symmetry (see Chapter 6).

5.4 Conclusion

In this chapter we have shown that the three cluster periodic orbits introduced in
the last chapter are in fact unstable attractors, such that their basins of attraction
are far away, located in the vicinity of a distinct but specific attractor with the same
symmetry. In particular, for the cluster symmetry Sy x Sy x Si, the attractors
are heteroclinically connected to form a closed network, where the symmetry is
always preserved after a switching, yielding precise transition rules in this close
set of attractors for general perturbations. This controllable switching process [10]
underlies all computational properties presented in the following chapters. In the
next chapter we study how symmetry breaking input signals support stable periodic
orbits and show that these orbits are well-characterized by specific sequences of
unstable periodic orbits studied in this chapter.



Chapter 6

Noise-induced switching and
complex periodic orbits

In the previous chapter we defined the transition properties between saddle periodic
orbits arising in a symmetric network with N = 5. We first studied the local
stability of these periodic orbits and later the long term effect (convergence to
another saddle state) of directed perturbations. Here we study the effect of noise
and asymmetric driving forces on its dynamics, revealing its basic computational
properties. Although we address all three cluster symmetries, special attention is
paid to the Sy x Sy x S cluster symmetry, since it presents the most promising
computational features as the formation of a heteroclinic network and a transition
rule for general perturbations.

We argue here that the nature of small external signals added to an oscillator
(perturbations or asymmetric currents) is irrelevant for the transition rules during
one oscillator cycle, since any added quantity to the right side of the defining differ-
ential equations of dynamical variables (¢,V') cannot be distinguished from others
after temporal integration. Furthermore, the pulse-like interaction discussed until
now results in a non-interactive system for most of the time where the difference of
phases (or potentials) in a cluster is computed at discrete times {t;;} (in the phase
picture), or equivalently at {s;;} (in the potential picture), where s;r = t; xT1p.
Thus, these extra currents can be mapped into an effective perturbation at those
specific times.

We first study the effect of noise, highlighting the relation between the arising
transitions and the transition rules defined in the last chapter; second we show how
network asymmetries generate and control limit cycles and discuss their implica-
tions to neural computation.

6.1 Noise-induced switching

Here we show under which conditions and how noise triggers a persistent switching
process, whether the symmetries are maintained in such a process and how different
noise intensities affect such switchings. To be specific, we assume a uniformly
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distributed noise given by
V:<V17V27V37V47V5)7 (61)

where the components are independent of each other.

Our analysis proceeds in three main steps. We first check for the existence of
a switching process by observing the time evolution of V' when subject to noise;
second, if such a process is present, the resulting paths generated by the potentials
in the state space and the fraction of time spent close to different regions in this
space are studied. These paths are depicted in a state space hyperplane as a three-
dimensional plot of the potentials V534(s1) of oscillators {2,3,4} in relation to
each other at all times {s1x} (reset times of oscillator ¢ = 1). The data set is
generated by noise-induced switchings during a period long enough to cover all
possible transitions. Due to the system symmetry, any group of three elements
from {1,2,3,4,5} or any other choice of referential oscillator, {s;} for oscillator i,
yields an equivalent structure. Regarding the time factor, we first define as points
of interest the saddle periodic orbits Po, described in Chapter 3, where n is the
saddle index. Then, we calculate the fraction of time spent at different distances
from those attractors. Specifically, we measure at each time step the minimum
distance to a point L; contained in the set of all attractors (saddle periodic orbits)
din(s) = mind min {V(s) = Lil}, ..., min {|V(s) = Li}} (62)
where n is the number of saddles. Since the attractors themselves are periodic
orbits, the distance is first calculated as the minimum distance to a point over each
orbit, ming,ep,,{|V(s) — Li|}, to then calculate the minimum of all results. Here
we approximate the periodic orbits to 283 chosen points over each orbit, equally
spaced in time during a noise-free dynamics.

6.1.1 S3 xS, and S4 x Sq cluster symmetries

The simplest switching process is given by the S3 x Sy symmetry. As shown in
Figure 6.1 (a), after noise is introduced the unstable cluster S3 splits into three
and the final state becomes stable. Thus, no switching dynamics is achieved. This
result was expected, since single neuron perturbations show that a sequence of
positive single oscillator perturbations drive the system to the same stable state.

Interestingly, starting from a cluster state with S; x S7 symmetry, a persistent
switching is achieved, even though single oscillator perturbations can lead to a
stable attractor depending on the moment during the periodic orbit at which it is
applied. Although no mathematical proof is given, long term computations suggest
that the multi-oscillator nature of the effective perturbation and the continuous
interaction with the noise prevents the convergence to the given stable state (see
Figure 5.2).

These results show how unpredictable the dynamics of similar system can
be when standard conditions are changed. One could expect that noise-induced
switchings would lead to a stable attractor for both symmetries, since single neuron
perturbations can lead to such states in both cases. However, on the contrary, a
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Figure 6.1: Noise-induced switching leading to a stable (a) and unstable attractors (b)
attractor. a) Example of noise-induced switching in a initial S5 x Sy state (7 = 0.31, e = 0.025,
I =1.04, v = 1). The potential V of all oscillators are plotted at the times {s1 1}, oscillator
number one reset times. Each color represent one oscillator. Shortly after noise is introduced
(s = 200), the system switches to a stable attractor with symmetry S2 x S1 x S1 x S1. b)
Example of noise-induced switching in an initial Sy x Sy state (7 = 0.27, ¢ = 0.015, I = 1.1,
v = 1). The potential V of all oscillators are plotted at the times {s1 x}, oscillator number one
reset times. Each color represents one oscillator. After noise is introduced (s = 200), a persistent
switching takes place, preserving the initial state symmetry. The dynamics do not converge to
the stable periodic orbit predicted by single-oscillator perturbations.

more general perturbation seems to prevent such transitions for the Sy x S sym-
metry, at least for a considerable period of time. The mathematical mechanism
that explains such an effect are still to be explained.

6.1.2 Sy X Sy X Sq cluster symmetry

In contrast to the other two cluster symmetries, for the symmetry Sy x Sy x Sp
the system exhibits a closed set of unstable attractors, saddle periodic orbits that
are linked by heteroclinic connections forming a network. Thus, due to its intrinsic
instability, any sufficiently small noise is expected to trigger a persistent switching
process as specified by equations (5.29) and (5.30) (see Figure 6.2) that always
approaches the previously defined heteroclinic framework (see Figure 6.4). If the
noise is too large, the system ceases any predictable switching features. We study
here the first case, demonstrate the effects of different noise intensities on the net-
work dynamics and calculate the upper bound of noise intensity where predictable
switching breaks down.

The noise-induced switching process exhibits dynamical features that can be
viewed on two different levels. On the network level, due the heteroclinic connec-
tions, the noise strongly influences the system when close to one of the saddles,
forcing the dynamics to follow one unstable direction, converging to the next sad-
dle. From the unit perspective, the phenomenon of persistent switching is a result
of two events: when close to one saddle,

i. the presence of a constant noise v adds a different extra current to each oscillator,
inducing the elements in the unstable cluster to reset at different times, what
is essentially independent of the noise intensity or distribution, since the
states are mathematically unstable;
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Figure 6.2: Noise-induced switching process for the Ss x S x S; cluster symmetry.
Example of noise-induced switching from an initial Sy x So x Sp state (7 = 0.49, ¢ = 0.025,
I = 1.04, v = 1). The potential V of all oscillators are plotted at the times {s; 5}, oscillator
number one reset times. Each color represents one oscillator. After noise is introduced (s = 200),
a persistent switching takes place preserving the initial state symmetry.

ii. any difference in the potentials V' between the elements in the stable cluster
caused by v is erased each cycle by simultaneous supra-threshold input sig-
nals.

Therefore, for this symmetry, only the components of v over the unstable clus-
ter strongly influence the system dynamics, and the effective noise influence can
be mapped into a single neuron perturbation at each cycle of the oscillators. In
other words, for small enough noise intensities, the resulting dynamics resembles
a sequence of single oscillator perturbations that obey the transition rules (5.29)
and (5.30). Notice that this sequence is unpredictable, since the desynchronization
directions (one in two possible directions at a time) depends only on the temporal
realization of the random noise (see Figure 6.3).

E

N N

Figure 6.3: Random switching sequence induced by noise. Fach time the system dynamics
approach what have been a saddle periodic orbit, the presence of noise induces a switching to one of
two directions, converging in the vicinity of another former saddle. Dashed lines represent possible
transition choices not taken (gray); continuous lines represent the transitions taken (black).

As shown above, the dynamics of this system is ruled by deterministic transi-
tions (the reiterated convergence to the vicinity of distinct saddles). But how does
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Figure 6.4: All possible transitions in a state space hyperplane. Two superimposed paths
generated by two different noise intensities in the subspace containing Vs 34, 107° (black) and
1073 (green), (7 = 0.49, € = 0.025, I = 1.04, v = 1). The value of Va3 4 is registered at times
{t1.1}, oscillator one reset times. The data set is generated by noise-induced switchings during
a period long enough to cover many times all possible transitions. The depicted structures are
qualitatively the same, stronger noise brings a fuzzier structure. Some apparently distant points
are actually close by the reset condition (1 — 0).

the dynamics when subject to different noise intensities differ in state space and
in time? Let us first study the structure generated by noise in state space. Figure
6.4 shows all possible transitions in a state space hyperplane for two different noise
intensities, two orders of magnitude apart (107> and 1073). Both are qualitatively
equivalent, the only perceptible difference is that stronger noise makes the plot
fuzzier due to fluctuations of the order of magnitude determined by the noise. No
major structural changes are caused by noise. This result is expected, since both
noise intensities are not strong enough to overcome the predicted transition rules,
and thus the switching is restricted to the same regions in state space, among the
same saddle states.

