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Abstract

Since Poincaré, the father of modern mathematical dynamical systems, much effort has been exerted to
achieve a qualitative understanding of the physical world via a qualitative understanding of the functions we
use to model the physical world. In this thesis, we construct a numerical framework suitable for a qualitative,
statistical study of dynamical systems using the space of artificial neural networks. We analyze the dynamics
along intervals in parameter space, separating the set of neural networks into roughly four regions: the fixed
point to the first bifurcation; the route to chaos; the chaotic region; and a transition region between chaos and
finite-state neural networks. The study is primarily with respect to high-dimensional dynamical systems. We
make the following general conclusions as the dimension of the dynamical system is increased: the probability
of the first bifurcation being of type Neimark-Sacker is greater than ninety-percent; the most probable route
to chaos is via a cascade of bifurcations of high-period periodic orbits, quasi-periodic orbits, and 2-tori; there
exists an interval of parameter space such that hyperbolicity is violated on a countable, Lebesgue measure
0, “increasingly dense” subset; chaos is much more likely to persist with respect to parameter perturbation
in the chaotic region of parameter space as the dimension is increased; moreover, as the number of positive
Lyapunov exponents is increased, the likelihood that any significant portion of these positive exponents can
be perturbed away decreases with increasing dimension. The maximum Kaplan-Yorke dimension and the
maximum number of positive Lyapunov exponents increases linearly with dimension. The probability of a
dynamical system being chaotic increases exponentially with dimension. The results with respect to the
first bifurcation and the route to chaos comment on previous results of Newhouse, Ruelle, Takens, Broer,
Chenciner, and Iooss. Moreover, results regarding the high-dimensional chaotic region of parameter space
is interpreted and related to the closing lemma of Pugh, the windows conjecture of Barreto, the stable
ergodicity theorem of Pugh and Shub, and structural stability theorem of Robbin, Robinson, and Mané.
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Chapter 1

Introduction and background

1.1 Introduction

Since Poincare, the father of modern mathematical dynamical systems, much effort has been exerted to
achieve a qualitative understanding of the physical world via a qualitative understanding of the functions
we use to model the physical world. This work is a computational study with the same motivation.

The interaction between computational and mathematical worlds has waxed and waned over the last 40
years depending on the problems and emphasis of the respective fields. This work is intended to fit directly
between the world of mathematical dynamics and computational dynamics. This framework is constructed
such that there is enough common language such that results from both perspectives can be interpreted and
hopefully, eventually integrated.

However, in this work, we limit ourselves to a qualitative numerical study of high-dimensional dynamical
systems. We will have little to say about low-dimensional dynamical systems, and implicitly we claim that
there are few generalizations that can be made about high-dimensional dynamics from low-dimensional
dynamics.

To achieve the desired end, we perform the following steps:

1. we select a very general, concrete set of mappings that can approximate many relevant problems; this
is done in chapter (4);

2. we develop a construction such that we can study such cases in a statistical manner, this is also done
in chapter (4);

3. via a single parameter that has been hard-coded into the model equations, we stratify the parameter
space by different qualitative dynamic types, this is discussed in chapter (6);

4. we study the various parameter regions attempting to link our results to the computational world while
comparing with the mathematical world, this is contained in chapters (7), (8), and (9).

Although we will limit our study to high-dimensional dynamical systems, we do consider low-dimensional
systems en-route to high-dimensional systems. The high-dimensional systems can be stratified into roughly
four regions; in chapter (6) we will introduce five regions, but the fifth region appears only in low-dimensional
systems. The four main regions we will investigate are comprised of: region I, the region between a fixed
point and the first bifurcation; region II, the route to chaos region or the region between the first bifurcation
and the onset of chaos; region IV, the chaotic region; and region V, a transition region between chaos and
finite-state dynamics.

Often throughout this work we will refer to dynamic stability of a dynamical system. We will, where
necessary, qualify this term precisely; however, it will be useful to discuss our meaning of these words here
briefly. By dynamic stability, we mean stability of a particular dynamic type with respect to parameter,



initial condition, or functional variation. Thus, a chaotic map can be dynamically stable if it is difficult
to make the map non-chaotic by altering the initial conditions, parameters, or the functional form in non-
drastic ways. This is contrasted to words used by others discussing chaos as a unstable type of dynamics
and periodic orbits being a stable type of dynamics. In this work, we will not use “dynamical stability” or
“dynamically stable” to differentiate between chaotic and periodic types of dynamics. A dynamically stable
map is one that preserves a given type of dynamics upon perturbations.

The rest of the introduction will discuss background material for chapters (7), (8), and (9) as well as a
rough comparison between many computational and mathematical constructions and mind sets.

1.2 Introduction to our construction

We will formally define the mappings considered in this thesis in Chapter (4) and specifically section (4.2),
however, for ease of understanding, it is useful to briefly describe our construction as well as make a few
clarifications.

All the maps considered in this thesis are of the form:

N d
Ty = /80 + Zﬂl tanh Swio + S Zwijxt,j (11)

i=1 j=1

where (3 is a parameter vector and w is a parameter matrix, both have elements that are real and finite.
The s parameter will adjust the amplitude of the argument of the hyperbolic tangent function thus we will
stratify our mappings with the s parameter. These discrete-time maps are technically referred to as neural
networks. Neural networks are an obvious choice of function space for our type of study because they are
“universal approximators” as will be discussed in Chapter (4). Neural networks map compact sets in R?
to compact sets in R. We will only consider bounded mappings. Further, because we will use Lyapunov
exponents as a primary tool of analysis, we will always refer to a network with a fixed set of initial conditions,
unless otherwise specified, to avoid multiple attractor concerns. Lastly, we will consider all attractors unique
if, for a given set of initial conditions, the Lyapunov exponents converge to a distinct and particular values
given enough iterations.

d

N
Ty = ﬁo + ZﬁzG Swio + SZwijxt,j (12)
=1

j=1

1.3 Routes to Turbulence — Regions I and II

In their first edition of Fluid Mechanics (71), Landau and Lifschitz proposed a route to turbulence in fluid
systems. Since then, much work, both in dynamical systems, experimental fluid dynamics, and many other
fields has been done concerning the routes to turbulence. In this thesis, we present early results from the
first large statistical study of the route to chaos in a very general class of high-dimensional, C"", dynamical
systems. Our results contain both some reassurances based on a wealth of previous results and some surprises.
We conclude that, for high-dimensional discrete-time maps, the most probable route to chaos (in our general
construction) from a fixed point is via at least one Neimark-Sacker bifurcation, followed by persistent zero
Lyapunov exponents, and finally a bifurcation into chaos. We observe both the Ruelle-Takens scheme as
well as persistent n-tori, where n > 2 before the onset of chaos.

To understand a routes to chaos type construction, begin with an ordinary differential equation in R*
with a single real parameter pu, % = F(u,U) where F is as smooth as we wish and U C R* is compact.
At po there exists a fixed point, and at p., po < pe, F' is chaotic. The bifurcation sequence proposed by
Landau (71) and Hopf (57) is the following: as p is increased from g there will exist a bifurcation cascade
of quasi-periodic solutions existing on higher and higher dimensional tori until the onset of “turbulence.”



In other words, the solutions would be of the following type, z,,(t) = f(wi,w2), zu,(t) = f(wi,w2,ws),
ey Typ 4 (t) = flwi,wa,...,wi) for p; < piqr1, and where none of the frequencies are rationally related.
However, Landau and Hopf’s notion of turbulence was high-dimensional, quasi-periodic flow. Ruelle and
Takens (114) proposed both an alternative notion of turbulence (the strange attractor) and an alternative
route to turbulence in a now famous paper. Ruelle and Takens claimed that the Landau path was highly
unlikely from a topological prospective. The basis for their claim originates in the work of Peixoto (92)
who has shown that quasi-periodic motion on 72 (the 2-torus) is non-generic! in the set of C” vector fields.
However, Peixoto’s theorem applies only to flows on T2 and not 7% for k > 2. For diffeomorphisms of
the circle, irrational rotations make up the full Lebesgue measure set of rotations. Suspensions of such
diffeomorphisms correspond to quasi-periodic motion on T2. It would seem that quasi-periodic motion of
flows on T2 would be high measure, however, there is not a one-to-one correspondence between flows on
T? and discrete-time maps of the circle (e.g. the Reebs foliation or (89)). Further, quasi-periodic orbits of
diffeomorphisms on the circle are structurally unstable. For flows on T2, the structurally stable, hyperbolic
periodic orbits are topologically generic; however, it is likely that quasi-periodic orbits are common in a
measure theoretic sense on 72. There remain many open questions regarding bifurcations of periodic orbits,
for example, a list of codimension 2 bifurcations and their status can be found at the end of section (9.1),
page 397 of (70). How this will all play out in practice is unclear and comprises a good portion of motivation
for our study. Ruelle and Takens then went on to prove two results for flows relevant to this report. The first
is a normal form theorem for the “second” Hopf bifurcation for vector fields, or the “first” Hopf bifurcation
for maps (often referred to as the Neimark-Sacker bifurcation (115) (81)). This theorem gives a normal
form analysis of the bifurcation of an invariant circle of a flow, but it does not state the type of dynamic
that will exist upon the loss of stability of the invariant circle. The second relevant result was that, given a
quasi-periodic solution f(wy,...,ws) on T* k >4, in every C*~! small neighborhood of (wy, ... ,ws), there
exists an open set of vector fields with a strange attractor (prop. 9.2 (114)). These results were extended
by Newhouse, Ruelle and Takens (85) who proved that a C? perturbation of a quasi-periodic flow on 7°
can produce strange (axiom A) attractors, thus reducing the dimension to 3 for tori with quasi-periodic
solutions for which an open set of C? perturbations yield strange attractors. The basic scheme used by
Takens, Ruelle and Newhouse was to first prove a normal form theorem from periodic orbits to 2—tori in
vector fields and then prove something about how the 2-tori behave under perturbations — showing that
bifurcations of m-tori to (m + 1)-tori will yield chaos since 3-tori can be perturbed away to axiom A chaotic
attractors.

If the story were only as simple as a disagreement between topological and measure theoretic viewpoints,
we would be in good shape. However, out of the complexity of the dynamics and the difficulties posed by
bifurcation theory regarding what happens to bifurcations of resonant periodic orbits and quasi-periodic
orbits, the field of quasi-periodic bifurcation theory was born (24) (20). We will not attempt to discuss the
history from where the above leaves off to the current state. For those interested, see (22), (29), (62), (37),
(23), (63), and (61). The question regarding the most common route to turbulence is, in any but a very
select set of specific examples, still an open and poorly defined question. Analytically piecing together even
what types of bifurcations exist en route to chaos has been slow and difficult. We contribute to the existing
partial solution in the following ways: we will provide a framework for numerical analysis that does not have
a priori tori built in; we will provide evidence that the dominant scenario with respect to the cascade of
bifurcations leading to chaos in many high-dimensional dynamical systems will consist of various bifurcations
between periodic orbits of high period and quasi-periodic orbits. Moreover, flip and fold bifurcations (due to
real eigenvalues) occur with less and less frequency as the dimension of the dynamical system is increased.

The work of Newhouse, Ruelle and Takens was followed by a significant amount of work by G. Iooss
with various collaborators. The most relevant result is of Chenciner and Iooss (29) where bifurcations from
flows with two frequencies to flows with three frequencies are shown to be non-generic. Iooss addresses some
of the mathematics of the dynamics after a Neimark-Sacker bifurcation. However, we will refrain from an
explanation here, and the interested reader is directed to (62) and (70).

LA property is generic if it exists on subset E C B, where E contains a countable intersection of open sets that are dense in
the original set B.



There have of course been many fluid experiments, but since our work is related more to the theoretical
work of the aforementioned researchers, we will refrain from a summary and instead encourage the reader
to consider, as a starting point, (37).

1.4 The Dynamic Stability Dream — region IV

To present a full background with respect to the topics and motivations for our study would be out of place;
we will instead discuss the roots of our problems and a few relevant highlights, leaving the reader with
references to the survey papers of Burns et. al (65), Pugh and Shub (106) and Palis (91) for a more thorough
introduction.

The origin of our work, as with all of dynamical systems, lies with Poincaré who split the study of
dynamics in mathematics into two categories, conservative and dissipative systems; we will be concerned
with the latter. We will refrain from beginning with Poincaré and instead begin in the 1960’s with the
pursuit of the “lost dream.”

The “dream” was the conjecture that structurally stable dynamical systems would be dense among
all dynamical systems. For mathematicians, the dream was motivated primarily by a desire to classify
dynamical systems via their topological behavior. For physicists and other scientists, this dream was two-
fold. First, since dynamical systems (via differential equations and discrete time maps) are usually used to
model physical phenomena, a geometrical understanding of how these systems behave in general is, from an
intuitive standpoint, very insightful. However, there is a more practical motivation for the stability dream.
Most experimental scientists who work on highly nonlinear systems (e.g. plasma physics and fluid dynamics)
are painfully aware of the dynamic stability. By dynamic stability we mean that upon normal or induced
experimental perturbations, dynamic types are highly persistent. Experimentalists have been attempting to
control and eliminate turbulence and chaos since they began performing experiments. The hope lies in that,
if the geometric characteristics that allow chaos to persist can be understood, it might be easier to control
or even eliminate those characteristics. The dream was “lost” in the late 1960’s via many counterexamples
((30)), leaving room for a very rich theory. Conjectures regarding weaker forms of the dream for which
a subset of “nice” diffeomorphisms would be dense were put forth; many lasted less than a day and none
worked. The revival of the dream in the 1990’s involved a different notion of “nice” — stable ergodicity.

Near the time of the demise of the “dream,” the notion of structural stability together with Smale’s
notion of hyperbolicity were used to formulate the Stability Conjecture (the connection between structural
stability and hyperbolicity - now a theorem) (90). The Stability Conjecture says that “a system is C" stable
if its limit set is hyperbolic and, moreover, stable and unstable manifolds meet transversally at all points.”
(91)

To attack the Stability conjecture, Smale had introduced axiom A. Dynamical systems that satisfy axiom
A are strictly hyperbolic and have dense periodic points on the non-wandering set?. A further condition
that was needed is the strong transversality condition - f satisfies the strong transversality condition when,
on every z € M, the stable and unstable manifolds W, and W} are transverse at . That axiom A and
strong transversality imply C” structural stability was shown by Robbin (107) for » > 2 and Robinson (108)
for r = 1. This settled one half of the stability conjecture. The other direction of the stability conjecture
has proven much more elusive, yet in 1980 this was shown by Mané (75) for r = 1.