Considering the temporal aspect, while noise does not change the set of possible
transitions, it does change the typical time needed to perform each transition and
does change the distribution of times at different distances from the attractors.
Figure 6.5 shows the probability density of finding the state V' at a distance d,,;,
from the closest saddle periodic orbit (see Equation 6.2); the black curve represents
the noise free case, and deviates from a 0 function due to the initial condition that
implies a short convergence time, and due the approximation of the orbit to 283
equidistant (in time) points over the orbit. Based on this noise-free distribution, we
define a criterion for a clear bounding to one attractor as d,,;, < 0.02. The other
distributions in Figure 6.5 (colored curves) represent different noise intensities; up
to a noise intensity of the order of 1073, a relevant fraction of time is spent close
to one of the saddles; for noise intensities of the order of 1072, the distribution of
times changes qualitatively, and no clear bounding to any attractor can be inferred.

The distributions presented in Figure 6.5 are as expected, since a strong noise
yields larger perturbations to the trajectory in the state space, such that being
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Figure 6.5: Time distribution under different noise intensities. The density of probability
of finding a dynamical state V at different distances to the closest attractor is depicted (7 =
0.49,e = 0.025,] = 1.04,y = 1). Each curve corresponds to a different noise intensity. When the
intensity is increased, the time spent close to the attractors (dq, < 0.02) is decreased in relation
to the time spent over transients (d,,;, > 0.02). Noise intensities of the order of 1072 (red curve)
qualitatively change the dynamics and no clear bound to any attractor can be infered by this
plot.

close to one of the saddles forces an "early departure" towards the vicinity of
the next saddle. Notice that the fast dynamics intrinsic to the transients is not
dramatically altered by the noise, and the shape of the curves are rather shifted
than altered, suggesting that the time spent in the transient is not dramatically
altered. In the other hand, the relative spent times between the fast dynamics and
the slow dynamic close to the saddles are changed (the number of transitions is
increased in the same period of time). Figure 6.6 displays the average transition
period for different noise intensities; it shows that the transition times, besides a
small increase of the mean value, are remarkably stable for a large range of noise
intensities (2 x 107° — 1 x 1073).
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Figure 6.6: Mean transition time as a function of noise intensity. The dots represent the
mean transition times calculated during 20000 time units (in the order of few hundred transitions);
the bars represent the standard deviation. (7 = 0.49,e = 0.025,] = 1.04,y = 1).
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Thus, for a noise intensity of the order of 1072 or below, a persistent switch-
ing process preserving the initial cluster symmetry S2 x S2 x S1 is achieved and
the mean switching times decrease very slowly, reflecting the reduced time spent
close to the saddles when subject to increasing noise intensities (maximum noise
amplitudes).

6.2 Complex periodic orbits in asymmetric networks

In the last section we have shown that, for initial clustered states with symmetry
Sy x Sy x 51, a persistent switching process is indeed triggered by noise and that,
although unpredictable, the resulting path is well-characterized by a sequence of
unstable periodic orbits subject to the transition rules (5.29) and (5.30). Here
we show how symmetry-breaking input signals yield specific limit cycles in a con-
trollable way, the exact relation between the resulting cycles and the inputs, and
discuss its potential for neuronal-like computation.

As in the last section, we study the regime where asymmetric currents (noise or
external currents) do not overcome the switching properties defined in Chapter 5.
Here, we assume as a symmetry-breaking input a constant external current (real
value) added independently to each oscillator, such that each component differs in
value, given by

A= <A17A27A37A47A5)7 (63)

with A; # A;, for all 7 and j.
This additional current yields an effective driving current variable when added

to the right side of equation (3.6), and the oscillator dynamics is now given by

dV;

ds
Notice that contrary to the noise-induced switchings, this asymmetric input in-
creases the charging rate for specific oscillators in a reiterated way, what again
sequentially desynchronizes any unstable cluster each time it is formed, this time
forcing the trajectory in state space towards a stable limit cycle (complex periodic
orbit) close to a specific sub-set of the heteroclinic network (see Figure 6.7). It hap-
pens ultimately because the desynchronization direction in the unstable manifold
of a given saddle is already determined by the symmetry-breaking currents.

= I+ A) =Vi+ Si(s). (6.4)

Until now we have shown that asymmetries generate complex periodic orbits
but, do different asymmetries yield the same cycle? As shown in the last section,
one way to characterize these cycles is through the former saddle states the cycle
approaches (see Figure 6.8). Consider an initial state (¢, b,a,a,b) and an external
current A such that

A >Ny > > A (6.5)

The resulting cycle is characterized by repetitively applying perturbations (5.29)
with 9; > 0,41 for all 4, resulting in

(c,b,a,a,b) — (b,a,c,b,a) — (a,c,b,a,b) — (¢,b,a,b,a) —
(b,a,c,a,b) — (a,c,b,b,a) — (¢c,b,a,a,b) — ... (6.6)
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this cycle thus consists of a sequential comparison of the potential values in the
unstable cluster a generating this specific cyclical sequence.

00 V,

Figure 6.7: Superposition of induced complex periodic orbit and all possible transi-
tions in state space. In black a state space structure generated by a persistent noise-induced
switching is depicted (see Figure 6.4); superimposed to the noise-induced structure, the colored
line represents a four dimensional trajectory in the state space describing a cycle that approaches
what have been six saddle periodic orbits. At times {s1 1}, the potential of oscillators two to four
are plotted as a three dimensional line and the potential of oscillator number five is given by a
color gradient from zero (yellow) to one (red). The large overlap between the two confirms that
the cycles are indeed well characterized by an ordered sub-set of the original state set.

The sorting process (6.6) exhibits three distinct features: Given A, < A,

i. V5 can only switch from @ — b — a recurrently. The transition a — c is
forbidden because A5 < Aj534. (If the initial condition is such that V5 ~ ¢,
the sequence is ¢ — b — a, the system leaves such states forever and V5 =~ ¢
is transient);

ii. Vj can only switch from b — a — b recurrently, alternating a and b with V.
The transition a — c is forbidden because Ay < Ay 23. (The transition a — ¢
is only possible if V5 = (a,a) that switches to V5 = (¢, b) that switches to
Vis = (b,a), and is thus transitient);

iii. if after a transition the labels {a, b, c} are all present in V] 3, the labels {a, b, ¢}
were all present in V) 5 3 before the transition; thus @ — ¢, b — a and ¢ — b.
The transition a — b is forbidden because Aj 23 > Ays.

Due the initial symmetry of the system (for A = 0), any other ordering of the A;
implies a sequence of transitions equivalent to (6.6) among saddles with the units’
values permuted.

According to features (i) and (ii) during a cycle the values of units receiving
the two weaker currents cannot assume the state ¢ (after a possible transient).
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Figure 6.8: Residence time distribution at different distances to an induced periodic
cycle. The probability density of finding a dynamical state V' at different distances from an
attractor belonging to an induced cycle (black) and from attractors that do not belong to the
induced cycle (red) (7 = 0.49, ¢ = 0.025, I = 1.04, v = 1). The distances are calculated as
the minimum distance to a point contained in each of these two groups. The graph shows that
only states belonging to the cycle are approached (by criteria defined in the previous section
Amin < 002)

This feature thus constitutes a dynamical marker to separate those three elements
receiving the three strongest inputs from those two receiving the two weakest.
Furthermore, permuting the elements subject to the two weakest input currents
generates a new valid cycle. Feature (ili) implies that neither the Vj 53 nor the
V,5 are compared among themselves. Therefore, the switching dynamics reveals
no discrete information about the relative magnitude of asymmetries within these
two groups and it is only possible to differentiate the three stronger from the two
weaker inputs observing only the cyclic sequence.

6.2.1 Computational aspects: general remarks

This subsection is devoted to defining which aspects will be studied as basic el-
ements of computation and establishing a common terminology for the next two
chapters. In what concerns computational aspects, although a precise evaluation of
the symmetry-breaking input vector may constitute a feasible mathematical prob-
lem, for robustness’ sake we exploit only the switching feature and the information
regarding the sequence of approached saddles. By making this choice, we direct
our study to features that rather depend on a sequence of key states than a long
and precise sequence of spikes.