Nevertheless, due to many examples of structurally unstable systems being dense amongst many “com-
mon” types of dynamical systems, proposing some global structure for a space of dynamical systems became
much more unlikely. Newhouse (83) was able to show that infinitely many sinks occur for a residual subset of
an open set of C? diffeomorphisms near a system exhibiting a homoclinic tangency. Further, it was discov-
ered that orbits can be highly sensitive to initial conditions (74), (78), (122), (66). Much of the sensitivity to
initial conditions was investigated numerically by non-mathematicians. Together, the examples from both
pure mathematics and the sciences sealed the demise of the “dream” (via topological notions), yet they
opened the door for a wonderful and diverse theory. Nevertheless, despite the fact that structural stability

2Q(f) = {z € M|V neighborhood U of x,3In > 0 such that f*(U)NU # 0}



does not capture all we wish it to capture, it is still a very useful, intuitive tool.

Again, from a physical perspective, the question of the existence of dynamic stability is not open -
physicists and engineers have been trying to destabilize chaos and turbulence in high dimensional systems
for several hundred years. The trick in mathematics is writing down a relevant notion of dynamic stability and
then the relevant necessary geometrical characteristics to guarantee dynamic stability. From the perspective
of modeling nature, structural stability says that if one selects (fits) a model equation, small errors will
be irrelevant since small C” perturbations will yield topologically equivalent models. It is the topological
equivalence that is too strong a characteristic for structural stability to apply to the broad range of systems to
which we wish. Structural stability is difficult to use in a very practical way because it is very difficult to show
(or disprove the existence of) topological (C) equivalence of a neighborhood of maps. Hyperbolicity can be
much easier to handle numerically, yet it is not always common. Luckily, to quote Pugh and Shub (104),
“a little hyperbolocity goes a long way in guaranteeing stably ergodic behavior.” This thesis has driven
the partial hyperbolicity branch of dynamical systems and is our claim as well. We will define precisely
what we mean by partial hyperbolicity and will discuss relevant results a la stable ergodicity and partial
hyperbolicity.

Our work will, in a practical, computational context, investigate the extent to which ergodic behavior
and topological variation (versus parameter variation) behave given a “little bit” of hyperbolicity. Further,
we will investigate one of the overall haunting questions: how much of the space of bounded C” (r > 0)
systems is hyperbolic, and how many of the pathologies found by Newhouse and others are observable (or
even existent) in the space of bounded C” dynamical systems. Stated more generally, how does hyperbolicity
(and thus structural stability) “behave” in a space of bounded C" dynamical systems.

It is important to note a difference between our perspective and the perspective of mathematicians such
as Palis. In Palis’s paper (91), he notes that the chaotic nature of the Lorenz equations (74) is still an open
and interesting question. While we do would not argue that the Lorenz equations have not been proven
chaotic, nor that further study along these lines is interesting; from our perspective the Lorenz equations are
chaotic. From an experimental perspective, using the “detectors” available to us (computer simulations),
the Lorenz equations were shown to be chaotic over twenty years ago. We do not wish to incite an argument
over ideologies, as we acknowledge that both are worthy of respect. Rather, we use the above example to
demonstrate the difference in perspective between strict mathematics and computational or experimental
physics.

1.5 Mathematics versus computation

There are two large themes in this work highlighting the difference in perspective between computational
dynamical systems and mathematical dynamical systems:

The number of dimensions of the dynamical system matters; there is a stark difference between
common dynamics in high and low-dimensional dynamical systems.

Parameters matter, the practical effects of parameters with respect to dynamical systems is sig-
nificant. Instead of selecting a manifold to impose dynamics on about which one can classify a
generic type behavior, the existence of parameters asks the opposite question: begin with a dy-
namical system, vary the parameters, and observe the types of manifolds that are present, and
study the types of dynamics that are predominant on those manifolds.

The first notion, that dimensions matter, is somewhat obvious from the practical standpoint of the physi-
cal sciences. Highly complicated, high-dimensional physical systems usually have very complicated dynamics
for most relevant parameter values. Often the trick with a good physical model is to strip away nearly all
of the variables such that you have dynamics that are very simple, low dimensional, and yet retain many
of the key stylized facts of the original system. For many physical systems, such is not possible, and highly
complicated models with dynamics that are difficult to interpret form the heart of many numerical studies



of physical systems. From the mathematics standpoint however, there are usually significant distinctions be-
tween only 1, 2 and 3-dimensional manifolds with respect to the dynamics they can support; little distinction
is made for manifolds with d > 3. In fact, many high-dimensional dynamical systems from the mathematics
prospective are multiple three-dimensional prototypical examples “glued” together in some interesting and
insightful way. From the perspective of a physical scientist, there is a large difference between a 3 dimensional
manifold and a 500-dimensional manifold. That fundamental, practical difference in the perspective on 3
and 500-dimensional manifolds is highlighted by the difference between fixing the manifold and imposing the
dynamics, and fixing the dynamical system and varying the manifold. The former is a common mathematics
mind-set, and the later is a common computational dynamical systems perspective. When one constructs
a model to study a physical system, such as molasses in a mixer, one builds the model around the ideas of
viscosity, temperature, the propeller/mixer geometry, etc. All of these parameters are hard coded in a fixed
dynamical system. The parameters are then varied, and the dynamics are studied and observed. Relative
to this dynamical system, the generic or common dynamics depend heavily on the portions of parameter
space studied, e.g. if the viscosity is very high, the dynamics will likely be trivial, whereas moderately high
viscosity dynamics are often turbulent. A natural course of study in this framework is to analyze how the
dynamics change with parameters. This is analogous to changing the manifolds under consideration and
studying a system on these variety of manifolds. Many results from, say, topological dynamics, are often
difficult to interpret in this framework whereas results from bifurcation theory are directly applicable in
such a framework. We intend to study, in a general way, dynamical systems by selecting a large set of fixed
dynamical systems by varying their parameters. We often arrive at different, but complementary conclusions
as those in mathematical dynamics.



Chapter 2

Notions of dynamic stability and
previous results

2.1 Notions of dynamic stability and equivalence

There exist many notions of stable dynamical behavior in dynamical systems and differential equations, and
the development and subsequent investigation has led to a very beautiful theory. We will begin discussing
hyperbolicity and Lyapunov exponents, followed by topological notions. We will then discuss robustness of
dynamical behavior, a notion central to our analysis. Last, we will briefly discuss ergodicity.

2.1.1 Hyperbolicity and Lyapunov exponents

Since strict hyperbolicity is a bit restrictive, we will begin with a standard definition of partial hyperbolicity:

Definition 1 (Partial hyperbolicity) The diffeomorphism f of a smooth Riemannian manifold M is said
to be partially hyperbolic if for all x € M the tangent bundle T, M has the invariant splitting:

T.M = E*(x) ® E°(z) ® E*(x) (2.1)

into strong stable E°(x) = E(x), strong unstable E"(z) = E}(z), and central E°(z) = E¢(x) bundles, at
least two of which are non-trivial'. Thus there will exist numbers 0 < a < b < 1 < ¢ < d such that, for all
reM:

v e E*(z) = dlv]] < ||Dsf(v)]] (2.2)
v e E(x) = bllo|| <|[[Daf(v)]| < cllv]] (2.3
v e B () = [|Def(v)]| < alv]]

H~
~— —

More specific characteristics and definitions can be found in references (21), (56), (104), (65), and (27).
The key provided by definition 1 is the allowance of center bundles, zero Lyapunov exponents, and in
general, neutral directions, which are not allowed in strict hyperbolicity. Thus we are allowed to keep the
general framework of good topological structure, but we lose structural stability. With non-trivial partial
hyperbolicity (i.e. E° is not null), stable ergodicity replaces structural stability as the notion of dynamic
stability in the Pugh-Shub stability conjecture (conjecture (1), see (105)). Thus what is left is to again
attempt to show the extent to which stable ergodicity persists, and topological variation is not pathological,
under parameter variation with non-trivial center bundles present. Again, we note that results in this area
will be discussed in a later section.

1If E¢ is trivial, f is simply Anosov, or strictly hyperbolic.



In numerical simulations we will never observe an orbit on the unstable, stable, or center manifolds. Thus
we will need a global notion of stability averaged along a given orbit (which will exist under weak ergodic
assumptions). The notion we seek is captured by the spectrum of Lyapunov exponents.

We will initially define Lyapunov exponents formally, followed by a more practical, computational defi-
nition.

Definition 2 (Lyapunov Exponents) Let f : M — M be a diffeomorphism (i.e. discrete time map) on
a compact Riemannian manifold of dimension m. Let |- | be the norm on the tangent vectors induced by the
Riemannian metric on M. For every x € M and v € T, M Lyapunov exponent at x is denoted:

1
x(z,v) = lim sup ZlogHthvH (2.5)
t—oo

Assume the function x(z,-) has only finitely many values on T, M — {0} (this assumption may not be true
for our dynamical systems) which we denote xJ () < x4 (z) -+ < x{,(#). Next denote the filtration of T, M
associated with x(z,-), {0} = Vo(z) G Vi(z) G -+ G Vin(x) = TuM, where Vi(z) = {v € T, M|x(z,v) <
Xi(z)}. The number k; = dim(V;(x)) — dim(V;_1(x)) is the multiplicity of the exponent x;(z). In general,
for our mappings over the parameter range we are considering, k; = 1 for all 0 < i < m. Given the above,
the Lyapunov spectrum for f at z is defined:

Spx(z) = {xf(@)|1 < i <m} (2.6)

(For more information regarding Lyapunov exponents and spectra see (15), (69), or (80).
A more computationally motivated formula for the Lyapunov exponents is given as:

1

N
Xg = Jim kZ:l (D fy, - 6x;)", (D fy, - 625))) (2.7)

where (,) is the standard inner product, dz; is the jth component of the x variation? and Df; is the
“orthogonalized” Jacobian of f at the k' iterate of f(x). Through the course of our discussions we will
dissect equation (2.7) further. It should also be noted that Lyapunov exponents have been shown to be
independent of coordinate system and thus the specifics of the above definition do not affect the outcome of
the exponents.

The existence of Lyapunov exponents is established by a multiplicative ergodic theorem (for a nice
example, see theorem (1.6) (111)). There exist many such theorems for various circumstances. The first
multiplicative ergodic theorem was proven by Oseledec (87); many others - (68), (112), (111), (97), (96),
(98), and (21) - have subsequently generalized his original result. We will refrain from stating a specific
multiplicative ergodic theorem; the conditions necessary for the existence of Lyapunov exponents are a C”
(r > 0) map of a compact manifold M to itself and an f—invariant probability measure p, on M. The
particular f-invariant measure we would use is not a trivial issue, however this measure would likely be a
standard Sinai-Ruelle-Bowen (SRB) measure (131) (19). It would be useful to rigorously prove that our
set of dynamical systems have SRB measures, we will refrain from discussing this topic here however. For
specific treatments we leave the curious reader to study the aforementioned references beginning with (112),
(21), and (27).

There is an intimate relationship between Lyapunov exponents and global stable and unstable manifolds.
In fact, each Lyapunov exponent corresponds to a global manifold. We will be using the global manifold
structure as our measure of topological equivalence, and the Lyapunov exponents to classify this global
structure. Positive Lyapunov exponents correspond to global unstable manifolds, and negative Lyapunov
exponents correspond to global stable manifolds. We will again refrain from stating the existence theorems
for these global manifolds, and instead note that in addition to the requirements for the existence of Lyapunov
exponents, the existence of global stable/unstable manifolds corresponding to the negative/positive Lyapunov
exponents requires D f to be injective. For specific global unstable/stable manifold theorems see (112).

Finally, for a nice, sophisticated introduction to the above topics see (69).

2In a practical sense, the x variation is the initial separation or perturbation of x.



2.1.1.1 General conditions needed for the existence of Lyapunov exponents

Lyapunov exponents are one of our principal diagnostics, thus we must briefly justify their existence for our
construction. We will begin with a standard construction for the existence and computation of Lyapunov
exponents as defined by the theories of Katok (68), Ruelle (112), (111), Pesin (97), (96), (98), Brin and Pesin
(21), and Burns, Dolgopyat and Pesin (27). We will then note how this applies to our construction. (For
more practical approaches to the numerical calculation of Lyapunov spectra see (17), (18), (118), and (42).)
Let H be a separable real Hilbert space (for practical purposes R"™), and let X be an open subset of H.
Next let (X, X, p) be a probability space where ¥ is a o—algebra of sets, and p is a probability measure,
p(X) =1 (see (73) for more information). Now consider a C" (r > 1) map f; : X +— X which preserves
p (pis f—invariant) defined for ¢ > Ty > 0 such that fi, 1+, = fi, o fi, and that (x,t) — fi(x), Dfi(x) is
continuous from X X [Ty, 00) to X and bounded on H. Assume that f has a compact invariant set

A={[) AX)Ifi(A) C A} (2.8)

t>Top

and Df, is a compact bounded operator for x € A, t > Tjy. Finally, endow f; with a scalar parameter
s € [0 : oo]. This gives us the space (a metric space - the metric will be defined heuristically in section 4.2)
of one parameter, C" measure-preserving maps from bounded compact sets to themselves with bounded first
derivatives. It is for a space of the above mappings that Ruelle shows the existence of Lyapunov exponents
(112) (similar, requirements are made by Brin and Pesin (21) in a slightly more general setting).

Now we must quickly justify our use of Lyapunov exponents. Clearly, we can take X in the above
construction to be the R? of section (4.1.3). As our neural networks map their domains to compact sets,
and they are constructed as time-delays, their domains are also compact. Further, their derivatives are
bounded up to arbitrary order, although for our purposes, only the first order need be bounded. Because
the neural networks are deterministic and bounded, there will exist an invariant set of some type. All
we need yet deal with is the measure preservation of which previously there is no mention. This issue
is partially addressed in (33) in our neural network context. There remains much work to achieve a full
understanding of Lyapunov exponents for general dissipative dynamical systems that are not absolutely
continuous, for a current treatment see (15). The specific measure theoretic properties of our networks (i.e.
issues such as absolute continuity, uniform/non-uniform hyperbolicity, basin structures, etc) is a topic of
current investigation.