As shown in the first part of this section, by dynamically generating a periodic
orbit resembling a sequence of saddle states, the system classifies the five continuous
asymmetric inputs into two different groups, the three stronger inputs and the two
weaker inputs. This process constitutes thus a mapping from continuous inputs to
cycles providing a dynamical classification of real-valued inputs into ten discrete
classes, since for five inputs the number of possible combinations (three in five) is
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Figure 6.9: Relation between symmetry-breaking inputs and complex periodic orbits
The set in the left represents the possible asymmetric inputs, the comparison among the different
elements in the asymmetric vector means that all elements in the first group are larger than all
elements in the second group; The set in the right presents the possible resulting cycles in an
abstract representation, black for stronger input classification and white for weaker input classi-
fication, the site index runs vertically (five squares). The function G connects any asymmetric
vector fulfilling the condition in the left side to one of the possible ten percepts (for reasonable
asymmetry intensities).

given by,

( ; ) — 10. (6.7)

In other words, the continuous-valued symmetry-breaking input is internally per-
ceived as a binary vector that may be represented as a vector r = (11,79, 73,74, 75)
where r; € {0,1} and ), r; = 3. Notice that, although convenient, in r the values
{0,1} are not relevant, they just represent, respectively, the elements subject to
the two weaker inputs and to the three stronger inputs during one oscillator cycle.
A more general (abstract) representation of those vectors is given by a color code,
where black represents higher oscillatory frequencies (stronger inputs) and white
lower oscillatory frequencies (weaker inputs), see Figure 6.9. During this work
both representations are used, the color code is specially used to emphasize the
difference between input currents, where real values have a precise meaning, from
cycles, where the information per site concerns only differences in the oscillators’
frequencies and not absolute values. Furthermore, for each percept r there are two
possible cycles (specific to that r), such that the initial condition determines which
one is selected. These classes, thus, constitute a basic form of computation which
relates inputs to an internal representations (a set of two cycles, see Figure 6.10),
independent of the initial state.

There are two main features to be exploited in the following chapters. First, the
characterization of cycles by the approached saddles, yielding robustness regarding
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Figure 6.10: Relation between percept classes and complex periodic orbits. At left the
percept classes r are labeled as a vector and a color code: black/1 represents higher oscillatory
frequencies; white/0 represents lower oscillatory frequencies. At right, the two possible cycles
exclusively related to the class at left.

noise and differences in the magnitude of the asymmetric input current, that may
generate extremely different spike patterns despite converging to the same saddles.
Second, the superposition of different sources of asymmetry, since only the oscil-
lators frequencies are relevant and thus only the total/effective asymmetry plays
a role. This approach is in fact a trade of information about the input for relia-
bility regarding the acquired information, since it yields a computation principle
that does not rely on a precise realization of a long sequence of spikes, but rather
a spike activity that resembles a sequence of quasi-synchronized states (clustered
states).

6.3 Conlusion

We have shown that inducing and controlling complex stable periodic orbits can
reliably generate an internal spatiotemporal representation of the inputs, classifying
analogical inputs into discrete classes. The process is robust regarding noise due
to the nature of its elements and proved to persist for a broad range of input
magnitudes and small differences in the input vector. This is due to the nature
of the comparison (direct comparison between values detected by saddle periodic
orbit dynamics). Both are interesting features for processing information. We
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should remark that any asymmetry that increases or decreases the frequency for
a certain element should yield the same behavior as adding external asymmetric
currents. In the next two chapters we will present a memory model based on the
principles studied here (Chapter 8), and introduce a new concept of neuron-like
computation based on induced complex limit cycles (Chapter 7).



Chapter 7
Computing by switching dynamics

In Chapter 6 we have shown how providing symmetry-breaking input signals to
the otherwise symmetric system defined in Chapter 3 results in the generation of
limit cycles in the state space. These limit cycles consist of stable complex periodic
orbits that always predictably approach what have been sets of six distinct saddle
states in the symmetric system. Analyzing the relation between input signals and
the periodic orbits revealed that the inputs are reliably classified into one of ten
binary classes with activity 3/5. Each input is uniquely classified by one of these
classes, and for each class the system converges to one out of two exclusive periodic
orbits. Which of the two is determined by the initial condition. We now show how
this classification process forms the basis for a new type of universal computation
in pulse-coupled systems.

The basic idea is to combine different sources of asymmetric currents (linear
superposition of currents) to form an effective asymmetry and after that, to map the
resulting cycles into different output states. To demonstrate this idea, we present
two practical examples: first, a bitwise computer that performs all fundamental
forms of binary logic computations, in particular the XOR operation which provides
a NOT operator and guarantees that the system may universally compute any
desired function; and as a second example of application, we show how to make use
of the switching process as a guide system for an autonomous agent, navigating in
relation to a filed source when solving a gradient problem.

7.1 Bitwise computation

Bitwise operations ultimately underly all processes in digital computations. Their
logic is based on the comparison of two or more bits, that may assume one out
of two states {0,1}, implemented in a clockwise cycle (well defined frequency).
Thus, by constituting the standard computational logic, it becomes a reasonable
benchmark for computation. We know from Section 6.2 that the network presented
in Section 3.3,

av;
ds

=] — ’YV; + Sl(S) + Aeffyi, (71)

45
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is able to classify continuous inputs, here given by an effective asymmetric vector
A, into one out of ten possible binary classes r with activity 3/5. By this activ-
ity we mean that the three stronger inputs are distinguishing from the two weaker.
Here we study how to design meaningful relations between symmetry-breaking in-
put signals, that are given by a vector R, and a pre-defined output, the desired
result of the computation. Notice that, although all of the information is already
contained in the cycles as spatiotemporal patterns, a second classification of per-
cepts r by an output layer into a spatial pattern yields a clear visualization of the
output.

Here we choose two-bits bitwise operations as our illustrative example. It not
only reduces the input/output sets to a binary set, R; € {0,1} (as the percepts
classes r), but also yields an intuitive understanding of the process. Once the basis
is explained through this example, we will discuss the general aspects of such a
process.

Coming to the actual computer, it is composed of three layers (see Figure 7.1):

1. the input, a five-bit binary vector R, determines both a logical operation
(first three bits Ry23; we choose OR, AND, and XOR as examples) and also
define the two input bits for computation (Rys);

2. the process layer, that consists of a network of five neuronal units (3.3);
inputs combine to form an effective asymmetric vector A = A + w o R,
where A is a fixed asymmetric input current, w is a fixed weight vector
between the inputs R and the single neuron each R; targets in the process
layer, and o is an element-wise multiplication; this asymmetry induces a
specific cyclical pulse pattern classified by a vector r;

3. the output, where the cycles are classified by temporally fixed neural pattern
recognition (see Table 7.1) into two different groups (“0” and “1”) according
to the desired output activity.

Now that we stated the basic lines of our approach, we should define the constants
of the problem (base current and connection weights), which by itself presents a
non-trivial problem. How should these parameters be set in order to maximize the
number of implemented operations? The answer lies in mapping as many inputs
as possible to the same percept r.

In the actual configuration, from the possible eight combinations in Rq93 we
defined the three basic operations as orthogonal vectors with the same module:
(1,0,0) to represent the OR; (0,0,1) for AND; and (0, 1,0) for XOR. Now to setup
the constants of the system we consider features that simplify the mapping. First,
we know that all of these operators should yield the same value when operating
over the pair (0,0). Therefore in order to minimize the number of mapped percepts
they should be represented by the same percept r. One possible way to do so is to
choose a base current such that

Al > AQ > Ag > A4 > Ag,, (72)
and thus by
Aeff =A +wo R (73)
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Figure 7.1: Bitwise computation realized by switching. Computer diagram and
a simultaneous illustration of all three layers dynamics (w = (2.5,2.5,2.5,5,5) x 1074,
T =049, ¢ =0025 1 =104, vy=1, A = (4,3,2,1,0) x 107%). a) Diagram of bitwise
computer. Asymmetric external currents (R; € {0,1}) generate specific limit cycles as
internal representations. Conform previously defined categories the spike sequences are
associated to a zero or one pattern by the output layer. b) Three consecutive sets of
external inputs as constant currents (t = 0, t = 500, ¢ = 1000); ¢) Poincaré section
showing the resulting limit cycles, all potentials plotted in the moment oscillator number
one is reset; d) visual representation of the current output.

any of the three operations over Ry3 = (0,0) results in the cycle (1,1,1,0,0), thus
R = (1,0,0,0,0)VR = (0,1,0,0,0)VR = (0,1,0,0,0) < r = (1,1,1,0,0). (7.4)

As a second step, the functions OR and XOR should yield the same cycles for
all operands but (1,1). It is achieved directly by imposing that the connection
weights w between the inputs and the network are such that

{Aeff’i > Aefﬂj Y Z,j iff Rz =1 A Rj = 0}, (75)

with ¢ = {1,2,3,4,5} and j = {1,2,3,4,5}. This last restriction also yields a
reduced number or percepts, such that,

R =(1,0,0,0,1) VR =(0,1,0,0,1) & r = (1,1,0,0,1), (7.6)
= (1,0,0,1, 0)v =(0,1,0,1,0) < r = (1,1,0,1,0), (7.7)
=(1,0,0,1,1) < r = (1,0,0,1,1), (7.8)

R =(0,1,0,1,1) & r=(0,1,0,1,1). (7.9)

The third and last step show a straight forward mapping of the AND operation,
since the last three operations have no bounds to the other two operators to be
fulfilled. Thus,

R =(0,0,1,0,1) < r = (1,0,1,0,1), (7.10)
R =(0,0,1,1,0) < r = (1,0,1,1,0), (7.11)
R =(0,0,1,1,1) < r = (0,0,1,1,1). (7.12)

The combined results of the three steps are summarized on Table 7.1. This choice
of parameters seems to be a natural choice, since it yields an almost identical set
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Table 7.1: Logic function definitions. The input vectors are categorized into activity
and non-activity according to each function. The given input is weighted and combined
to the base asymmetric current to define an effective asymmetry related to one of the 10
possible internal representations r. (w = (2.5,2.5,2.5,5,5) x 1074, 7 = 0.49, € = 0.025,
I=1.04,v=1, A= (4,3,2,1,0) x 107%)

binary logic function | input (R) cycle (r) output
AND (0,0,1,0,0) (1,1,1,0,0) 0
(0,0,1,0,1) (1,0,1,0,1) 0
(0,0,1,1,0)  (1,0,1,1,0) 0
(0,0,1,1,1) (0,0,1,1,1) 1
OR (1,0,0,0,0) (1,1,1,0,0) 0
(1,0,0,0,1) (1,1,0,0,1) 1
(1,0,0,1,0) (1,1,0,1,0) 1
(1,0,0,1,1) (1,0,0,1,1) 1
XOR (0,1,0,0,0) (1,1,1,0,0) 0
(0,1,0,0,1) (1,1,0,0,1) 1
(0,1,0,1,0) (1,1,0,1,0) 1
(0,1,0,1,1) (0,1,0,1,1) 0

of cycles r for the functions OR and XOR, except for the pair Ry; = (1,1) (as
it should be), and maps the results of all functions over Ry5 = (0,0) to the same
r. (see table 7.1) Thus, it minimizes the necessary number of representations r
while maintaining the input R in a maximum activity of >, R, = 3 as in r. Figure
7.2 combines all information present in Figure 7.1(a) and Table 7.1 in a single
picture, and displays all possible computations for the same set of parameters as
in Table 7.1, as a set transformation, showing the relation of each allowed input R
(pre-defined) to the percepts r and between r and the output as well.

In what concerns the output layer there is only a short remark to be made. As
can be seen in Table 7.1, all information about the operation’s results are already
contained in r, thus the output layer merely changes how the results are presented.
Different methods can be implemented to classify spatiotemporal patterns [30, 31],
vielding equivalent results. In the data presented here spatiotemporal patterns are
decoded by simultaneous events detection.

As an actual example of computation, Figures 7.1(b,c,d) display the three com-
puting layers for the three operators (OR, AND and XOR) given a binary operand
(0,1) (see Figure 7.3 for summarized process). Operationally speaking, the re-
sult emerges only some time after changing the operation (at times ¢ = 500 and
t = 1000): besides a short dynamic transient, this is due to the time required for
detecting the cyclic patterns. For the specified chosen parameters, it takes about
300 time steps to guarantee the right answer (see Figure 7.4).

We should now stress three aspects of this new computation paradigm: first, by
concatenating these three functions an arbitrary logic function can be computed
so that the system serves as an universal computational device; second, that the
choice of binary operations is merely illustrative, all properties discussed here rely
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Figure 7.2: Computation representation as a set transformation in two steps.
The bitwise computer depicted in Figure 7.1, in accordance with table 7.1. The function
f1 is defined by the connection weights between the input and the process layer plus the
base asymmetry. The function fs is defined by the weights between the process layer and
the output layer.

only on the mapping of input signals to a set of orbits. In a network with N =5,
in principal, we could compare up to 4 inputs and still have one operation discrim-
inator, although the number of feasible functions is decreased. Furthermore, in
principle, for larger networks the number of inputs increases linearly with the net-
work, whereas the number of distinct stable periodic orbits increases exponentially,
and thus may yield a much larger number of possible functions involving different
number of inputs.

This shows that switching dynamics in neural networks provides a natural way
of universal computation in dynamical systems. In practical applications, such dy-
namics can be easily implemented as networks of different oscillator types |3, 25, 27|
because only the feature of appropriate input classification at the saddles is re-
quired; transition rules sufficiently resembling (5.29) are also present in larger net-
works of coupled oscillator cf. |25, 26] and may equivalently be exploited. As an
example, for N = 100 a persistent switching process among unstable states with
cluster symmetry So; X So; X So1 X So; X Sig robustly takes place. In previous
works on coding and computational properties of oscillatory circuits, e.g. [3, 8, 27|,
individual saddles serve as conceptual coding elements. The fundamental neu-
ral computer presented above now represents inputs as cyclic sequences among a
number of saddle states (cf. [8]) and exploits the advantages coming with this
re-interpretation, e.g. the independence of the dynamical coding of the initial con-
dition.

The main dynamical property we exploit is that symmetry-breaking input sig-
nals guide the system to an input-specific cycle in state space. As many very
similar such cycles already exist in small networks, our novel concept ideally ex-
ploits features characteristic of generic heteroclinic networks in (almost) symmetric
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Figure 7.3: Three bitwise operations: superposition of currents. The three op-
erations depicted on Figure 7.1. It shows step by step how different sources of currents
adds to form a effective asymmetry in accordance to Table 7.1 and Figure 6.10. Each
input is multiplied by a connection weight and added to a base asymmetry, resulting in
an effective asymmetry. Red values represent constants of the network, black values are
variables resulting from the operations, and blue values represent the associated cycles.
Each operation is done independently in each column.

systems. The system is also intrinsically robust to noise due to the continuous-time
integration of the input signals and with increasing noise mainly the average period
of the cycles decreases but not its overall shape in state space. Additionally, other
naturally emerging features are of practical interest. One of them is redundancy
that occurs because the internal representation to a continuous input is cyclic; A
second is that no learning rule is required after the initial asymmetry is imposed
and all of the cyclic dynamics, representing the results of the computation, then
emerges spontaneously.

o—e All

e—e AND-OR
AND-XOR

*—e OR-XOR

error fraction

oy
400 500

time

Figure 7.4: Error fraction vanishes with time after function switched. The
fraction of error expected after an operation change as a function of time. Each color
brings the expected fraction of error after a switch among specific operations (average
over 200 switches). A new operation out of AND, OR or XOR is chosen randomly every
five hundred time steps.
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7.2 Autonomous navigation: field gradients

Autonomous navigation constitutes an important subject of current research in
fields as different as avionics, robotics and neuroscience. A minimal example of
navigation is given by an autonomous agent that navigates (converges) in relation
to a source field. Depending on the area of research, different strategies are investi-
gated in order to solve this sort of problem, from standard procedural computation
to a mix of neural network and procedural computation. Here, we introduce a new
method of navigation realized only by bio-inspired neuron-like units, where the
neural activity yields spatiotemporal spike patterns characterized in state space by
a persistent switching among saddle states.

The idea is to design a movable agent that exhibits field detectors with a well-
defined spatial distribution; each of these detectors provides input to one neuron of
a neural network in which it induces specific periodic spatiotemporal pulse patterns,
limit cycles in the state space (see Chapter 6), conforms its position in relation to
a field source; based on the achieved periodic pattern, a turning decision is made
to yield a convergent movement towards the source of the field. Notice that in
this picture, after detecting the field, the agent generates an abstract internal
representation of the environment (field gradient) to then make a turning decision.

For the sake of simplicity, here we present the minimal example of such an
agent. It is composed of three layers:

1. the detectors: five field detectors spatially distributed over a circle of radius
p and equally spaced from each other by an angle o (see Figure 7.5a); each
detector unidirectionally targets only one neuron in the processing layer (see
Figure 7.5b) and delivers an input that is a function f(v) of the field ¢ in its
position;

2. the processing layer consists of a network of five neuronal units (3.3);
asymmetric inputs A; = f(¢;) delivered by the detectors induce specific
cyclic pulse patterns classified by a vector r (see Table 6.10), that consists of
an internal representation of the inputs;

3. the output: by calculating the minimal distance to different saddle periodic
orbits, the induced limit cycle in the process layer is detected, and proper
turning decisions are made in order to direct the agent towards the field
source.

Concerning the movement of the agent, we assume again the minimal (non-
trivial) model where the agent advances at a fixed step size and there is only one
source field. We here consider a two-dimensional environment with coordinates
(x,y), such that the agent’s position and orientation is completely defined by the
position (z.,y.) of its center and one of the coordinates of one of its detectors (x;)
(since the radius is fixed, p) or, in an equivalent way, the position of its center
and the angle # drawn in between the Cartesian x-axis and the line defined by the
center of the agent and the central detector.

Consider a convergent movement to the source. The movement is composed
of only two actions. In a first moment the decision of turning is made and in
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Figure 7.5: Diagram of autonomous agent. a) Five field detectors are distributed
equally every o degrees over a segment of a circle (total angle equaling 40) of radius p; b)
Each sensor is connected to only one element in the neural network, unidirectionally; c)
For a convergent to the source behavior, the desired turn decision for the three possible
situations: stronger inputs from the left (Red) to turn left; stronger inputs from the front
(Blue) to no turning; stronger inputs from the right (Green) to turn right.

the second the actual step takes place. The turning decision begins by evaluating
the field intensity over each of the detectors. Due to the large variation of field
intensities at different distances from the source, the detectors implement a function
f () of ¢ in order to normalize the field to reasonable values (107> —1073, as shown
in the last chapter), the exact form of the function is not relevant. The numerical
simulation presented here is given by,

Vi
max (¢; : j ={1,...,5})

where C'is a constant. After this normalization, the resulting signals are streamed
down to the neural network causing one out of three situations (see Figure 7.5¢):
first, the field is stronger on the left side of the agent, i.e. Aj93 > Ay5 yielding
the percept r = (1,1,1,0,0) and triggering a turn-left decision,

fWi) = x C, (7.13)

0=0+n, (7.14)

where 7 is a fixed amount; second, the field is stronger on the right side, Az 45 >
Ay 5 yielding the percept r = (0,0,1,1,1), triggering in the output layer a turn-
right decision,

0=0-—mn; (7.15)

and third, the field is stronger in the front, As34 > A5 yielding the percept
r = (0,1,1,1,0), that does not trigger any turning. Notice that, as in the last
section, the output layer should be set up to respond in accordance with the desired
agent behavior. The second action composing the movement is a simple fixed step
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Figure 7.6: Relative positions of agent and radial source field. Diagram highlight-
ing the distances d3 and ds of detectors three and five with respect to the source field.
The position of each detector is given by a cartesian pair (z;,y;), where i is the detector
index; (z, y.) is the position of the center of the agent; and (xs,ys) is the position of the
source.

in the actual direction of the central detector. After each step, the neural activity
is updated in accordance with the new asymmetric input and the two steps of the
movement are repeated again.