2.1.1.2 SRB measures

As will be clear upon consideration of figures (5.7) and (5.8) of section (5.2.3), the dynamical systems we will
consider are clearly dissipative. Further, upon considering figure (6.2) of chapter (6), the neural networks
we are using also have at least mild multiple basin issues. Thus, for a rigorous proof of the existence of
Lyapunov exponents for our dynamical systems we will likely need some type of SRB measure (131). We
will not undergo an attempt to prove the existence of such a measure here as this is a very difficult task.
Rather we will take the standpoint that if we can achieve convergence of a Lyapunov exponent for a particular
set of initial conditions, we will consider the Lyapunov exponent as a relevant, existent quantity. Showing
that there exist SRB measures for dynamical systems like ours is a source of future work.

2.1.2 Topological equivalence

Topological equivalence is an extremely common notion; thus we will be brief. Two C” (r > 0) discrete time
maps f and ¢ are topologically conjugate if there exists a homeomorphism h such that f = h~'ogoh. The
persistence of topological equivalence locally with respect to the Whitney topology is captured by the notion
of structural stability.

Definition 3 (Structural Stability) A C" discrete time map, f, is structurally stable if there is a C”
neighborhood, V' of f, such that any g € V is topologically conjugate to f.
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In other words, a map is structurally stable if, for all other maps g in a C” neighborhood, there exists a
homeomorphism that will map f to g, and the inverse respectively. This is a purely topological notion. That
topological conjugacy is “robust” with respect to C" perturbations is structural stability. That structural
stability is “robust” is a topic we will discuss in a later section.

The theories of hyperbolicity, Lyapunov exponents and structural stability have had a long, wonderful,
and tangled history (for good starting points see (121) or (9)).

2.1.3 Robust dynamics - k-degree LCE stability

Another notion of dynamic stability is that of dynamic robustness with respect to parameter variation. There
exist various definitions and categorizations of dynamics and several interpretations of robustness.

A property X of some operation or morphism (e.g. a mapping), Y is robust if X is a persistent property
in an open neighborhood of Y. Thus, whenever one uses the term robust, the following notions must be
made precise: the property, the mapping, and the open set (and thus a topology which we will take to be
the stand topology on R™ unless otherwise noted) upon which the property is persistent. Every definition of
robustness we formulate will be made along the above lines. Robustness can be differentiated from structural
stability, hyperbolicity, and stable ergodicity in that the three former notions are properties which can be
robust, robustness is not itself a property - rather a property can be robust.

Definition 4 (degree-k Lyapunov exponent equivalent) Assume two discrete time maps f and g as
in section (4.2) from compact sets to themselves. The mappings f and g are called k Lyapunov equivalent
if f and g have the same number of Lyapunov exponents and if f and g have the same number of positive
Lyapunov exponents.

The definition could be used where f and g differ by some C" perturbation, however, since we are considering
explicit parameter perturbations, we will think of f and g as the same explicit mapping with different
parameter values.

Definition 5 (Robust chaos of degree k) Assume a discrete time map f as in section (4.2) mapping
a compact set to itself. The map f has robust chaos of degree k if there exists a p-dimensional subset of
parameter space U € RP, p € N, such that, for all € € U, and a given set of initial conditions of the map
flu, [ retains k positive Lyapunov exponents. In other words, f is k-Lyapunov equivalent on the subset U.

We will refer to such a map as having robust chaos of degree k or having k-degree LCE stability. If k = 1, for
f at U € RP, we will refer to f as having robust chaos. This is a very weak condition for dynamic stability;
it will be fruitful to discuss circumstances that fit under the umbrella of robust chaos of degree k. The first
characteristic worth noticing is that since this notion of stability is based solely on the preservation of k of
the positive Lyapunov exponents, the Lyapunov exponents need not be the same magnitude for any £ € U
or for any initial conditions in the domain. Further, the actual number of positive exponents need not be
preserved, only k positive exponents. This allows for the possibility of a complicated basin containing many
different attractors (e.g. Milnor attractors (78)). In fact, in a practical sense, the Lyapunov exponents need
not even converge very well; for instance, the largest one could oscillate between 1 and 1.3 over time, as long
as it is convergent in some weak sense,! we can still apply this notion — as long as some meaning can be
drawn from a Lyapunov spectrum. Milnor attractor problems can be quite severe, and as long as all of the
various attractors in our basin have k positive Lyapunov exponents, we will retain robust chaos of degree k.
It almost goes without mentioning that structural stability can be freely violated and robust chaos of degree
k can remain. In a strict sense, whether stable ergodicity can be violated is not clear; it is likely however
that there will exist many attractors that are robustly chaotic of degree k and not stably ergodic.

Definition 6 (Robust chaotic attractor) Assume a discrete-time map as in section (4.2) with a com-
pact, invariant set A where f(A) C A for which there exists a positive Lyapunov exponent. A is a robust

1By weak sense, we mean a very slow variation in time, however we will leave this notion vague since it will not be formally
addressed in this thesis.
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chaotic attractor if there exists a p—dimensional subset U C RP (again p € N ), upon which A persists with
respect to all € € U, and a given set of initial conditions in the domain of f.

With respect to definition (5), definition (6) is considerably more restrictive. If the attractor is unique, the
Lyapunov exponents must agree on U, there cannot exist multiple attractors for a various initial conditions,
there just exists a single invariant measure, almost surely f will be stably ergodic (however a positive
Lyapunov exponent does not imply stable ergodicity), and it would seem that the only manner in which
structural stability could be broken is via a C" perturbation that is not a perturbation of the parameters.
Definition (6) likely excludes cases with zero Lyapunov exponents whereas definition (5) does not. Further,
it is considerably more difficult to demonstrate the existence of a robust chaotic attractor than it is to
demonstrate k-degree LCE stability.

Proving relations between these definitions and those of stable ergodicity and the like are goals of future
work.

2.1.4 Ergodicity

Stable ergodicity has been the subject of a wonderful and exciting area of mathematics over the past several
years. We will, in a later section, state one of the keynote stable ergodicity results; for a more full under-
standing to the interested reader see (65), (27), (105), or (106). We will begin with a definition of ergodic
and follow this with a definition of a stably ergodic dynamical system.

Definition 7 (Ergodic dynamical system) A dynamical system is ergodic if it preserves a measure and
each measurable invariant set is a zero set or the complement of a zero set.

We will refrain from more precise definitions and instead note a few standard characteristics. Assume
g : M — R where M is some manifold and g is continuous, if g is ergodic, the spatial and time averages
are the same. Ergodic behavior implies that, upon breaking the attractor into measurable sets, V; # 0,
for g applied to each measurable set for enough time, ¢”(V;) will intersect every other measurable set, V.
This implies a weak sense of recurrence; for instance, quasi-periodic orbits, chaotic orbits, and some random
processes, are at least colloquially ergodic. For an ergodic dynamical system, most orbits visit all parts of the
phase space. Ergodicity is a precise mathematical notion meant to capture Boltzmann’s ergodic hypothesis.
More insight along with a more thorough presentation can be found in standard texts (99), (119), or (127).
Let us now quickly define stable ergodicity:

Definition 8 (Stable ergodicity (106)) Let M be a compact differentiable manifold without boundary
and let m be a smooth probability measure on M. Define f € Dzﬁfn(M) as an element of C? diffeomor-
phisms of M which are measure preserving with respect to m. f is said to be stably ergodic if there exists a
neighborhood U of f in Dzﬁfn(M) consisting entirely of m—ergodic diffeomorphisms.

There exist many dynamical systems that are stably ergodic, but not structurally stable. Likewise, there
exist many dynamical systems that are not stably ergodic, but will be robustly chaotic of degree k since the
existence of a positive Lyapunov exponent does not imply ergodicity. In other words, of the three notions
of equivalence we have presented, topological equivalence, k—degree LCE stability, and ergodicity; although
each implies different conclusions, robust chaos of degree k may be the weakest notion (although clearly not
in all circumstances).

2.2 Functional Versus Parameter Perturbation

As the main point of this report addresses various types of dynamic stability of dynamical systems versus
perturbation, it is imperative that we be precise and clear by what we mean by a perturbation. Further,
as we are attempting to interpret our results in the context of other results, we must spend a brief time
discussing various notions of perturbations.
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2.2.1 (" perturbations

In most mathematical dynamics papers, the notion of perturbation of a function that is used is the notion
of a C" perturbation in the C* Whitney topology. We will not put forth a precise definition of the Whitney
topology here (for those curious, see (55) or (50)), rather we will present a heuristic notion of the Whitney
topology. We will follow this with an explanation of C" perturbations.

In the C" topology, two functions f and g are C" close if their partial derivatives up to and including
order r are close. Locally, one can picture this as the coefficients of the Taylor series (the r — jets) being close
up to the r*" order. Globally, one considers the graph of such functions. This business is nicely depicted in
(34) Fig. 9. page 55 — we will not reproduce those figures here.

When one thinks of perturbations in the Whitney topology, one must begin by thinking of perturbing
the graphs of functions and their derivatives. If, for a C* function f, a property is said to persist under C”
(k > r) perturbations, this means that the property holds for any variation in the graph of the function as
long as that change does not change the derivative or the function of order not equal to r. If a property
is said to be persistent to C" perturbations for 0 < r < 10, then small perturbations of the function of
order 0 to 10 will not affect the existence of the property. Moreover, a property can be persistent under C"
perturbations for » = 5, but the same property can be easily destroyed for r # 5. When one thinks of the
perturbation of the r* order, one is allowed to “move” the graph of the r*" derivative of the function a little
bit, in all possible ways.

2.2.2 Parameter perturbations

In the world where researchers are working with explicit functions, dynamical systems, etc, the actual
equations have explicit parameters which can be varied. In a practical sense it is this scenario, where the
parameters are concrete numbers or vectors which can be changed, that is often more relevant than general,
C" perturbations.

Parameter perturbations are almost always considerably different than general C” perturbations, for
when speaking of all C" perturbations, one is not thinking of any parameter change in a practical sense
(although such a perturbation could be a parameter change). Rather, one is thinking of altering the graph
of the function. Without an infinite number of parameters, one cannot, for a particular dynamical system,
realize every possible C" perturbation (even if r is restricted to one). This fundamental difference is not
particularly well understood in many systems — many abstract dynamical systems pathologies may not be
able to be realized in a practical system as parameter variation can’t bring about such pathologies. Likewise,
it is possible that certain pathologies, which can be destroyed by many C° perturbations, may not be able
to be eliminated in a particular dynamical system because the parameters are restrictive enough that the C°
perturbations that will destroy the pathologies are not possible. Furthermore, C" perturbations can be, and
are often thought of, as local perturbations while parameter perturbations are often global. For example,
changing the viscosity of a fluid affects the entire fluid system and can be quite different from perturbing a
vector field on a manifold at a point like one might do in the construction of the DA map (129).

Thus it makes a lot of sense to study parameter perturbations. However, studying parameter variation
in the general qualitative theory of dynamical systems is often lacking useful descriptive language, is too
restrictive, or does not make any sense in the important contexts. For instance, when studying the structural
stability of solutions of ordinary differential equations, one often needs the approximations to be dynamically
similar with respect to all possible perturbations for the approximation theorems to work. In the practical
world of solving a differential equation on a computer, however, this could be much less relevant as one is
usually toying with, say, the coefficients of a polynomial solution. In this report we review several conjectures
and stability theorems regarding both parameter and general C” perturbations. Moreover, we put forth
several conjectures and subsequent numerical arguments regarding parameter perturbation. For a correct
interpretation of our work and how it fits with that of others, the difference between parameter perturbations
and general C" perturbations must be well understood.
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2.2.3 Parameter perturbations in neural networks

Neural networks provide a unique format for parameter perturbations. First, the parameter space of neural
networks is simply R™@+2)+1 and there is no a priori meaning to any one of the parameters. Of course, this
is both an advantage and a disadvantage when modeling an actual physical system. Upon having the model
equation, one cannot tweak a parameter for, say the viscosity, or some other relevant physical parameter.
However, because no one parameter controls the viscosity, the idea of parameter perturbation in neural
networks lies someplace between perturbing a “physical” parameter and the abstract C" perturbations of
mathematical dynamics.

For our networks, in the limit where n — oo, we are allowed the full power of being able to explore
all C" perturbations. However, as we will always be working well below that limit, we cannot assume
that any of our conjectures can speak precisely to those of abstract dynamical systems theory. Since we
are more interested in the bridge between the abstract theory and practical matters of neural networks as
approximation functions and as representatives of physical/social/biological models in general, our inability
to perform all possible C" perturbations is of little concern.

2.3 Previous results

Since the background for this thesis is diverse, sometimes obscure, and from a variety of fields, and we
are attempting to reach a diverse readership, we will briefly discuss results of others that are necessary to
understand and interpret our work. We will begin with some non-density of structural stability results of
Smale, Pugh and Peixoto, and a density of structural stability result of Shub. We will then move on to the
closing lemma of Pugh and Robinson, followed by a discussion of the Pugh-Shub stable ergodicity theorem.
This list is far from complete, but it corresponds well to our work. We will finish with a discussion of the
windows conjecture of Barretto et. al. Finally, we will make some statements and discuss other conjectures
relevant to the results discussed below. However, as they will be intertwined with results and conjectures of
our own, we will refrain from discussing these results until a later section.

2.3.1 Non-density of structural stability

The original dynamic stability dream of Poincaré was that some sort of dynamically® stable dynamical
systems were dense in the set of all dynamical systems. The notion of structural stability was created in
an attempt to provide an answer to the stability dream. The dream was crushed in the mid 1960’s. We
will discuss four results, the first two are non-density of structural stability, the third being a positive result
highlighting the difference between stability in the C? versus C”, r > 0 topologies, and the final result is the
theorem representing the structural stability conjecture of Palis and Smale.

Theorem 1 (Structurally stable systems are not dense (120)) There exists a compact 4 dimensional
manifold M, an open set U in the space of C" wvector fields, C" topology r > 0, on M such that no vector
field X € U is structurally stable

This famous theorem of Smale can be easily generalized to dimensions greater then 4. Pugh and Peixoto
provided this generalization with the following theorem:

Theorem 2 (Structurally stable systems on open manifolds are never dense (93) ) On any open,
n—dimensional differentiable manifold M = M™, n > 2, the set of structurally stable vector fields is not

dense in X = X(M).

Note that X is the space of vector fields with the C”™ Whitney topology for r > 0.

Despite the fact that the examples constructed for the above theorems that cannot be perturbed away
with an arbitrary small perturbations, how frequently these examples exist in practice is a question that is
yet open and difficult to formulate.

5The exact definition of “dynamically stable” is flexible.
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However, which topology one is considering can make a fundamental difference in the results one can
prove — for the above results do not hold with respect to the C° topology.

Theorem 3 (Structurally stable diffeomorphisms are dense) Let M be a C*° compact, m-dimensional
mamnifold without boundary. Next, let 1 < r < oo. Then the set of structurally stable diffeomorphisms are
dense in Diff" (M) with the C° topology.

This result in a sense highlights a difference, which might be thought of as irrelevant to some, between what
can be said about diffeomorphisms with respect to the C° and C”, » > 0 topologies. When defining open
sets with respect to only the continuity, structural stability is relatively common. However, the C'* topology
makes much more sense if we wish to compare local expansion rates. Likewise, the C*° topology makes more
sense if one wants to compare all the orders of the derivatives. In other words, what topology one picks
depends upon what one wants to compare. With respect to numerics, this is not always a clear-cut choice,
but comparison of numerical results with these rigorous analytical results is important. With respect to our
dynamical systems, we are clearly concerned with the C” topology for r > 0 (more realistically 1 < r), but
r < 0.

A next question might be, what properties are necessary for a dynamical system to be structurally stable.
This question has a rather simple answer.

Theorem 4 (Mané (75), Robbin (107), Robinson (109)) A C* diffeomorphism (on a compact, bound-
aryless manifold) is structurally stable if and only if it satisfies aziom A and the strong transversality con-
dition.

Recall that axiom A says the diffeomorphism is strictly hyperbolic with dense periodic points on its non-
wandering set Q (p € Q is non-wandering if for any neighborhood U of z, there is an n > 0 such that
fM(U)NU #0). The diffecomorphsim f satisfies the strong transversality condition if every x in its stable
and unstable manifolds intersect transversally at x, i.e. if T,W?(z) + T,W*(x) = T, M for every z € M.
This theorem was originally conjectured by Palis and Smale (90) and proven in various stages by Robbin
(107), Robinson (109), and Mané (75). It is likely that many relevant subsets of the C” dynamical systems
are structurally stable.

2.3.2 The closing lemma

The closing lemma, or the idea that any map from a bounded (non-trivial) set to itself can be perturbed via
a conjugation to a different, but arbitrarily close point in the domain that corresponds to a stable periodic
orbit was conjectured by Thom and was originally thought to be somewhat obvious. The strongest result
along these lines was proven by Pugh and was of considerable difficulty. We will state a friendly and slightly
less precise version of Pugh’s lemma, followed by some slight clarifications to aid in the interpretation.

Theorem 5 (Closing Lemma (101) (103)) Suppose that X € X7* has a nontrivial recurrent trajectory
through p € M™, and suppose that U is a neighborhood of X in X7*. Then there exists Y € U such that Y
has a closed orbit through p.

Since we have refrained from stating Pugh’s precise lemma, a few comments are in order. First, by nontrivial
recurrent trajectory, we mean a non-recurrent trajectory of p where p is a non-wandering point which is also
not a equilibrium point. Given that X7* is the set of C* tangent vector fields on M under the C7 topology
with 1 < j < k < 00, j < oo, Pugh’s proof of the closing lemma applies to the case where j = 1 and
1 < k < oo on manifolds with dimension greater than 2. The proof is known to fail for the C7 topology for
7 > 2. This doesn’t mean it isn’t true for j > 2, but no one has been able to show it. The current consensus
is that the above theorem is not true for j > 2 (102).

For a better understanding of the statement of the closing lemma, let us contrast it with the structural
stability theorem from the previous section. The structural stability theorem says that, given a diffeo-
morphism f on a compact manifold, if f satisfies the strong transversaility condition and axiom A on the
non-wandering set, there will not exist a C”, » > 0 perturbation on a small, C' neighborhood of f such that
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f will undergo a topological change. Axiom A requires that periodic points be dense on the non-wandering
set, thus with respect to the closing lemma, there will exist a diffeomorphism, h, where ¢ = h~!fh, such
that h(p) = ¢ where ¢ is a periodic point for g and p is a non-trivial recurrent point of f. There might only
be one such ¢. Further, the periodic orbit at p is not necessarily a stable periodic orbit. Such perturbations
obtained or supplied by the closing lemma are likely rare.

For more information, see (110), (101), (103), and (79).

2.3.3 Pugh-Shub stable ergodicity

Currently the most general version of a dynamic stability theorem is that of the Pugh-Shub theorem. In this
theorem, they abandon the topological notions of dynamic equivalence (e.g. various degrees of conjugacy)
for the notion of ergodicity. A dynamical system f is said to be stably ergodic with respect to a probability
measure y if, given f € Dz[fi(M) (M compact), there is a neighborhood, f € Y C Dzﬁi(M) such that
every g € Y is ergodic with respect to pu.

Pugh and Shub (105) put forth the following conjecture regarding partial hyperbolicity and stable ergod-
icity:

Conjecture 1 (Pugh and Shub (105) Conjecture 3) Let f € Dzﬁi(M) where M is compact. If f is
partially hyperbolic and essentially accessible, then f is ergodic.

In that same paper they also proved the strongest result that had been shown to date regarding their
conjecture:

Theorem 6 (Pugh-Shub theorem (theorem A (105))) If f € Dzﬁi(M) is a center bunched, partially
hyperbolic, dynamically coherent diffeomorphism with the essential accessibility property, then f is ergodic.

A diffeomorphism is partially hyperbolic if it satisfies the conditions of definition (1) and ergodic behavior
as discussed in section (2.1.4). The accessibility property simply formalizes a notion of one point being able
to reach another point. Given a partially hyperbolic dynamical system, f : X — X such that there is a
splitting on the tangent bundle TM = E*®E°® E®, and z,y € X, y is accessible from z if there is a C! path
from = to y whose tangent vector lies in £* N E*® and vanishes finitely many times. The diffeomorphism f is
center bunched if the spectra of D f corresponding to the stable (D?® f), unstable (D*f), and (D€f) central
directions lie in thin, well separated annuli (see (104), page 131 for more detail; the radii of the annuli is
technical and is determined by the Holder continuity of the diffeomorphism.) We will refrain from divulging
an explanation of dynamical coherence see (106) for more details.

This result of Pugh, Shub, and many others is highly relevant to our current work. First, the Pugh-Shub
theorem applies to any C2? dynamical system, including the very high-dimensional ones we are concerned
with in this thesis. Second, for diffeomorphisms, periodic orbits are not ergodic, hence if a dynamical system
is stably ergodic, there will not exist periodic windows for any (sufficiently small) perturbation. We would
like to be able to claim that our dynamical systems are stably ergodic; this, however, has proven to not
be very computationally feasible. We instead have to settle for a notion of dynamic stability based on the
existence of positive Lyapunov exponents — a more coarse version of dynamic stability®. In this thesis,
one claim we make is that periodic windows do not exist or are very rare among high-dimensional chaotic
dynamical systems. If we could show that our systems are stably ergodic, we would know for sure that
windows don’t exist. Currently, it is not known “how many” dynamical systems satisfy the conditions for
stably ergodicity in general — it is known in some cases, however (e.g. (28)). Numerical evidence of a lack
of periodic windows amongst a general set of high-dimensional chaotic (and possibly ergodic) dynamical
systems reinforces the belief that stable ergodicity will indeed be at least prevalent, and likely dominant
amongst high-dimensional chaotic dynamical systems. In other words, this thesis, and the work of stable
ergodicity in the mathematics dynamics community is complementary and in agreement.

61t is worth noting that positive Lyapunov exponents do not imply the existence of stable ergodicity, specifically, they do
not imply accessibility.
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2.3.4 Windows conjecture

This discussion of the windows conjecture follows the work of Barreto, Hunt, Grebogi and Yorke (16). Note
that we will make very slight modifications to their original construction; the comments are ours. Let us
begin with a few definitions.

Definition 9 (Windows) Assume an f € C" such that f : RP x R™ — R™ where RP is the parameter space
(p € N), and R™ is the state space (n € N). A window is a subset Vi, € RP such that f has Lyapunov
exponents that are strictly less than zero for all a € V,,, for all initial conditions.

The subset V,, could be quite diverse, for instance, it could be connected or disjoint, it could span RP or
it could span R™ where m < p. A convenient requirement might be that m(V N V,,) occupies full measure
(m is the standard Lebesgue measure) for V' C V,,. It is important to note that this definition allows for
windows with different periods to exist in V,,.

We will now define the condition on which the windows conjecture is built:

Definition 10 (Spine Locus) A spine locus (or just a spine) for a window V,, C RP consists of the set
of points in parameter space such that the matriz of partial derivatives - i.e. the Jacobian, is nilpotent (i.e.
there exists a super-stable equilibrium point).

The spine locus consists of the super stable orbits and is located at the center of the windows. There are two
important issues to glean from this concept. The first issue is that the geometry of the spine determines, to
some extent, the geometry of the window of periodic orbits (for a two-dimensional example see (16)). This
brings up the issue of the codimension of a spine. Let us define codimension for a manifold first. Given a
manifold Z and a submanifold X C Z, the codimension of X in Z is defined as codim(X) = dim(Z)—dim(X).
The codimension of the submanifold X is really a measure of how much of Z cannot be spanned by X, thus
giving a measure of the avoid-ability of X while moving around in Z. The codimension of a spine is the
number of independent conditions defining the spine. For instance, if we have the parameter space R3, a
point is a codimension three spine, a line is a codimension two spine, a surface is a codimension one spine,
and a volume is a codimension zero spine. The dimension of the spine is the dimension of the window,
thus as the codimension of the spine increases, the portion of the space occupied by the window decreases.
From this it is clear that the number of parameters needed to avoid a transversal intersection with the
spine is p (the dimension of the spine). What may not be clear is how we define parameters in practice.
In a sense, the important circumstances are those for which there exist codimension zero or codimension
one spines (however, we will also consider codimension p spines in this thesis). In these cases, non-null
transversal intersections of a parameterized curve and the window might not only be common, they might
be unavoidable. (For rationale along these lines see Wiggins’ (128) discussion of bifurcations (section 1.5),
or for a more technical version see Sotomayor (123).) The above arguments imply the other important issue
which is of course that near spines, windows will be prevalent (see (16) for more information).
Let us define the conditions on the windows needed for the windows conjecture:

Definition 11 (Limited and extended windows) A window is limited if dim(V,,) = 0. A window is
extended if dim(Vy,) > 0.

The right way to think of this concept is the codimension of the window relative to the parameter space,
which, as discussed above, is dominated by the geometry of the spine. A 2-dimensional window (and hence
a spine that spans R?) in a 560, 000-dimensional parameter space, i.e. a codimension 559,998 spine, is
likely of little concern. However, a 2-dimensional window in a 3-dimensional parameter space is likely to be
observable.

Let us now define the condition that will later be claimed to be common near spines of high codimension.

Definition 12 (Dispelled attractor) Given a chaotic attractor A of f at a € RP, A is said to be dispelled
at a € RP if there exists an a such that f5 is C' close to f,, and almost all (with respect to Lebesgue measure)
points in a neighborhood of A belong to basins of attracting periodic points of fz.

"Note, a spine might not be a submanifold in general, thus we cannot assume the rigorous definition of the codimension of
a submanifold. It is more likely that a spine will be an algebraic variety.
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Note that all perturbations in a neighborhood of a is quite different from all C" (r > 0) perturbations at
a of which there are uncountably more (recall the discussion from section (2.2)). In some ways, this is a
somewhat difficult definition to handle as there are subtleties that can be encountered. For instance, as was
seen in the real quadratic family, ((51), (64), (77)), for a € (0,4), attracting periodic points are dense and
occupy a set of positive measure, but there are chaotic attractors that exist on neighborhoods U C (0,4)
such that 0 < m(U|A < 1) <1 and 0 < m(U|X > 1) < 1. In fact, there are chaotic attractors such that for
a neighborhood U, m(U|X > 1) = 1. Moreover, Anosov diffeormophisms have dense periodic points on the
non-wandering set, but these periodic points are measure zero. The idea of a dispelled attractor may not be
as black and white as being dispelled on full measure or not.
We will now formulate a definition of fragile behavior:

Definition 13 (Fragile) If there exist (possibly rare) parameter values of fo arbitrarily close to a for which
the attractor A is dispelled, we say that A is fragile.

It would be nice to generalize this notion of closeness to closeness in function space (C* close in the
Whitney topology for instance) in a meaningful way. Let us define the set upon which attractors are
dispelled:

Definition 14 (Window set) We define the window set W to be the set of a € RP such that A is dispelled;
ie. W= V.

We are now prepared to state the windows conjecture of Barreto et. al (16):

Conjecture 2 (Windows Conjecture) Given f € C' mapping of a compact set S € R"™ to itself that
exhibits a fragile chaotic attractor A with k > 1 positive Lyapunov exponents where all invariant measures
on A yield the same number of positive Lyapunov exponents. Let W be the window set of a typical (generic
in the standard topology) family fe, where & € RP and fo = f.

(1) If p < k, there exists a neighborhood of & = 0 entirely outside of W.

(2) If p = k, W s dense in a neighborhood of & = 0 and the components of W are limited (as per
definition (11)).

(3) If p > k, W s dense in a neighborhood of & = 0 and the components of W are extended (as per
definition (11)).

The point being that if f has a fragile chaotic attractor and there are more parameters than positive Lyapunov
exponents, then we will be able to move one of those parameters in a very small way such that the chaotic
attractor is dispelled. It is important to notice that there is a difference between a fragile chaotic attractor
and the chaotic attractor actually being robust. A chaotic attractor can be non-robust, or even structurally
unstable, and yet not be dispelled. All the attractor need be is non-unique in the neighborhood of a yet
all (full measure) the attractors in the neighborhood of a are likewise chaotic for all initial conditions. This
conjecture speaks to what type, and how severe a parameter perturbation is required for the chaotic attractor
to be destroyed.