As an actual example of navigation, we implement an agent that pursues a
single moving source field (see Figure 7.7). The field considered here is radial,
defined by

1

9(d) = 3. (7.16)
where r is the distance between a point in the plane (x,y) and the source. This
represents, e.g., a physical light source in two dimensions. While the source ad-
vances at a constant pace in a fixed direction, the agent adjust its trajectory in
order to chase the source. The resulting dynamics is such that, at each time step,

first the distance between the different detector and the source are calculated,

d; = /(s — 2:)2(ys — y:)?, (7.17)

where (x4, ys) are the source coordinates and (z;,y;) are the coordinates of detector
i (see Figure 7.6); second, the fields are calculated through 7.19,

¥ = (i), (7.18)
and third, the effective asymmetry is calculated according to 7.13,
Aeff,i - f(wl) (719)

And, by calculating the larger three A.g,; the adequate turning decision is made.
Notice that due to the few detectors (low resolution) the agent does not align
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Figure 7.7: Agent converges towards moving radial source field. Four panels
sampling different times (5000,10000,15000,20500). The gray gradient in the background
depict the intensity of the field (1/d?) in a logarithmic scale. The green line represents
the filed source trajectory. The red line represents the agent trajectory. The simulation
is ended as soon as the agent (its center) approaches a distance equal to two times the
agent radius in relation to the source.

precisely with the source from large distances, because the spatial distribution of
detectors imposes an effective angle (between the source and the agent orientation)
to trigger each turning decision and, thus, an effective displacement proportional to
r. Therefore, smaller values of o and p yield a better resolution when close to the
source field, whereas larger values provides a better resolution at larger distances.
Furthermore, when the alignment tends to stay in the frontier between the non-
turning situation and one of the two turning situations, the transient resulting
from the constant change between these two percepts may cause momentary wrong
turning decisions and the resulting path is therefore not a sequence of coherent
corrections towards the desired path. Apart from this variation, on average the
turning is in the direction of the source. Thus, if the agent’s speed is high enough,
the agent eventually overtakes the source.

7.3 Conclusion

In summary, we presented and analyzed how switching dynamics may be used for
a new type of universal computation in pulse-coupled systems and applied this
to steer an autonomous agent. Here, a simple five neuron network provides an
internal representation of sensory input and at the same time perform all basic
information processing. Providing small asymmetries to a previously symmetric
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network of dynamically connected saddles triggers specific limit cycles close to the
predefined heteroclinic network. By entering into cycles in a controllable way [10],
the asymmetries can be associated with cycles, which in turn become abstract rep-
resentations of the input asymmetry. Two distinct examples of computation were
provided: First, we use part of the symmetry-breaking asymmetry to defined a logic
function and another part to define the input to this function. The resulting cycles
themselves code the solution of a computation. As a second example, we provided
an autonomous agent capable of pursuing a source field by implementing a similar
computation as in the first example, i.e., by generating an abstract internal repre-
sentation of the environment to then perform the required action. Understanding
the computational capabilities of persistent switching processes in more detail will
help to efficiently implement more complex computations; for instance, the cyclical
spatiotemporal pattern itself (instead of a binary output) could serve as an input
to a downstream neural device. Moreover, it might be possible to implement more
complex functions such as multiplications, pattern recognition etc., in a single but
larger oscillatory system exhibiting controllable switching.






Chapter 8
Memory by switching dynamics

In the previous chapters, we have studied how external inputs control a switching
process that yields specific limit cycles. It was shown that, provided symmetry-
breaking input signals, the system generates an internal representation of such
inputs that are maintained as long as the asymmetry is present. In this chapter we
show how to implement memory in this model by sustaining the internal represen-
tation even though the external asymmetric signal is removed after a short time.
As a practical example, we show how to use this dynamics to memorize pictures of
pixels colored via a six bits color palette.

In contrast to standard memory models, that require a structural change (synap-
tic plasticity) in order to store information, we here propose a dynamical memory
mechanism based on perturbations of heteroclinic networks. It consists of a time
dependent modification of an internal parameter of each oscillator, proportional to
a external asymmetry, increasing in different proportions the intrinsic frequency
of each oscillator, i.e., we altered an internal property of the oscillators in order
to mimic the external asymmetric signal without changing the connection between
two oscillators.

8.1 Short-term memory

In neuroscience, short-term memory is a process by which information is stored
transiently. It is essential to many levels of animal behavior such as stimulus
detection and processing, long-term memory formation, and to realizing working
memory as well. In theory, the role of short-term memory in neuronal systems is
analogous to those in digital computation, they serve either as information buffers
(RAM) or as workspaces where information can be handled (cache/processor). This
makes artificial neuronal systems exhibiting those features of great relevance for
current research.

In this work, the relevant network states are complex periodic orbits that arise
in the presence of network asymmetries. Thus, in principle, the implementation
of memory could be realized by a sustained asymmetry. As shown in Chapters 6
and 7, the nature of the asymmetries is not relevant, but only the differences in
the intrinsic frequency of each oscillator, which results in an effective asymmetry.

57
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Figure 8.1: Threshold shift for four different sets of parameters as a function of time.
The same external signal (A; =5 x 107%) is applied for the same period of time, 400 time steps
(gray background), for four different parameter sets: b = 0.005 and ¢ = 0.002 (black curve);
b= 0.01 and ¢ = 0.004 (green curve); b = 0.02 and ¢ = 0.04 (red curve); b = 0.04 and ¢ = 0.016
(blue curve). The shaded lines represents the two fixed points (8.2) and erefe3, common to all
three sets of parameters: upper 6 = 0 for A = 0; lower 6 0.99875 for A; = 5 x 1074

Therefore, the relevant question to be answered in this section is: is there a way to
sustain the differences in frequency among the oscillators after the external input
is turned off, by local mechanisms only? The answer is yes, and as we shall see,
the mechanism is not only local to the network, but to each oscillator.

To approach this question, we extended the Integrate-and-Fire model intro-
duced in Chapter 3 ((3.3) and (3.5)) to include spike facilitation: oscillators that
receive stronger stimulation exhibit larger firing rates for a certain period after
the stimulus. Here, it is implemented through a second differential equation that
slightly shifts down the potential threshold 6; of oscillator ¢ as a function of external
currents A; (adaptive spiking threshold),

do;

ad (6 ) (5.1)
where 6, is the initial, non-altered, threshold, s is the time variable and b and
c are constants that regulate the speeds of the threshold shifts, decrement and
increment respectively. Furthermore, the right side of equation (8.1) imposes a
saturation point to 6; (fixed point solution),

ds < 0 C ( )

that guarantees, through a reasonable choice of b and ¢ (by limiting the maximum
threshold shift), that the basic switching dynamic is preserved. In the absence of
asymmetries (A; = 0), the fixed point is shifted back to the original value,

do;
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Figure 8.2: Example of dynamical memory by threshold shift. An external signal A =
(5,4,3,2,1) x 10~* induces different shifts in the thresholds of distinct neurons. The resulting
asymmetry sustain the specific complex limit cycles associated to the input signal after it is turned
off. Before and after the memory process (white background), switchings are generated by noise
(maximum amplitude of the order of 10~%); After an imprinting period (dark gray background,
time steps 600 to 1000), the asymmetry is sustained by the threshold shift (light gray background).

Notice that here, for the sake of simplicity and clarity, we choose the simplest pos-
sible implementation of spike facilitation, an adaptive spiking threshold, assuming
a linear relation between input signals and the threshold shifts. More complex
nonlinear dependencies will not qualitatively change the overall dynamics if the
thresholds are shifted weakly. Thus, the simple linear version provides insights to
generic aspects of this type of short-term memory.

In this model, the memory is realized in two phases: first, there is an imprinting
period, where the external asymmetry A, in (8.1), induces a different shift down
in the threshold of each oscillator; and second, the actual memory that takes place
after the input is turned off; it consists of the period between the end of the input
signal and the moment where the frequency differences generated by the imprinted
asymmetry are overcome by the background noise (see Figure 8.2). Thus, from
that moment on, any information about the input is erased, the periodic cycle is
lost. Notice that, in the absence of noise, the memory will never be erased, but the
induced cycle becomes longer and longer as the asymmetry becomes smaller.

Even though equation (8.1) is independent of (3.6), there are two constraints
to be considered: first, the saturation point should be close enough to the initial
value (fp) to maintain the initial switching properties, as discussed in chapter 6;
second, the memory phase should be long enough to perform at least one complete
cycle in order to guarantee an unambiguous cycle identification.