A useful comparison is made by noting that in the stability conjecture (now a theorem) of Palis and
Smale, their notion of perturbation was any C' perturbation and the dynamical change had to be a C°
change — a chaotic attractor bifurcating to a periodic orbit is definitely a C° change. There exist many C*
topological changes of many attractors that will preserve the chaotic dynamics — simply alter the number
of positive Lyapunov exponents while leaving the largest Lyapunov exponent positive. One crucial practical
issue that is abstracted away by mathematical constructs (such as the stability conjecture) is the specific
definition of a parameter. The windows conjecture specifically addresses parameter variation, thus, to address
this conjecture, we must, in a very practical way, define what we mean by parameters and what parameter
variations we consider. One can imagine difficulties that might arise in determining the dependencies of
parameters on one another in dynamical systems with complicated and interdependent parameters (e.g. our
construction as given in sections (1.2) and (4.2)).

There are four questions that we will address related to this conjecture in the sections that follow: we
will address the probability of the observed existence of fragile attractors; we will address the existence
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and probability of existence of spine loci, a chief condition around which the conjecture is based; we will
briefly address the necessity, sufficiency, and relevance of spines to periodic windows; and we will address
the relationship between the windows conjecture and both the stability conjecture and the Pugh-Shub stable
ergodicity theorem.
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Chapter 3

Computation of Lyapunov exponents

In section(2.1.1) we introduced Lyapunov exponents and the Lyapunov spectra in an abstract framework
(for more information along these lines, see (15)). Now we will discuss, in a very practical way, how to
compute the Lyapunov spectra. We will begin with a discussion of the Gram-Schmidt orthonormalization
technique. We will then briefly introduce some background theory of ordinary differential equations that will
make understanding the discrete-time computation easier. A specific description of the Lyapunov spectrum
calculation will follow. We will finish with two standard examples applying the outlined algorithm.

3.1 Ordinary differential equations background

Before we proceed, we must introduce the basic concepts of ordinary differential equations necessary for
our discussion. Our presentation will not be exhaustive or abstract and it will not always be in precise
mathematical language (for such a treatment, see (15)). Rather, we will formulate the above concepts in the
most explicit and practical manner possible to aid in understanding the computation of Lyapunov exponents.
A more complete and precise formulation can be found in many standard ordinary differential equations texts
(see (94), (82), (11)).

We will begin with the linear, homogeneous case. Let A be an real n X n matrix and x; as a time
dependent n-dimensional vector. Define the initial value problem as:

.ft = f(l‘t) = Al‘t (31)

where the solution for the autonomous (time-independent) case with initial value at a given initial condition
zo € R" is unique and is given by z; = eA'z where e = I+ 4L + % + ... is the exponential of a matrix.
We approximate the general non-autonomous case as a finite product whose terms are local autonomous
approximations of the non-autonomous equation over short time intervals. Such would be achieved using

the following equation
d& = Df(x)dz (3.2)
over small variations in &, 0.

Let ®; be a real, n x n matrix that depends upon time. We call ®; the fundamental matrix solution of

f if it satisfies:
dd

dt
Equation (3.3) is often referred to as the variational differential equation (see Chapter 2 of (15) for a beautiful
explanation of this theory in a very general context).
Now, if we want to extract Lyapunov exponents from the above construction, we calculate:

1
Xv, = limsup ;log(\@tvﬂ) (3.4)
t—oo
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where v; = &’;—gl where dz is the small variation vector.!

In an intuitive sense, calculation of the Lyapunov exponents corresponds to an averaging of the distortion
of the variation “ball” integrated over the very short time intervals. The “growth rates,” of each v;, 0 < j <d
are then summed over the orbit for a fixed set of initial conditions.

3.2 Gram-Schmidt orthonormalization

There are many computational means of calculating the Lyapunov exponents from the fundamental matrix
Ui(zg). We will discuss the simplest of these algorithms, the Gram-Schmidt orthonormalization .

The Gram-Schmidt orthonormalization procedure for replacing a set of linearly independent vectors with
a set of orthonormal vectors is a standard technique of linear algebra; we include it here only for completeness,
for more information see (58).

Let {z1,x2,...,2,} be a basis for a vector space. We can convert {z;} into an orthonormal basis
{21, 22,...,2n} via the following algorithm. Let y; = x1, and set
h
2= (3.5)
<y17y1>1/ 2

such that z; is normalized?. Next, set
Y2 = T2 — (T2, 21)21 (3.6)

thus making yo orthogonal to z;. To finish with this step, again normalize ys to get

_ Y2
zZ9 = 7<y27y2>1/2 (37)

This can be recursively repeated using the formula
Yk = Tk — (Thy 25—1) 2k—1 — (Th—1, 2k—2)2k—2 — ==+ — (T, 21) 21 (3.8)

assuming that z1, ..., zx_1 have already been calculated. At each step, z; must be normalized as has already
been demonstrated. The outcome of this procedure will yield Z, an orthonormal matrix with a basis for the
same space as the original matrix X. In practice, there are many other computation schemes available for
such a computation of Z. One typical such computation is know as the modified Gram-Schmidt procedure.
See (49) and (54) for more information regarding such techniques.

3.3 Explicit Lyapunov characteristic exponent computation

As in the above scenario, begin with the ordinary differential equation @ = f(x) where f € C1(U) and where
U is a compact subset of R™. The differential equation f can be integrated numerically using the standard
fourth order Runga-Kutta integrator. Similarly, once the Jacobian matrix of partial derivatives, D f;(x), has
been constructed, each entry can be integrated with the same Runga-Kutta integrator as the differential
equation f. The explicit algorithm for the calculation of the Lyapunov exponents is as follows:

1. fix the initial deviation matrix ®g;
2. integrate f one time-step;
3. integrate D f;(x)®, for one time-step to get the solution ®;

4. apply the Gram-Schmidt orthogonalization to the fundamental solution ®; retaining both the orthog-
onal matrix Y and the orthonormal matrix Z (Y and Z are exactly as given in section (3.2));

1The components of the vector dzo consist of a small scalar “perturbation” Axg.
2A notational side note, <y1,y1)1/2 =./>r y%i where y1 is a column vector with elements y1 ;
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5. calculate the exponents in the following way:
i. calculate the exponent at the time ¢ and position x

) 7<yj,l/j>1/27 Z?:1(yij)2
MO =0T T 50 (3.9)

where y; is the j column vector of the orthogonal but not orthonormal matrix ¥ and |y;(0)| is
the initial “perturbation” as given in ®¢;>

ii. perform the following calculation: x;(t) = log(X;(t)) + x;(t — 1);

iii. repeat for each exponent;

6. exchange the old ®; with the newly orthonormalized set Z;

7. repeat until convergence of the exponent is achieved (this is known via trial and error) for T' time steps;

8. at the T%" iteration, average the sum of Lyapunov exponents along the orbit, Xj = %,

In theory, one could simply just integrate D f(z;)®; along the orbit and at time T', calculate characteristic
exponents. However, because elements of D f are growing and shrinking at an exponential rate, this is not
numerically feasible. Instead, after each time-step? the Jacobian needs to be orthonormalized and reset to
the initial perturbation size dxg. The components that form the characteristic exponents must be taken off
of the orthogonal but non-normalized matrix Y, for it is this ratio of the non-normalized |y;| to y;(0) that
yields the expansion and contraction rates.

If the Jacobian exists and can be easily written down analytically, the above discussion provides a
rather simple algorithm to program, as it requires only a Runga-Kutta integrator and a Gram-Schmidt
orthonormalization scheme. If an explicit Jacobian does not exist, there are many alternatives that we will
not discuss here; for algorithms to calculate Lyapunov exponents from a time-series see (42) (117) (25) (116)
(38). For the situation where a differential equation exists but the Jacobian is difficult to formulate, there
exist several numerical differentiation schemes that will supply the information necessary to perform the
Lyapunov exponent calculation®.

It is worth noting that the Gram-Schmidt orthonormalization is not the only technique that can be
used to generate an orthogonal and orthonormal matrix, for instance the modified Gram-Schmidt algorithm
often gives far better numerical results. The QR decomposition is another alternative to the Gram-Schmidt
orthonormalization that also often yields good results (126). There exist many flavors of Lyapunov exponent
calculation algorithms. Many can be found in the references (17) (18) (118) (33) (130) (126) (41).

3.3.1 The case for discrete time

The discrete time version of the Lyapunov spectrum algorithm described above requires an extremely simple
alteration. Instead of integrating the Jacobian matrix of partial derivatives, the Jacobian simply needs to be
iterated one time step (the averaging done at the end of the Lyapunov exponent calculation must be adjusted
to take this into account). Aside from this trivial alteration, the algorithm is identical to the continuous-time
case. For a nice discussion see (88).

(yjyi)t/? _ (8m,0m5)t/?
ly; (O = [oz;(0)]
4In practice, the renormalization does not need to be done very time step, see (18) for more details.
50ne early method of calculating the Jacobian without actually calculating the derivative can be found in equations A.3 and
A.4, page 1615 of (118). Another alternative is to calculate the derivative using various computational means; one interesting

alternative is provided by the automatic differentiation library, ADOLC, http://www.math.tu-dresden.de/wir/project/adolc/

3Note, with respect to the previous two sections the following notations are equivalent: vj =
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3.3.2 Examples

We will now discuss two very basic examples demonstrating the computation of the Lyapunov spectra. The
first example will be a very simple, linear, ordinary differential equation. The second example will be that of
the Hénon map, one of the standard and most studied maps in computational and mathematical dynamical
systems.

3.3.2.1 A linear ordinary differential equation

Begin with the differential equation, & = f(x) = Az where A is a diagonal matrix with eigenvalues a and b.
In this case, the Jacobian matrix is Df = A. Because f is linear, we already know the Lyapunov exponents
a and b.

Begin by assigning the initial deviation at Azy. Now integrate f from ¢ = 0 to some small time ¢ to get
the fundamental matrix times the initial variation, D f;(2)®;. Next apply the Gram-Schmidt orthonormal-
ization to D fi(x)®; to calculate Y and Z. In this case we have:

e“TAxo 0 AZL’O 0
Y= 0 e’ Az and Z = 0 Axg

t bot

Continuing with the calculation, the spectrum o(Y) = {e®Axg, e?*Axg}, with \; = e and \y = e
This yields the characteristic exponents up to time dt of ¥ = |a|dt and xa = |b|dt. Replace ®; with ZAxg
and repeat the above procedure for T iterates, keeping track of the sum of the exponents at each iterate.
After the T time-steps have been performed, all that remains is to calculate the average of the Lyapunov
exponents at each time-step. To do this, divide the sum of the exponents by Tt to get the Lyapunov
exponents x1 = |a| and y2 = |b|.

3.3.2.2 The Hénon map
The standard Hénon map (53) is defined:

Tep1 =1— a:z:? + by, (3.10)

Yt+1 = Tt

with @ = 1.4 and b = 0.3 as the usual parameters. Calculating the Jacobian of (3.10) analytically we arrive
at

—2ax; b
Df:[ L 0} (3.11)
From this, we can calculate ®;:
—2ax, b| |Azx 0
Df(xt)ﬂbt:{ . ! 0] [ 00 Axo] (3.12)

Carrying out the matrix multiplication explicitly yields Y. From this we can calculate Z (using the Gram-
Schmidt procedure), and also the Lyapunov exponents at time ¢ = 1 explicitly. Begin by computing the
inner product of y,

(y1, y1>1/2 = (4a2mt2Ax3 + Aa:%) (3.13)
which, given y;, we can calculate z;:
—2az:Axg
7= [<91’A‘yl>1/2] (3.14)

Zo
<y1,y1>1/2
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Now, to calculate zo we note y2 = wo— < x9,21 > 21, where x2 = (bAxo,0) and z; as given in equation
(3.14). Carrying out the computation, we arrive at

2abmtAmg
Yo = \18\ (3.15)

from which we can calculate the normalization factor for zs,

4aba? Az 2abr Az
< o, yp >= (bAzg — Tt 2T0y2 | (20OTLET0 )2 (3.16)
Y1 |y1]
Finally this yields
. 4a2bwa:Eg
72 = < . >1/2 [béwOZabx Aalcy31| ] (317)
t 0
b2 2 o]

The Z matrix is now used to replace the old variation ®;, Z = ®&,. Lastly, the Lyapunov exponents at time
1 are given by

A (t

X1(1)=log‘ 1( )| zlog |y1‘
AZ‘O AQEQ (3 18)
|A2(t)] |y '

1) = log 221 _ joe 1921
x2(1) = log 520 % 5o

This completes the first iteration of the calculation of the Lyapunov spectra for the Hénon map. This process
is repeated until the exponents have converged within a desired target error. A long time average of such
for the Hénon map gives x1 = 0.417212 and x2 = —1.62119, yielding a sum of the exponents as —1.203978.
3.3.2.3 Delayed logistic map

One last example, involving a bifurcation of prime importance, the Neimark-Sacker bifurcation, is that of
the delayed logistic map. The delayed logistic map is given by the following set of equations:

It+1 = amt(l — yf)

(3.19)
Yt+1 = Tt
which yields a Jacobian:
Df = {a(lzyt) “gt] (3.20)

We will refrain from a dissection of the Lyapunov spectrum calculation here and simply show the results
for the delayed logistic map upon variation of the a parameter. Considering figure (3.1), the bifurcation
diagram of equation (3.19), it is clear that there exists a Neimark-Sacker bifurcation at a = 2.0. Noting
figure (3.2) at the bifurcation point, both of the Lyapunov exponents are zero, however, as a is increased
further, one Lyapunov exponent remains zero representing the neutral direction, and one exponent become
negative representing the contraction to the one-dimensional quasi-periodic orbit. The persistent limit cycle
is followed by a bifurcation to a periodic orbit followed by a bifurcation into chaos. In later chapters where
we discuss the route to chaos, we will spend a considerable amount of time studying high-dimensional analogs
to this example.
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Figure 3.1: The bifurcation diagram for the delayed logistic map.
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Figure 3.2: The Lyapunov spectrum for the delayed logistic map over the region from a fixed point to chaos,
including a Neimark-Sacker bifurcation at a = 2.
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Chapter 4

Artificial Neural Networks

4.1 Abstract Neural Networks

The motivation and construction of the set of mappings we will use for our investigation of dynamical
systems follows via two directions, the embedding theorem of Takens ((125), (86)) and the neural network
approximation theorems of Hornik, Stinchomebe, and White (60). We will use the Takens embedding
theorem to demonstrate how studying time-delayed maps of the form f : R? — R is a natural choice for
studying standard dynamical systems of the form F : R¢ — R¢. This is important as we will be using
time-delayed scalar neural networks for our study. The neural network approximation theorems show that
neural networks of a particular form are open and dense in several very general sets of functions and thus
can be used to approximate any function in the allowed function spaces.