This simple modification to a neural oscillator model provides a straightforward
memory device that is based on local information only. It provides an information
buffer where the memory period in set by b and ¢, and a workspace where signals
from different sources can be handled, since the internal network state can be
manipulated by a process as simple as a linear superposition of currents.
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8.2 Visual memory: 6-bit RGB color palette

One of the most fascinating human capabilities is the reliable way we identify and
memorize new images and, as a second aspect, how fast we erase such informa-
tion when it becomes not relevant anymore at a given moment. As humans, we
are constantly bombarded with visual information, mostly discarded as irrelevant
almost instantaneously. Therefore, the study of visual short-term memory models
may yield the discovery of new aspects in visual information processes not only in
artificial but also in biological systems.

In this section we implement a network capable of performing visual short-term
memory based on the memory mechanism presented in Section 8.1. We consider
an architecture such that small independent networks handle independent image
pixels. Each pixel is composed of three basic colors, in the RGB color system, red,
green and blue. In this system different color are defined by different intensities of
these three basic colors, from no color (0% of available variant color) to full color
(100% of available variant color). Here, we consider a six bits color resolution, two
bits per basic color, resulting in a total of 64 colors. Thus, the color of each pixel
Pay, With Cartesian coordinates (z,y) is defined by a binary vector

Pay = (Dhyys Doy Py Py Py Py (8.4)
such that
ie{l,...,6} forall p., €{0,1}. (8.5)

The first two bits are reserved for the four red variants (no red to bright red), the
third and fourth are reserved for the four green variants, and the fifth and sixth for
the four blue variants. The intensity of each variant color increases from no color

(P Pty ) = (0,0) (8.6)

to full color

7 i+1
(Phys Py ) = (1,1), (8.7)

with ¢ € {1,3,5}. The two intermediate intensities are labeled as (0, 1) and (1,0),
with the first being less intense than the second. Thus, p,, = (0,0,0,0,0,0)
represents the black color (0% of red, 0% of green and 0% of blue) and p,, =
(1,1,1,1,1,1) represents the white color (100% of red, 100% of green and 100%
of blue). Apart from these two values, the exact values of the other colors in the
RGB palette are not relevant, since internally the input colors assume a abstract
representation (percepts). For illustrative purpose only, here the intermediate pair
(0, 1) represents a color intensity of 25% and the pair (1, 0) a color intensity of 50%.
On the other hand, the number of different abstract representations is relevant, and
as mentioned before, here fixed at 26 = 64.

In order to process those 64 different inputs, we here make use of two identical
networks, composed of five oscillators each, in accordance with the network intro-
duced in Chapter 3. As showed in Chapter 5, each of these networks provide ten



61

o/l o/l o/l I\

Figure 8.3: Color detection: network diagram. A six bits binary vector defines one out of
64 colors for a pixel, two bits per basic color (red-green-blue, RGB). The bits representing each
color are separated into pairs of two, and used independently as inputs for two neural networks.
Each bit is weight and added as an additional external current for a single oscillator (w;A;). The
lasting two oscillators of each network receive an constant input equal to one ((Ayg, As) = (1,1))

percepts. Thus, the combination of two independent networks (total of N = 10)
provides 100 distinct percepts, more than enough to represent 64 colors. The in-
formation about each color is divided between the two networks, such that the first
network receives the first bit of every color, p;y with ¢ € {1,3,5}, and the second
network the second bit, p,  with i € {2,4,6} (see Figure 8.3). The connections
between these inputs and the networks are such that each input targets only one
neuron in one of the networks. Therefore, for each pixel (z,y), in the first network,

dv;
with
do;
and
A=(p'p’p°1,1), (8.10)

where w; is the connection weight between the input A; and oscillator i. Notice
that the subindex (z,y) is contracted, since it would appear in all constants and in
all elements of every vector; notice also that the input component (A4, As) = (1, 1)
is fixed in order to guarantee an effective asymmetry. In an equivalent way, the
second network receives and input vector,

A = (p*,p* 0% 1,1). (8.11)
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Figure 8.4: Visual memory example. A visual input is presented to the network as a set of
colored pixels (columns in the left side of the picture). The network internal state is sampled
every 100 time steps, depicting the dynamics. This input induce, after a transient, a change in the
internal network state from no-information (black color in every pixel) to the same information
presented in the input. The input is maintained from time 100 until 600; after time 2300, the
information begins to degrade until 3300, when all information is lost.

This choice of distributing the bits is arbitrary, since the bits are independent. Here
it is motivated only by symmetry reasons, since each color is defined by two bits,
this separation maintains the equivalence between the two networks concerning the
colors. That is, each network receives exactly half of the information about each
color.

As shown in the previous section, the asymmetric input generates complex
periodic orbits in both networks, that are sustained by the threshold shift until
the information is erased by the background noise. Thus, the desired internal
representation of a given color is achieved as soon as both complex periodic orbit
are stabilized by the asymmetry, and lost as soon as one of the orbits is changed.
Figure 8.4 show such dynamics for a string of pixels with different colors.

This approach brings two new interesting features related to short-term mem-
ory: first, since there is no synaptic plasticity, the noisy dynamics by itself erases
all information after a given time; and second, a wrong color detection becomes
unlikely, since it would require a valid sequence of six saddles when subject to an
asymmetry that induces a different cycle.

8.3 Conclusion

In this chapter we introduced a novel conceptual model for short-term memory in
systems of pulse-coupled neural oscillators. It exploits induced switchings between
saddle periodic orbits that result in specific stable limit cycles, close to a heteroclinic
framework. As a practical example, we implemented a visual short-term memory in
color, by processing in parallel the color of each pixel. This model yields a reliable
and flexible new kind of short term memory, since the phenomenon is robust to
noise, due the nature of the network elements, and no learning rule is required
to memorize new items, because the local dynamics of each element dynamically
induces a limit cycle as an internal representation. Moreover, since there is no
synaptic plasticity, any traces of a memory are dynamically erased due to noise.



Chapter 9

Discussion

In this thesis, we studied a new paradigm of natural computation by persistent
switching dynamics among saddle periodic orbits. Such switching processes emerge
in a broad range of network dynamical systems with symmetry. We focused on two
main questions: how to control this switching processes by applying symmetry-
breaking input signals and how to translate the relation between inputs and the
resulting orbits into meaningful computations.

As specified in the first part (Chapters 1-3), we restricted this work to net-
works of generic pulse-coupled oscillators. This choice had two strong motivations:
such models keep characteristic aspects of biological neuronal networks (as pulse-
interactions and strong non-linearities), whereas they simultaneously yield analytic
access to stability and switching properties [10, 25]. Therefore, our results may help
to understand new aspects in computation not only in abstract model networks,
but also in biological as well artificial systems.

In the second part (Chapters 4-6), theoretical aspects of robust heteroclinic
cycles in symmetric networks of pulse-coupled oscillators were studied analytically.
One prominent aspect of symmetric model networks is the reduced number of pa-
rameters especially when considering large networks. Thus, by choosing to study
networks that are symmetric in all respects we simplified the initial task of iden-
tifying potential saddle periodic orbits. This was even further simplified by the
existence of symmetrically related states. In such systems, by finding one orbit, a
family of orbits is always identified due to the full permutation symmetry of the
system.

This symmetry is one of the three main differences between encoding via switch-
ing dynamics and standard memory models exhibiting stable attractor dynamics
|1, 32]. Whereas the first requires symmetry assumptions to identify a large num-
ber of symmetrically related states by varying few parameters, the second requires
learning rules in order to the adjust a large number of parameters proportional
to the number of connections. A second contrasting aspect concerns the way in-
formation is encoded in time. As shown in Chapter 6, signals are encoded via
switching dynamics by breaking the system symmetry, thus inducing heteroclinic
cycles according to precise transition rules. Therefore, signals are encoded as spa-
tiotemporal patterns, that in principle may yield an exponential encoding capacity,
since the information is spread in time when combining cyclically different saddle

63



64 CHAPTER 9. DISCUSSION

orbits. As a third aspect, we showed that only the rank order of the values of the
asymmetric signals are relevant, not their absolute values. Based on these three
features, we argue that encoding information in sequences of saddle states provides
the basis for a new kind of neural computation that is independent of precise spa-
tiotemporal pulse patterns, but only dependent on sequences of certain partially
synchronous states.

In the third part of this work (Chapters 7-8), we present two applications that
make use of the encoding process mentioned above: universal computation and
short-term memory. In Chapter 7, we showed that a small network with N =5 is
capable of performing all basic bitwise operations (AND, OR and XOR) over a two
bits operand by defining a mapping between input signals and complex periodic
orbits. By construction, any computer capable of performing all basic operations
is capable of universal computation. This argument in fact, is valid for any neural
network model capable of performing such a mapping.

Therefore, the relevant questions regarding computation not only concerns the
basic operations, but also the reliability and scalability of the neural computer
architecture. Concerning reliability, the computational model introduced here ex-
hibits two interesting unusual features. It yields a fast switching between different
complex periodic orbits due to the intrinsic instability of the saddle periodic orbits
and simultaneously provides, in the presence of input signals, an immediate internal
representations intrinsically robust to noise due to the nature of the network ele-
ments. Concerning scalability, for the class of systems studied here, large networks
exhibit prevalence of unstable attractors over stable ones [25], therefore increasing
the likelihood of establishing a persistent switching process. Moreover, for these
systems, the number of percepts does not increase linearly with the number of net-
work elements as for stable attractor dynamical systems, but exponentially, because
the number of percepts is proportional to the number of allowed saddle sequences
and not the number of saddles.

Other approaches of natural computation based on distributed spatiotempo-
ral dynamics of nonlinear neuron-like systems are markedly different from the one
presented here. For instance, sparse networks operating in the "echo state" [34]
or "liquid state" [33] are based on chaotic dynamics and represent (memorize) in-
puts for some time due to small positive Lyapunov exponents. The represented
information is read out by learning output connections. These kinds of computa-
tion, generically known as reservoir computing, are similar to our computation by
persistent switching processes in that information is represented as spatiotempo-
ral dynamics and the system does not learn internally, only output connections are
adapted. The main differences are that our computations are based on non-chaotic,
heteroclinic switching, are therefore intrinsically robust to noise, are analytically
well understood and, most importantly, fully controllable by the input. In addition,
only one pattern of given temporal length is required to be learned in the output
layer, because all induced complex periodic orbits are symmetrically related to each
other.

Concerning memory, the original model as introduced in Chapter 3 does not
exhibit memory features in the strict sense, because the system is only capable of
representing an input as long as the input still present. In order to properly imple-
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ment memory we extended the model to include spike facilitation, that sustains the
asymmetry generated by an input signal trough a threshold shift. This approach
resulted in a novel implementation of short-term memory, intrinsically robust to
noise and versatile with respect to state changes, due its instability properties and
the absence of synaptic adaptations. Moreover, contrary to stable attractor dy-
namics, in this memory process there is no error corrections or convergence to
any state other than the percept related to the given input. Thus, while on one
hand the system misses some properties of associative memory for categorization,
it yields an almost instantaneous representation and storage of new information
in the short-term even though the new item is not correlated to any previously
established memory.

This study was motivated by recent works especially in two fields, biology and
mathematics. On one hand, an ever growing body of evidence shows that biological
systems may use spatiotemporal spike patterns to encode and process information
|3, 35]. On the other hand, new techniques on how to study the interaction of pulse
coupled oscillators have been developed. Of particular interest were the mathemat-
ical analysis of delayed pulse interactions and unstable yet attractive orbits [17].
Therefore, spatiotemporal patterns generated by a controllable switching in net-
works of pulse-coupled oscillators became an interesting subject. In this thesis our
aim was to develop new natural forms of artificial computation.

When developing any scientific theory, two important points should be taken
into account: clarity and generality. Here, these points were addressed by the choice
of the network model. In this work, all mechanisms leading to a persistent switching
process were mathematically derived based on the properties of heteroclinic cycles,
and thus, are not restricted to any specific model. On the other hand, the pulse-
interactions create an important link to biological systems. For instance, recent
works [8, 23, 28] showed that controllable switching also occurs for distinct models,
such as phase-coupled oscillators, that are conceptually different from our system
due to its temporally continuous interactions. Concerning clarity, the size of the
network played an important role. By assuming N = 5, we reduced the number of
events for a given orbit, yielding a straightforward analysis. Notice that, as shown
in [25], increasing the network size leads to a prevalence of unstable attractors and
may increase the probability of finding heteroclinic connections. As an example,
it was shown [25] that switchings with similar cluster splitting robustly occur for
N = 100. An analysis analogous to the one presented in this thesis yield that the
system is capable to distinguish the five strongest inputs from the other 95 after
five switches.

Our results show how non-trivial switching dynamics underlies reliable com-
putation in network dynamical systems. Future studies on different computation
strategies in complex systems and the study of the interactions of their mechanisms
may lead to new ideas on how more complex computations are performed by collec-
tive dynamics. In particular, as a possible direction of future research we consider
the interaction of short-term and long term-memory in bio-inspired systems (pulse-
coupled oscillator networks) to generate complex dynamics with different aspects
than the ones presented by each network alone. As an initial step, we could extend
the autonomous agent model to implement both, short- and long-term memory
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in different scenarios in order to study nontrivial emergent behavior. Whereas
the short-term memory could held working memory processes exploiting saddle-
induced switchings, the long-term memory could make use of stable attractors in
order to recover, correct and store new items.

The most interesting example of a complex system acting as a computer is the
brain. Many animal functions are dependent in the collective dynamics of neuronal
units. It is reasonable to assume that highly complex behavior, for example reason-
ing, arises from the interactions of different neuronal circuits, possibly presenting
distinct dynamical features. Thus, the study of new computational properties of
bio-inspired networks are not only interesting in itself but also from this broader
perspective of circuitry interactions. We hope that by presenting complex switching
dynamics as a new computation paradigm, we contribute with a small step towards
a better understanding of complex behavior in biological and artificial systems.






Appendix A

Periodic orbits: non-perturbed
system

In Chapter 4 we introduced three unstable periodic orbits, clustered states with
symmetries S5 X Sy, Sy X S7 and Sy x Sy x S;. Here we illustrate those orbits in the
potential representation for all coordinates, V. = (V;, V5, V3, Vi, Vs) in state space.
Each figure presents two superposed plots: the first displays real data point from
the simulations as small consecutive circles (Red); the second is an interpolation of
such data points (Green), included in order to explicitly show the relation between
points far apart due to the discontinuous reset and due to the instantaneous jumps
in the potential of the oscillators each time a pulse is received. In all figures the
potential of the unstable cluster is used as the horizontal coordinate.
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Figure A.1: Periodic orbit for cluster symmetry Ss x So. Red circles represent data
points from the simulations; Green line is the interpolation of the data points, showing

the relation between points far apart due to the discontinuous reset of the oscillators and
phase jumps. (75 = 1.01002, € = 0.025, I = 1.04, v = 1).
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Figure A.2: Periodic orbit for cluster symmetry Sy x S1. Red circles represent data
points from the simulations; Green line is the interpolation of the data points, showing

the relation between points far apart due to the discontinuous reset of the oscillators and
phase jumps. (75 = 0.64743, ¢ = 0.0015, I = 1.1, v = 1).
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Figure A.3: Periodic orbit for cluster symmetry Sy x Sy x S1. Red circles represent
data points from the simulations; Green line is the interpolation of the data points, show-

ing the relation between points far apart due to the discontinuous reset of the oscillators
and phase jumps. (75 = 1.59646, ¢ = 0.025, I = 1.04, v = 1).



Appendix B

Partial derivatives

Here we present the analytical expressions for the non-zero elements of the Jacobian
matrices introduced on Chapter 5. We here use the short notation

v, = Hy(x). (1)

with 2 € {0,7, (1 —7'),(r =7 +7,)} and y € {¢,2¢,3¢}.

S3 x S2: non-zero elements for the Jacobian matrix

[\]

o= :_1 + [1 + H;(T)] H;(Te)} Hy (7 + )

o

B = |1+ 2H(7)| H.(r) Hyulr +72)

v = (14 B(O)] Hyu (7 +00) + H (7o) H, (7 + )

<

jor = = | |=2 4+ H(T)| HU(7)| Haf(r + 720

¥ EE R
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oo = i = [=1+ HU(n)| HU(r) Hi(r + 7o)

S4 x S1: non-zero elements for the Jacobian matrix

/ /

a= |1+ [1+ B(DH. ()] H, (12)| H, (7 + 72 (B.7)
B= |1+ |1+ B0 H ()| H. () H. (7 + 72 (B.8)
v = |1+ 20.(7)| H. () B, (roe) H, (7 + 73.) (B.9)
o = jon = = |1+ [=2+ HL(7)| H(m20)]| HU(r + 75 (B.10)
jn == |1+ HIO0)| H(0:) + [-1+ H.(x)| Hi(7 +7.) (B.11)

ji = = | =1+ H(O)| H(0)H(02) + | =1+ H(m)| H.(ma) Ho(7 +7)  (BA2)

0 = —1H(0)H, (0) Hy(00)+ |1+ | =1+ H.(7)| H.(7) H (20| H.(r+750) (B.13)
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S2 x S2 x S1: non-zero elements for the Jacobian matrix

M =a=H, (T/ + <7’ —7 + Té€>6> [—1 + H. (7‘ — 7+ Tée) [1 + H;e(T,)” , (B.14)
B=H(OH, (7 +0)+ H (7 +(r = +m0.) [-1+ H(r =7 +7)]  (B.13)

/

y= = |1+ H(r = )| B ((r = 7))+ H. (7 + (7 =7+ 7)) |1+ Hr =7+ 7))
(B.16)



Appendix C

Unperturbed orbits: return maps

Here we explain step by step the periodic orbit dynamics introduced in Chapter
4. We introduce and describe the return maps that define the three families of
orbits. The event sequences are displayed in Tables C.1, C.3, C.4 and C.6. The
event notation is: o; indicates that oscillator i elicited a pulse; p; indicates that
a pulse coming from the oscillators 7 is received by the other oscillators; capital
letters indicate constants; Hc(¢) is the transfer function introduced in Chapter 3;
and p; ; is a short notation for the phase of oscillator ¢ at event number j.

Specific realizations of the general descriptions of the orbits dynamics are pre-
sented in tables C.2, C.5 and C.7. As there are no approximations to the corre-
sponding analytical event sequences, the specific values completely agree with the
iterated simulation in Figures 5.1, 5.3 and 5.5.

Unperturbed Sz x S, orbit

The initial condition is such that no pulse was sent before time zero. At time zero,
the first event takes place, that is, oscillators one, two and three elicit one pulse
each (01923); the second event is the reception of these pulses at 7 time later (p123),
that simultaneously is an supra-threshold event to oscillators four and five. This
supra-threshold event induce oscillators four and five to elicit a pulse each (045) in
the same instant they are reset. The third event is the reception of pulses coming
from oscillators four and five (ps5). And the last event is the reset of oscillators
one, two and three (o123) by reaching the threshold.