There is overlap, in a sense, between these two constructions. The embedding theory shows an equivalence
or the approximation capabilities of scalar time-delay dynamics with standard, z;,1 = F(x;) (2; € R%)
dynamics. There is no mention of, in a practical sense, the explicit functions in the Takens construction.
The neural network approximation results show in a precise and practical way, what a neural network is,
and what functions it can approximate. It says that neural networks can approximate the C”(R?) mappings
and their derivatives, but there is no mention of the time-delays we wish to use. Thus we need to discuss
both the embedding theory and the neural network approximation theorems.

Those not interested in the mathematical justification of our construction may skip to section (4.2) where
we define, in a more concrete manner, our neural networks.

4.1.1 General neural network formulation

Begin by noting that, in general, a neural network is a C” mapping 7 : R™ — R. More specifically, the set
of feedforward networks with a single hidden layer, 3(G), can be written:

N

(@) = {7 R — Riv(a) = 3 BG(ETwi)} (4.1)

i=1

where 2 € R%, is the d—vector of networks inputs, 7 = (1,27) (where 27 is the transpose of x), N is the
number of hidden units (neurons), 8, ..., 3y € R are the hidden-to-output layer weights, wy, ..., wy € R4
are the input-to-hidden layer weights, and G : R — R is the hidden layer activation function (or neuron).
The partial derivatives of the network output function, -y, are

9g(z)
81‘k

N
= BiwiDG (" w;) (4.2)
=1
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where z, is the k" component of the x vector, w;, is the k** component of w;, and DG is the usual first
derivative of G. The matrix of partial derivatives (the Jacobian) takes a particularly simple form when the
x vector is a sequence of time delays (z¢ = (y¢, Yt—1,-- -, Yt—(a—1)) for x; € R% and y; € R). It is for precisely
this reason that we choose the time-delayed formulation.

4.1.2 Approximation Capabilities

We will begin with a brief description of spaces of maps useful for our purposes and conclude with the keynote
theorems of Hornik et al. (60) necessary for our work. Hornik et al. provided the theoretical justification
for the use of neural networks as function approximators. The aforementioned authors provide a degree of
generality that we will not need; for their results in full generality see (59), (60).

The ability of neural networks to approximate functions which are of particular interest, can be most
easily seen via a brief discussion of Sobolev function space, S;*. We will be brief, noting references Adams
(1) and Hebey (52) for readers wanting more depth with respect to Sobolev spaces. For the sake of clarity
and simplification, let us make a few remarks which will pertain to the rest of this section:

i. p is a measure; X is the standard Lebesgue measure; for all practical purposes, u = A;

ii. I, m and d are finite, non-negative integers; m will be with reference to a degree of continuity of some
function spaces, and d will be the dimension of the space we are operating on;

iii. p€ R, 1< p < oo; p will be with reference to a norm — either the L, norm or the Sobolev norm;
iv. U ¢ R%, U is measurable.
)T

v. = (a1,q9,...,a4)" is a d-tuple of non-negative integers (or a multi-index) satisfying || = a1 + s +

o, Jaf < mg
vi. for z € R4, 2 = 2" - 252 .. 2Ge.
vii. D® denotes the partial derivative of order |«

glal glel
dxe ~ (025 x5 ... da57)

(4.3)

viii. u € L}, .(U) is a locally integrable, real valued function on U

ix. py, is a metric, dependent upon the subset U, the measure 1, and p and m in a manner we will define

shortly;
x. || - |lp is the standard norm in L,(U);
Letting m be a positive integer and 1 < p < oo, we define the Sobolev norm, || - |/ p, as follows:
1/p
lullmp = | D (I D*ulp) (4.4)

0<|a|<m

where u € L}, (U) is a locally integrable, real valued function (with differentiability prescribed by a)on
U C R? (u could be significantly more general) and || - ||, is the standard norm in L,(U). Likewise, the
Sobolev metric can be defined:

Pp(f29) = = gllmp.vp (4.5)
It is important to note that this metric is dependent on U.
For ease of notation, let us define the set of m times differentiable functions on U,

C™(U) ={f € CU)|ID*f € CU),||D*fllp < coVa, |a] <m} (4.6)

We are now free to define the Sobolev space for which our results will apply.
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Definition 15 For any positive integer m and 1 < p < 0o, we define a Sobolev space S;”(U, A) as the vector
space on which || - ||m.p is a norm:

ST(UA) = {f € C™(O)] DIl < o0 for all Ja] < m} (4.7)
Equipped with the Sobolev norm, S} is a Sobolev space over U C R4

Two functions in S)*(U, \) are close in the Sobolev metric if all the derivatives of order 0 < |a| < m
are close in the L, metric. As will be evident considering figure (4.1), we are attempting to approximate
F= go Fog™! where F:R¥ LR F:M—M (M is a d-dimensional, compact manifold), and g is an
embedding; for this task the functions from S}*(U, \) will serve us quite nicely. The whole point of all this
machinery is to state approximation theorems that require specific notions of density. Otherwise we would
refrain and instead use the standard notion of C* functions — the functions that are k-times differentiable
uninhibited by a notion of a metric or norm.

Armed with a specific function space for which the approximation results apply (there are many more),
we will conclude this section by briefly stating one of the approximation results. However, before stating
the approximation theorem, we need two definitions — one which makes the notion of closeness of deriva-
tives more precise and one which gives the sufficient conditions for the activation functions to perform the
approximations.

Definition 16 (m-uniformly dense) Assume m and | are non-negative integers 0 < m <1, U C R?%, and
S c CYU). If, for any f € S, compact K C U, and € > 0 there exists a g € X(G) such that:

max sup |D“f(z) — D%(z)| < e (4.8)

la|<m ze K

then X(G) is m-uniformly dense on compact, metrizable set in S.

It is this notion of m-uniformly dense in S that provides all the approximation power of both the mappings
and the derivatives (up to order [) of the mappings. Next we will supply the condition on our activation
function necessary for the approximation results.

Definition 17 (I-finite) Let [ be an non-negative integer. G is said to be l-finite for G € C'(R) if:
0< /|DZG|d)\ < o0 (4.9)

i.e. the I'" derivative of G must be both bounded away from zero, and finite for alll (recall dX is the standard
Lebesgue volume element).

The hyperbolic tangent, our activation function, is [-finite.
With these two notions, we can state one of the many existing approximation results.

Corollary 1 (corollary 3.5 (60) ) If G is I-finite, 0 < m < I, and U is an open subset of R?, then ¥(G)
is m-uniformly dense on compacta in S;*(U,\) for 1 <p < cc.

In general, we wish to investigate differentiable mappings of compact sets to themselves. Further, we wish
for the derivatives to be finite almost everywhere. Thus the space S} (U, A) will suffice for our purposes. Our
results also apply to piecewise differentiable mappings. However this requires a more general Sobolev space,
W, We have refrained from delving into the definition of this space since it requires a bit more formalism,
for those interested see (60) and (1).
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4.1.3 Marriage with Takens theorem

We wish, in this report, to investigate dynamical systems on compact sets. Specifically, begin with a compact
manifold M of dimension d and a diffeomorphism F' € C"(M) for r > 2 defined as:

xir1 = Fay) (4.10)

with x; € M. However, for computational reasons, we will be investigating this space with neural networks
that can approximate (see section (4.1.2)) dynamical systems f € C"(R?, R) that are time-delay maps given
by:

Yir1 = fWe, Ye—15 - Yt—(d—1)) (4.11)
where y; € R. Both systems (4.10) and (4.11) form dynamical systems. However, since we intend to use
systems of the form (4.11) to investigate the space of dynamical systems as given in equation (4.10), we must
show that a study of mappings of the form (4.11) is somehow equivalent to mappings of the form (4.10).
We will demonstrate this by employing an embedding theorem of Takens to demonstrate the relationship
between time-delay maps and non-time-delay maps in a more general and formal setting.

We call g € C¥(M, R") an embedding if k¥ > 1 and if the local derivative map (the Jacobian - the first
order term in the Taylor expansion) is one-to-one for every point © € M (i.e. g must be an immersion) and
if ¢ maps M homeomorphically into its image. The idea of the Takens embedding theorem is that given a
d-dimensional dynamical system and a “measurement function,” F : M — R (FE is a C* map), where E
represents some empirical style measurement of F', there is a Takens map (which does the embedding) g for
which z € M can be represented as a 2d + 1 tuple (E(z), E o F(z), E o F2(x),..., E o F?¥(z)) where F is
an ordinary difference equation (time evolution operator) on M. Note that the 2d + 1 tuple is a time-delay
map of . We can now state the Takens embedding theorem:

Theorem 7 (Takens’ embedding theorem (125) (86)) Let M be a compact manifold with dimension
d. There is an open dense subset S C Diff (M) x C*(M, R) with the property that the Takens map

g: M — R+ (4.12)
given by g(z) = (E(x), EoF(x), EoF?(x),..., EoF?(z)) is an embedding of C* manifolds, when (F,E) € S.

Here Diff (M) is the space of C* diffeomorphisms from M to itself with the subspace topology from
Ck(M, M). Thus, there is an equivalence between time-delayed Takens maps of “measurements” and the
“actual” dynamical system operating in time on z; € M. This equivalence is that of an embedding (the
Takens map), g : M — R+,

To demonstrate how this applies to our circumstances, consider figure (4.1) in which F' and E are as
given above and the embedding g is explicitly given by:

9(xe) = (B(xr), E(F(a4)), .., E(F*(24))) (4.13)

In a colloquial, experimental sense, F' just keeps track of the observations from the measurement function
E, and, at each time step, shifts the newest observation into the 2d 4+ 1 tuple and sequentially shifts the
scalar observation at time ¢ (y;) of the 2d + 1 tuple to the ¢t — 1 position of the 2d + 1 tuple. In more explicit
notation, F is the following mapping;:

(y17 o ay2d+1) = (y2> oo ay2d+17g(F(g_1(y17 oo ay2d+1)))) (414)

where, again, F= goFog~!. The neural networks we will propose in the sections that follow can approximate
F and its derivatives (to any order) to arbitrary accuracy (a notion we will make more precise later).

Let us summarize what we are attempting to do: we wish to investigate dynamical systems given by
(4.10) but for computational reasons we wish to use dynamical systems given by (4.11); the Takens em-
bedding theorem says that dynamical systems of the form (4.10) can be generically represented (via the
Takens embedding map g) by time-delay dynamical systems of the form (4.14). Since neural networks will
approximate dynamical systems of the form (4.14) on a compact and metrizable set, it will suffice for our
investigation of dynamical systems of the form (4.10) to consider the space of neural networks mapping
compact sets to compact sets as is given in section (4.1.1).
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(E(p), (E(F(p)), ..., E(F* (p)) e R*%*!
Measurement space

Figure 4.1: Schematic diagram of the Takens embedding theorem and how it applies to our construction.

4.2 Owur Neural Network Construction

The single layer feed-forward neural networks (+’s from the above section) we will consider are of the form

N d
v =Po+ > BiG | swio+ Y wiizi; (4.15)
i=1

j=1

which is a map from R? to R. The activation function! G, for our purpose will be tanh(). In (4.15), N
represents the number of hidden units or neurons, d is the input or embedding dimension of the system
which functions simply as the number of time lags, and s is a scaling factor on the weights.

The parameters are real (3;, w;;,x;,s € R) and the §;’s and w;;’s are elements of weight vectors and ma-
trices respectively (which we hold fixed for each case). The initial conditions are denoted as (zg, 1, ..., Z4),
and (¢, Ty1, ..., Ti4q) represents the current state of the system at time ¢.

We assume that the 3’s are ¢id uniform over [0, 1] and then re-scaled to satisfy the condition Zfil 5% =N.
The w;;’s are iid normal with zero mean and unit variance. The s parameter is a real number and can be
interpreted as the standard deviation of the w matrix of weights. The initial z;’s are chosen ¢id uniform
on the interval [—1,1]. All the weights and initial conditions are selected randomly using a pseudo-random
number generator (72), (100).

We would like to make a few notes with respect to our squashing function, tanh(). First, tanh(x), for
|z] > 1 will tend to behave much like a binary function. Thus, the states of the neural network will tend
toward the finite set (8o £ 51 £ B2+ -+ £+ By), or a set of 2™ different states. In the limit where the arguments
of tanh() become infinite, the neural network will have periodic dynamics. Thus, if < 8 > or s become very
large, the system will have a greatly reduced dynamic variability. Based on this problem, one might feel
tempted to bound the 3’s with Zi\[:l |8;| = k fixing k for all N and d. This is a bad idea however since, if
the (3;’s are restricted to a sphere of radius k, as N is increased, (5;2) goes to zero (7). The other extreme
of our squashing also yields a very specific behavior type. For « very near 0, the tanh(z) function is nearly

1The activation function is sometimes referred to as a squashing function.
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linear. Thus choosing s small will force the dynamics to be mostly linear, again yielding fixed point and
periodic behavior (no chaos). Thus the scaling parameter s will provide a unique bifurcation parameter that
will sweep from linear ranges to highly non-linear ranges, to binary ranges - fixed points to chaos and back
to periodic phenomena.

Note that in a very practical sense, the measure we are imposing on the set of neural networks is our
means of selecting the weights that define the networks. This will introduce a bias into our results that is
unavoidable in such experiments; the very act of picking networks out of the space will determine, to some
extent, our results. Unlike actual physical experiments, we could, in principle, prove an invariance of our
results to our induced measure. This is difficult and beyond the scope of this thesis. Instead it will suffice for
our purposes to note specifically what our measure is (our weight selection method), and how it might bias
our results. Our selection method will include all possible networks, but clearly not with the same likelihood.
In the absence of a theorem with respect to an invariance of our induced measure, we must be careful in
stating what our results imply about the ambient function space.
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Chapter 5

General dynamics

Before we begin with our analysis of the various regions, let us first briefly present some general background
material regarding our neural networks.