Table C.1: Analytic table of condition for an unperturbed S3 x Sy orbit, S5 unstable.

event time b1, P2, O3 b4, G5 event num.
01,2,3 0 0 A 0
P1,2,3,045 T Hs, (7') =P11 Hj;, (A+T) >1—0 1
P45 27 Hoe(pra+7)=p12 H(T)=pa2 2
01,2,3 21+1-p12 1—0 pa2t1—pio 3

For any choice of the parameters resulting in A = py 5+ 1 — p; o (while preserv-
ing the event sequence), we have a period-one attractor, since the initial state is
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obtained after one pulse of each oscillator. A numerical example of such a struc-
ture is presented in table C.2. 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.

Table C.2: Analytic prediction of phase dynamics for parameters 7 = 0.31, ¢ = 0.025,
I =1.04 and v = 1, realizing a S5 x Sy cycle.
event time b1, 02,03 P4, G5 event num.
01,2,3 0.000000 0.000000  0.501612
p123;045 0310000 0.353450  0.000000
P45 0.620000 0.829344  0.330956
01,23 0.790655 0.000000  0.501612

W= O

Unperturbed S3 x S, orbit, S; unstable

This map describe the partner orbit of table C.1, since they coexist for the same
range of the parameter, but for different initial conditions. The initial condition
here is such that pulses coming from oscillators four and five are received (p(45))
at time equal zero, forcing oscillators one, two and three to elicit one pulse each
(0123), already defining the first event. The second event is the reception of these
pulses (p123) 7 time later. The third event is the reset of oscillators number four
and five upon reaching the threshold (o,5), and the consequent generation of two
new pulses. The last event is the reception of these new pulses (p45), causing
oscillators one, two and three to elicit one pulse each (0123). In this case the
S3 cluster is stable, since any small variation on the phase of its components will
disappear in the next cycle when all its elements are reset at the same time by the
incoming pulses.

Table C.3: Analytic table of condition for an unperturbed S5 x Sy orbit, Se unstable.

event time b1, P2, P3 P4, O5 event num.
P45);0123 0 0 C 0
£1,2,3 T Ho (T) =p11 H3 (C+7)=ps1 1
04,5 1—p4; 1+p11—pa1=p12 1—0 2
P45,01,2,3 T+1—ps1 Hoe(pro+7)>1—0 H (1) 3

Unperturbed S, x S; orbit

This map describes another period-one attractor, where no pulse was sent before
time zero. The first event is set as elicited pulses by oscillators one, two, three
and four (o1234). The second event is the reception of these pulses after 7 time
(p1,2:3,4), which makes oscillator number five to elicit one pulse due to this supra-
threshold input (o5). The third event is the reception of this last pulse at time 27
(ps). The last event is the pulse generation from oscillators one, two, three, and
four upon reaching the threshold. A numerical example of this orbit structure is
presented in table C.5.
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Table C.4: Analytic table of condition for an unperturbed Sy x Sy orbit.

event time o1, 02, P3, G4 o5 event num.
0'1727374 0 O B 0
P1,2,34;05 T Hs (1) =pia Hy (B+7)>1—-0 1
ps5 27 Ho(pra+7)=p12 7 2
01,2,3,4 21+1—p12 1—0 T+1—p1po 3

Table C.5: Analytic prediction of phase dynamics for parameters 7 = 0.27, ¢ = 0.0015,
I =1.1and v =1, realizing a S4 x 57 cycle.

event time

¢1, P2, 93,91 P5

01,2,3,4 0.000000
p1,2,3,4;05  0.270000
Ps 0.540000
01,2,3,4 0.942909

0.000000
0.303940
0.597091
0.000000

event num.
0.672908 0
0.000000 1
0.270000 2
0.672908 3

Unperturbed S; x S, X S; orbit

For this map, the initial conditions are such that pulses from oscillators three
and four will be received at time 7 after time zero. The first event is the pulse
generation from oscillators one and two upon reaching the threshold (o;5). The
second event is the reception of pulses from oscillators three and four (p(s,4)) at time
7" and the pulse generation by oscillator five (05) caused by this supra-threshold
input. The third event is the reception of pulses coming from oscillators one and
two (p12) at time 7 that forces oscillators three and four to elicit a pulse each (o3 4).
The forth event is the reception of the pulse coming from oscillator five (ps). The
last event is the pulse generation by oscillators one and two (o;2) upon reaching

the threshold.

Table C.6: Analytic table of condition for an unperturbed Sy x Sy x S orbit.

event time b1, P2 ¢3, P4 *5 event
num.

01,2 0 0 D E 0

£(3,4); 05 7 Hoe (1) =p1,1 H. (D +Tl) =p3,1 Hoe E-‘rT’) >1—0 1

p£1,2;034 T H, <p1,1 +7— 7-/) =p1,2 Hae (PS,I +7— T/> Hoe (T — 7'/) 2

>1—0
P5 4T He (pl,z + 7—/> =p1,3 H. (p3,2 + 7'/) =p3,3 p5,2 + = 05,3 3
01,2 T+7 +1— 150 p3,3+1—p13 p53+1—p13 4
P1,3

Table C.7: Analytic prediction of phase dynamics for parameters 7 = 0.49, ¢ = 0.025,
I =1.04 and v =1, realizing a So x Sy x 57 cycle.

event time b1, P2 D3, P4 o5 event num.
01,2 0.000000 0.000000 0.381978 0.795680 0
p3,4);05 0.119095 0.141656  0.541358  0.000000 1
p1,2;034 0490000 0.554491 0.000000 0.424775 2
Ps 0.609095 0.748191 0.130168 0.543870 3
01,2 0.860904  0.000000 0.381978 0.795680 4

This map implies three periodic conditions to describe a period-one attractor:
D = P33 +1—- P1.,3, E = D53 +1-— P13, and 7 = 2’7'/ +1-— P1,3- A example of this
structure is presented in table C.7.



Appendix D

Perturbed orbit dynamics: return
maps.

Here we present three tables that show the changes to the periodic orbit dy-
namics shown in tables C.1, C.4 and C.6 after an incremental perturbation § =
(0,82, 93,94, 95), where 0 < §y < J3 < d4 < 05 < 1. For all three orbits, without
lost of generality, oscillator one was taken as the referential phase to define the
new cycle, since this doesn’t affect the perturbed orbit dynamics itself but only the
point of reference. The notation used here is the same as in C.
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Table D.1: Perturbed S3 x Ss orbit.

event time b1 b2 b3 b4 &5 event
num.
o1,2,3 0 0 62 03 A+ 64 A+ 65 0
P3 T — 03 mmﬁﬂlwuv“wﬁkp N‘Nmﬁ%m+ﬁ|&wv T mmm.hn_n%%n_:ﬂl%wv” mmmk»+%m+q.|mmwv” la
= P2,1a P4,1a DP5,1a
P2;04.5 T — 62 H. QuHLmnT%wlnmmV P2,1a + 03 — 2 =Dp2,1b He T‘+%w|%wv H, QEL@:T%& —d2) > He AEmLRATQw I%wv > 1b
P1,1b = P3,1b 1—-0 1—0
p1 T P1,16 + 02 = p1,1 He (p2,1p + 62) = p2,1 He (p3,16 + 62) = p3,1 He (62) = pa1 P4,1 1
P45 21 — d2 Hoe (p1,1+ 7 — 82) Hae (p2,1 +7—982) = Hac(p3a+7—02) = Hoe(pai+7—082) = pap2 2
P1,2 p2,2 D3,2 P42
o3 21 — 02 pi2+1-—p32 p2,2+1—p32 1—-0 pa2+1—p32 pa2+1—p32 3a
+1—p3,2
02 21 — 62 pr2+1-—p22 1—20 P3,2 — P22 pa2+1—p22 pa2+1—p22 3b
+1—p2,2
o1 2r — 62 1—0 P2,2 — P1,2 P3,2 — P1,2 pa2+1—pi2 pa2+1—pi2 3
+1—p12
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Table D.3: Perturbed Sy x Sy x Sy orbit.

event time b1 b2 ®3 ba o5 event
num.
(03,4); 0 0 02 D+ 453 D+64 E+ 65 0
91,(2))
03,4;05 T Hoe Aiv =p1,1 Hoe Ai + &v =p21 H. Ab +7 + uwv = H. Ab +7 4 ﬁv = Hoae Am +7 + umv 1
P31 P41 1—0
p2;034 T — 02 H. OSL +r—7 |3v = @Nl.ﬂlil& =p22a He AEL +r—7 lumv > H. AEL +r—7 lumv > H. Aﬂli |&v = 2a
P1,2a 1—0 1—0 P5,2a
p1 T P1,2a + 02 = p1,2 Hc (p2,24 + 62) = p2,2 H. (62) = p3,2 Hc (62) = pa,2 He (ps2a +02) = 2
D5,2
! ! ’ 4 !
P5 T—T H. AE,M + 7 v =p1,3 H, AE«M + 7 v =p2,3 H. Aﬁub + 7 v =p3,3 P3,3 P52+ T 3
o2 T+ + p1,3+1—p23 1—-0 p3,3+1—p23=p3,4a P3,4 psa+T +1— D2,3 da
1—p23
! !
o1 T+7 4+ 1—0 P2,3 — P1,3 p33+1—p13 p33+1—p1,3 ps2+7 +1—p13 4
1—pi3
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