5.1 Probability of Chaos

The results in this section have been previously published in (8), (32), and (7). When discussing probability
of an event, in this case a chaotic neural network, one must always define a notion of a measure. For our
construction it is not trivial to define such a measure in a rigorous manner, and we will not formalize a notion
of a measure here. We do have, in a practical sense, a measure on our set of neural networks, however, and
that is the distributions of the weights. The neural networks are defined by their weight distributions and
the weight distributions have explicit probability measures placed on them. The w;; weight matrix has the
standard normal distribution with mean zero and variance s and the 3; weight vector is uniform on the
interval (0,1). Thus, the neural networks have a probability measure associated with their selection method.
All of our results must be interpreted with this implicit measure in mind.

To achieve a general feeling for large-scale variation of the neural networks relative to variation of N,!
d? and s, let us consider the following figures. Figure (5.1) shows the percentage of chaos in networks for
varying N and d with s fixed at 8. Notice that as d is increased, the probability of chaos approaches unity;
the same is true of N. The nature of the attractors at high d and low N, and low d and high N is quite
different as we will see in later chapters. The relatively straight contour lines in figure (5.1) are related to
the way we scale the ’s. In previous work (7) we assigned the (3;’s differently, resulting in different contour
lines and a different N dependence.

Figure (5.2) shows the percentage of chaotic networks for varying s and d with N fixed at 8. Notice the
“C”-shaped contour lines. This would suggest that the s parameter can be optimized for maximum chaos.
This “C”-shaped s dependence is a result of the s parameter moving the networks through the five dynamics
regions discussed in chapter 6. The s parameter moves the argument of the squashing function, tanh(), from
the linear region (s near zero), to nonlinear region (s € (a,b) where a and b depend upon N and d), and into
the binary region (s > b). A large portion of the intuition for the rest of our work comes from this figure.
When we discuss 1-d intervals in parameter space in chapter (9), we will be discussing vertical slices of figure
(5.2).

1Recall N is the number of neurons and in a sense corresponds to the order of derivative approximation capable.
2Recall that d is the number of embedding dimensions for dynamics on a % dimensional manifold.
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Figure 5.1: Probability of chaos contour plot for s = 8 and various d and N.
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Figure 5.3: Mean maximum Kaplan-Yorke dimension versus dimension, d. For the set of networks analyzed,
dgy ~ 0.46d.

5.2 Lyapunov spectrum diagnostics

We will now briefly discuss three diagnostics that can be extracted from considering the Lyapunov spectrum.
Such diagnostics are both interesting in their own right, and aid in the intuition for later discussion.
5.2.1 Dimensional Variation

The Kaplan-Yorke dimension of an attractor (67) is one of the most commonly used notions of dimension.
Given the Lyapunov characteristic exponents, x;, the Kaplan-Yorke dimension is defined:

dgy =j + Xt TXy (5'1)
IXj+1]
where j is the largest integer such that:
X1+ +x; >0 (5.2)

For our networks and our weight structure, the maximum Kaplan-Yorke dimension scales like 0.46d, as
can be seen in figure (5.3). However, there is a strong s dependence on the Kaplan-Yorke dimension. Figure
(5.4) depicts the dependence of the Kaplan-Yorke dimension on the s parameter. Important features of
figure (5.4) include the single maximum which is achieved quickly upon increasing s from zero followed by
a exponential decay in dimension after the maximum dimension is reached. As we shall see, this trend is
preserved in both the entropy variation and in the number of positive Lyapunov exponents.

5.2.2 Entropy

For our purposes, we will define the entropy for our networks as the metric entropy, or the sum of the
positive Lyapunov exponents. The entropy variation with dimension is distinctly different the Kaplan-Yorke
dimension. The entropy grows with dimension until d = 8 at which point it begins to decrease as can be
seen in figure (5.5). Trends from the data in figure (5.5) are somewhat difficult to discern since the error
(variance) about the mean maximum entropy is large. However, the maximum entropy is decreasing slowly
with increasing dimension. This decrease in mean maximum entropy is an artifact due to an increase in
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Figure 5.4: Variation of Kaplan-Yorke dimension versus s for a single network with N = 32 and d = 128.

entropy

0.5 T T T T T T

0.45 J
04 r 1
0.35 ] 1
03 r |
0.25

0.2 t o
0.15 -

0.1+ 1
0.05 1

0 1 1 1 1 1 1
0 20 40 60 80 100 120 140

dimension - d

Figure 5.5: Mean maximum entropy versus dimension, d.
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Figure 5.6: Variation in the entropy of a single network with s. The network considered has 32 neurons and
128 dimensions.

the time scale in our networks — our networks are time-delay networks, and thus an increase in d imposes
an increase in the time scale. The increase in time scale decreases the Lyapunov exponents. There is
an s dependence in the maximum entropy just as with the Kaplan-Yorke dimension, as can be seen from
figure (5.6), the mean maximum entropy occurs for a slightly larger value of s than the mean maximum
Kaplan-Yorke dimension.

5.2.3 Dissipation

We define the dissipation of our networks as the sum of all the Lyapunov exponents. As the dimension of
the network is increased, the maximum dissipation increases like —12.8log(d). This result is not surprising
in light of the relatively slow increase in the Kaplan-Yorke dimension. Looking ahead, this result can be
further understood considering figure (9.11) which shows that the maximum number of positive Lyapunov
exponents is growing at ~ d/4, or about a third as fast as the maximum number of negative exponents at
the same s value. Finally, considering figures (9.3) and (9.4), the negative exponents become both larger in
number and more negative as the dimension is increased. It is worth noting that dissipation is also clearly
dependent on s. The mean maximum dissipation we present for each case is reached at the maximum s
value considered, s = 10. To see this, consider figure (5.8) where we plot the dissipation with variation in
s. Unlike the entropy and Kaplan-Yorke dimension, the dissipation decreases linearly with s (dissipation
~ —T7s).
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Figure 5.7: The mean maximum dissipation in neural networks versus log() dimension. The dissipation is
proportional to —12.81og(d).
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Figure 5.8: Variation in the dissipation of a single network with s. The network considered has 32 neurons
and 128 dimensions.
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Chapter 6

Splitting up the Parameter Space

We will use s as our primary bifurcation parameter, and thus we will use a path along s to stratify the
parameter space of our networks into five regions. However, this does not mean that we will only consider
perturbations of a single parameter s in each region. The stratification afforded by the s parameter is a
mere convenience for a more structured analysis of the types of dynamics encountered in our set of neural
networks. A schematic of the vague stratification is given in figures (6.1), (6.2), (6.3), and (6.4). It must
be emphasized that this stratification was created to aid in the organization of our arguments, and nothing
more. Recall the regions include the first bifurcation region (I), the routes to chaos region (II), the region
between the onset of chaos and bifurcation chains (III), the bifurcation chain region (IV), and the transition
from bifurcation chains to finite state dynamics.

Figure (6.1), which is both low-dimensional and has a low number of parameters has regions I, IT, ITI, and
V. In this figure region IV is difficult to discern from region III. Region V is really trivial as the transition
from chaos to periodic behavior is quite sharp.

Figure (6.2)is low-dimensional but has a large number of parameters. This network again has regions I,
II, and III, region IV is difficult to identify. Region V however is quite present.

Figure (6.3) is high-dimensional but has relatively few parameters. This network is the only network we
will show having all five regions. In this network, region V is quite distinct, however the existence of region
IIT is questionable. Regions I, II, and IV are clearly evident.

Figure (6.4) is both high-dimensional and has a large number of parameters. This network has only
regions I, IT, IV, and V, however region V is not displayed. This case is prototypical for high-dimensional
networks with many parameters. Much of our analysis will comprise studying networks such as this one.

6.1 Region I: fixed points to the first bifurcation

All of our networks, for small enough values of s, are linear and thus give stable fixed points. Because
bifurcations from fixed points of C” maps with one parameter are relatively well understood, the simplicity
of this bifurcation affords us an opportunity that does not exist for the later bifurcations. We will attempt
to quantify the probability of the first bifurcation types of our maps and provide a conjecture for why such
a probability should be the case based on the random matrix theory of Girko (44), Edelman (39) and Bai
(14). The beginnings of our understanding of this region is put forth in (8).

6.2 Region II: the route to chaos - between the first bifurcation
and chaos

Region II comprises the region along the s curve between the first bifurcation and the onset of chaos. It is
in this region that we address questions regarding the “routes to turbulence.” Some of our conjectures from
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region I vaguely carry over into region I1. However, good precise statements are yet lacking. Some of this is due
to difficulties in the bifurcation theory, others are holes yet to be filled by our computational investigations.
At this time, we have a substantial collection of cases, but the current results remain anecdotal. Thus, in
this section we will present our current conjectures as well as a brief synopsis of our results.

6.3 Region III: between the onset of chaos and the bifurcation
chains

Region III is the region between the onset of chaos and the bifurcation-chain region. For high-dimensional
neural networks, this region is quite well defined when it exists, however, for networks with many parameters
region III is nonexistent. For low-dimensional networks this region is difficult to resolve and often comprises
the entirety of the chaotic region up to the transition where the network becomes binary. Region IV seems
only to exist when the dimension of the network is high enough. Thus, if the dimension of the network is low
enough such that the existence of region IV does not clearly exist, we will not make a distinction between
regions IIT and IV, and rather combine them into one region, referring to that region as region III. However,
the primary concern of this work is high dimensional dynamical systems. Thus this ambiguity will cause us
little strife. Further, our stratification was somewhat vague from the onset, and since its only purpose is for
organization, we will not concern ourselves with this issue further.

All that being said, we have a very slight understanding of region III. For many systems with a large
number of neurons and a large number of dimensions, both region II and IIT seem to scarcely exist — region
IT is only obvious when considering variation in variation of log;,(s). In networks of intermediate dimensions,
region IIT can be extremely complicated and contain a great deal of diversity between different networks. A
similar situations can arise for high-dimensional networks with a low number of neurons or parameters.

Very little is currently understood about region III, and in this work we will refrain from a particularly
detailed analysis. One possible direction for a better understanding of this region is an analysis using the
numerical bifurcation software developed by Yuri Kuznetsov (70). However, at this time we include this
region only for completeness of presentation, noting it largely consists of problems for future work.

We will include a brief discussion of the diversity in this region, along with some examples.

6.4 Region IV: Bifurcation chain region

Region IV comprises the bulk of our analysis, and exists primarily in neural networks of high dimension
with a large number of neurons. This region provides, in a sense, some dynamic stability, but also many
subtleties and opportunities for analysis relating to theory by the mathematics dynamics community.®

In this region we will address the following issues: existence of periodic windows in parameter space;
the observability of the structural stability conjecture (now proven) of Palis and Smale (90); the Pugh-Shub
stable ergodicity conjecture (106); the existence of center bunching; and we will put forth some dynamic
stability conjectures of our own. Many ongoing questions will remain, but we have obtained a convincing
set of evidence to support our claims.

6.5 Region V: Bifurcation chains to finite state dynamics

Region V corresponds to the region along the s curve where the neurons are nearly saturated. Like region III,
this region is not well understood and is included for completeness. However, unlike region III, the dynamics
are likely much more uniform across various networks with different numbers of neurons and dimensions.
Further, we have a much better idea of both what is occurring dynamically in this region, as well as how to
proceed with an analysis. We will present the current understanding, along with a brief outline of how we
plan on proceeding with our analysis.

1We will refrain from a formal definition until Chapter (9)
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Chapter 7

Region I - the First Bifurcation

In section (6.1), region I was introduced as the region along a one dimensional interval in parameter space
between s = 0 up to and including the s value at the first bifurcation. More specifically, region I consists of
the dynamics along the interval [0, sf,] where sy, is the location of the first bifurcation from a fixed point
along the interval in parameter space. The dynamics for s > sy, are included in regions II-V. Many of the
results in this section have been published in (8).

This chapter will be organized as follows: we will begin with a discussion of random matrix theory,
the primary driving force behind our intuition and a key ingredient for our arguments; we will formulate
a conjecture motivated by the random matrix theory results regarding the most probable first bifurcation
from a fixed point in our set of maps; the conjecture will be followed by some numerical results based upon
a very large statistical study that supports our conjecture; we will conclude this chapter with a brief list of
future directions we wish to continue with this work.

7.1 Conjectures

We will begin the formulation of our conjecture regarding the first bifurcation of a dynamical system from a
fixed point with a discussion of the theoretical foundation upon which it was based, random matrix theory.
We will follow this with the formulation of our conjecture and a simple corollary applying the random matrix
results to some dynamical systems.

7.1.1 Random Matrix Theory

Our discussion of random matrix theory will be limited to the circular law of Girko (44), Bai (14), and
Edelman (39). In general, circular laws in random matrix theory relate the distributions of elements of a
random matrix to the distribution of those matrices’ eigenvalues on a disk, usually centered at the origin, in
complex plane. We will begin by discussing the circular law outright and follow this with a discussion of the
expected value of real eigenvalues of a random matrix, and various related results. In both of the sections
that follow, all of our matrices will be n X n matrices with real elements drawn from a random distribution
yet to be specified.

7.1.1.1 The Circular Law

The study of the circular law has a long, somewhat colorful, and debated history. In the early 50’s it was
conjectured that the empirical spectral distribution (i.e. the distribution of eigenvalues) of n x n matrices
with independent and identically distributed elements that were normalized by ﬁ converged to a uniform
distribution on the unit disk in the complex plane. This is what is refered to as the circular law. Ginbre (43)
proved this conjecture in the case where the random matrix is complex and has elements whose real and
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imaginary parts are independent and normally distributed (i.e. the real and imaginary parts are independent
normals) in 1965. V.I. Girko published, in 1984, 1994, and again in 1997, papers proving the circular law for
real, random, Gaussian, matrices. Girko’s circular law states that as n — oo, the distribution of ln tends
to uniformity on the unit disk. This result, which implies that as n — oo, the probability of an eigenvalue
being real must go to zero, is a key ingredient towards showing that local bifurcations from fixed points due
to purely real eigenvalues will be unlikely. It is this result that limits the kinds of generic local bifurcations
from fixed points we can observe in the infinite dimensional limit. One particularly unfortunate problem
with Girko’s measure (as well as Edelman’s and Bai’s) is that it is not absolutely continuous with respect to
Lebesgue measure with increasing but finite dimension (the infinite dimensional limit is however absolutely
continuous). In particular, the probability of an eigenvalue being real with respect to Edelman is higher
than one might expect for finite dimensions. Thus convergence in distribution to uniformity on the unit disk
becomes an issue. Lucky for us, Edelman (40) derived a formula for the expectation value of real eigenvalues
in Girko’s measure in finite dimensions (we will discuss that result in section 7.1.1.2) which we will discuss
since it is very important with respect to our results. In the process of deriving this expection formula,
Edelman also proved Girko’s result. In 1997, Bai (14) provided an alternate proof of the circular law for real
random matrices with a significantly weaker hypotheses than either Edelman or Girko. Bai’s result requires
that the elements of the matrix be from a distribution with only a finite sixth moment. We will state Bai’s
result here since is it is both the simplest, and most general.

Theorem 8 (Circular law (14) (page 496)) Suppose that the entries of a n x n matriz M have finite
sizth moment and that the joint distribution of the real and imaginary part of the entries has a bounded
density. Then, with probability 1, the empirical distribution p,(x,y) tends to the uniform distribution over
the unit disk in two-dimensional space.

7.1.1.2 Expected Value of Real Eigenvalues and Related Results

The circular law will provide the intuition for the conjecture we will state shortly. The circular law is difficult
to use for our purposes, and provides little practical understanding of how the distribution of eigenvalues
evolves and converges to uniformity as the dimension of the matrix is increased. Luckily, Edelman essentially
evaluated the integral formula of Girko (in spirit at least) and arrived at a formula for the expected number of
real and complex eigenvalues as a function of the dimension of the matrix. Edelman has proved the following
results which will be useful and relevant for our work: a formula for the density of real eigenvalues in the
complex plane as a function of the dimension of the matrix; a formula for the density of non-real eigenvalues
on the complex plane as a function of the dimension of the matrix; a formula for the expectation value of
real eigenvalues of a matrix as a function of the dimension of that matrix; and a theorem that states that
the real eigenvalues converge in distribution to that of a uniform random variable on [—1,1] in the limit of
an infinite-dimensional matrix. For completeness, we will reproduce the aforementioned results, noting that
all the statements that follow are relevant for matrices such that a;; € A € R" where a;; € N(0,1).
We will begin with two definitions.

Definition 18 (True Real Eigenvalue Density (40)) Assume a real eigenvalue, A, of a fized, real, nxn
matriz A. The true density of real eigenvalues, or the expected number of real eigenvalues per unit length
can be defined:

1 T(—1,02) [anled T(lngh 2
or, in a different light:
d
o) = - Bt e (A) (72)

where #(— oo 2)(A) = number of real eigenvalues of A < x, E4 denotes the expectation value for a random
A and T is the standard gamma function.
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Definition 19 (Probability Density of A\, € R (40)) Assume a real eigenvalue N\, of an n X n random
matriz, then it’s probability density, fn()\) is given by:

1, 1 T(n—1,2)

2 n— 2
|>\n71|67>‘7 [’Y(( 21) A_)

U A My e A v T (7.3)
or more simply: )

where E,, denotes the expected number of real eigenvalues of the n X n random matriz.

Integrating p,, along the real line provides the expected number of real eigenvalues. Edelman provides
several formulas from such a calculation, the simplest being summarized by the following corollary:

Corollary 2 (Corollary 5.2 (40)) We have the aysmptotic series:

[2n 3 3 27 499 1
E,=1/201-2 - 1 .
" T ( 8 128n | 1024n? | 3276804 O(ns)) (7.5)

as n — oQ.

Again, F,, is the expected number for a real, n x n random matrix. The manner in which the convergence
in measure is not absolutely continuous (with respect to Lebesgue measure) is highly relevant to our results
because the issue lies with a high then expected density of real eigenvalues. For a full discussion, see (40),
however, this is not a pathological problem since the distribution of real eigenvalues on the real line is
uniform. Moreover, for our purposes, the expected value of the real eigenvalues is not enough since, if all
the real eigenvalues are located at +1, then clearly there will exist many local bifurcations from fixed points
due to purely real eigenvalues — and these bifurcations will likely be of high codimension. That such is not
the case, is given in the following corollary:

Corollary 3 (Corollary 4.5 (40)) If A\, denotes a real eigenvalue of an n x n random matriz, then as
n — 00, the normalized eigenvalue )‘—\/% converges in distribution to a random variable uniformly distributed
on the interval [—1,1]

Besides the results regarding the real eigenvalues, Edelman also provides information regarding the density
of non-real eigenvalues:

Theorem 9 (Density of Non-Real Eigenvalues: Theorem 6.2 (39)) The density of a random com-
ples eigenvalue of a normally distributed matris is:

pn(,y) = \/gyeyQ““’Q erfe(yv2)en—2(2? + y°) (7.6)

where e,(z) = > 1 _, % and erfe(z) = 2/ [ exp — t?)dt, the complementary error function. . Integrating
this over the upper half plane gives the number of non-real eigenvalues.

All of these results can be nicely concluded with the following two theorems regarding the circular law.

Theorem 10 (Theorem 6.3 (39)) The density function p converges pointwise to a very simple form as
n — 00

1 Lo 22442<1
lim —p(&,9) =14~ . 7.7
p(E,9) {o PRI (7.7)

n—oo n

where py, is simply p as a function of T = and y = % Note that @ s a randomly chosen normalized

Sh

eigenvalue in the upper half plane.
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Finally, Edelman’s version of the circular law can be proved using theorem 10 and a central limit theorem.

Theorem 11 (Circular Law: Convergence in distribution (39)) Let z denote a random eigenvalue
of A chosen with probability % and normalized by dividing by \/n. As n — oo, z converges in distribution
to the uniform distribution on the disk |z| < 1. Furthermore, as n — oo, each eigenvalue is almost surely
non-real.

7.1.2 A conjecture regarding the first bifurcation from a fixed point

There are three generic, codimension one, local bifurcations from a fixed point in maps of dimension two or
greater (70) (26). These three bifurcations depend on symmetries of the dynamical system, but generally
they consist of: the flip bifurcation, corresponding to the largest eigenvalue being —1; the fold, corresponding
to the largest eigenvalue being 1; and the Neimark-Sacker (81) (115), corresponding to a complex conjugate
pair of eigenvalues with non-zero real part having modulus one. Edelman, Girko, and Bai have all shown
that in the infinite dimensional limit, a real matrix with elements selected from a real, Gaussian distribution,
the normalized eigenvalues will be distributed uniformly on the unit disk in the complex plane. Since the
Neimark-Sacker bifurcation corresponds to the bifurcation via a complex conjugate pair of eigenvalues, a
logical application of the circular law is to infinite dimensional dynamical systems whose Jacobian matrix has
elements whose distribution has a finite sixth moment. In this circumstance, the probability one bifurcation
would seem to be a Neimark-Sacker bifurcation. If the real eigenvalues pile up near 1 and —1, we will run
into problems, but Edelman (corollary (3)) has shown that this circumstance will not occur. Instead, the real
eigenvalues will be distributed uniformly on the real axis. In the standard bifurcation sequence constructions,
one would be concerned with a parameterized curve of matrices. In such a scenario the matrices would not
be independent along the curve in general. Surmounting this obstacle is yet an open problem, however, in
some special cases like in the case where the parameterized curve is linear, the difficulties are greatly reduced.
Thus we can make the following statement:

Corollary 4 ( First bifurcation probability ) Given the dynamical system F
F(xt,l) = Tt = €A$t71 + EG("Et,l) (78)

where zy € R", e € R, A € R™ where a;; € N(0,1), and where G(x4—1) is a nonlinear, C™ (r > 0), function
of xi—1 which is of order 2 or higher. Thus F(x;—1) & e¢Axy_1 for ¢ small. Assume F has a fixed point at
€ = 0 and upon the increase of €, F undergoes a local, codimension one bifurcation. As the dimension of the
dynamical system F goes to infinity (i.e. given A € R"z, n — o0), the probability that the first bifurcation
will be of type Neimark-Sacker will converge to one.

Proof: This result follows trivially from the results of Edelman (39), (40), Girko (44) (46) (48) (47) (45),
and Bai (14).

We can, with a little work, impose a measure on the set of dynamical systems for which this result holds
via results of Edelman, the neural networks, and some standard arguments using measure theory. Upon
doing so, one nontrivial issue is understanding what such a set of dynamical system would “look” like. We
will refrain from further discussion of this extension here. It is likely that we can extend this result such
that the elements of the A matrix can be selected from any distribution with a finite sixth moment in line
with the circular law of Bai (14).

Corollary (4) falls far short of satisfying our desires, however. First, corollary (4) does not speak to
the probability of it’s hypothesis being satisfied in a general space of dynamical systems. Again, we can
construct a measure such that the relevant hypothesis are always satisfied, but how general such a measure
is, which is the same problem, is still a problematic issue. Moreover, corollary (4) is not cast in the general
parameterized curves of the bifurcation theory framework we desire — linear “curves” are vary limiting. See
(123) or (128) for a construction of the general bifurcation framework we reference here.

Providing an answer to such a question would likely require establishing some type of measure on the
space of general C" dynamical systems, and establishing such a measure is often very difficult to say the
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least. If such a measure could be defined, some meaningful notion of equivalence in measure would need
to be shown. This issue however, would likely be the least of the problems. Moreover, corollary (4) does
not provide any information regarding how large but finite dimensional dynamical systems that satisfy the
all the hypotheses aside from the infinite dimensionality behave. Lastly, corollary (4) does not provide any
insight into how the convergence to such a result might occur as the dimension of the dynamical system is
increased. Thus, we will present a conjecture that we believe captures more of what we wish corollary would
capture.

Conjecture 3 (Genericity of Neimark-Sacker bifurcations in high-dimensional dynamical sys-
tems) Begin with the space of C" (0 < r) dynamical systems with bounded first derivatives on compact sets
with a single, real parameter and such that there exists a fized point on a measurable interval of the param-
eter space, and at least one local bifurcation upon a continuous variation of the parameter. There exists a
probability measure on the such that, as the dimension of the dynamical system is increased, the probability
of the bifurcation from fixed points via the Neimark-Sacker bifurcation will increase, and approach probability
one as d — 0.

Since this is a conjecture, the remaining portion of this chapter will be dedicated to a presentation of
numerical evidence supporting the above conjecture in our space of neural networks.

7.2 Numerical Results

We will present our numerical results in two steps. First, we will present four typical cases with different
numbers of neurons and dimensions. This will be followed by a set of figures that demonstrate how, as the
dimension of our neural networks is increased, the probability of the flip and fold bifurcations are nearly
equal and decrease with increasing dimension and the Neimark-Sacker bifurcation becomes by far the most
probable first bifurcation.

7.2.1 The First Bifurcation Qualitatively

Figures (7.1)-(7.4) are bifurcation diagrams and corresponding largest Lyapunov exponent plots for various
values of N and d. In these figures at each value of s, the first 120,000 y; values are discarded and the
next 128 are plotted. The initial conditions and weights are the same for each s value in each figure. Note
that the meaning of typical or characteristic for one set of N and d values can be very different from that
of another set of N and d values. For instance, there is more apparent variability in the dynamics and the
bifurcation sequence at low d than at high d. At high d most of the diagrams look similar, whereas at low d
the diagrams are erratic and differ in detail.

From these plots it is possible to distinguish super-critical fold, flip, and Neimark-Sacker bifurcations.
We rarely observe sub-critical bifurcations and many would be evident considering the bifurcation diagrams
and searching for a discontinuity at the bifurcation point in the largest Lyapunov exponent. Although we
cannot rule out the existence of sub-critical bifurcations, they will always result in bounded dynamics since
our neural networks cannot become unbounded. Chaos can be clearly differentiated from limit cycles and
periodic orbits since a positive largest Lyapunov exponent differentiates chaos from periodic or quasi-periodic
dynamics.

Figure (7.1) is a bifurcation diagram for N = 4 and d = 4. In this figure the first bifurcation happens to
be that of a Neimark-Sacker. Figure (7.2) is a bifurcation diagram for N = 64, d = 4, and shows a typical
fold first bifurcation. Figure (7.3), N = 4, d = 64, shows a Neimark-Sacker first bifurcation, as does Fig.
(7.4), (N =64, d =64).

Notice that as N is increased, the range of x; values increases. This is due to the method used to choose
the §’s. In general, as the dimension increases, the bifurcation diagrams are more centered and symmetric
about the origin, almost as if there were no bias term (the bias terms break the symmetry about the origin).
This is because, as the number of w;;’s is increased, the importance of the individual weights is decreased,
thus the importance of each bias term is decreased. This does not effect the results since there is no dynamical
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difference between networks with and without bias terms aside from affecting the fold bifurcation which is
replaced by a pitchfork bifurcation in the case where the network is symmetric about the origin. It is worth
noting that changing the mean of the w;;’s from zero to some small, non-zero value destroys the bifurcation
sequence, and in general, destroys all but periodic dynamics. The non-zero mean of the w;;’s that destroys
the existence of the first bifurcation (and all the other non-periodic dynamics) depends on both N and d,
but in general, the larger d is, the smaller the non-zero mean has to be to destroy the non-periodic dynamics.

7.2.2 First Bifurcation Probabilities

We will now present results from a statistical study regarding the first bifurcation from a fixed point of our
networks. For each case, we pick and fix the weights and initial conditions, run the case for an s value,
calculate the eigenvalues and largest Lyapunov exponent and then increase s by a constant multiple (usually
close to one), re-initialize with the same weights and initial conditions, and repeat the process. When the
modulus of the largest eigenvalue reaches the unit circle we decide what kind of bifurcation has occurred
and move on to the next set of weights and initial conditions. This process was done over N and d values
both ranging from 2 to 256.

We begin each network with an s value small enough such that the dynamics are that of a stable fixed
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Figure 7.5: Percent first bifurcation for NV = 16, error bars represent the error in the probability.

point. All cases we observed had a first bifurcation, but not all cases were chaotic over some portion of the
parameter interval observed.

Figure 7.5 shows the percentage of each bifurcation as the dimension is increased for an intermediate
number of neurons, N = 16. Much like the prediction in conjecture (3), the percentage of Neimark-Sacker
bifurcations start at about 40 percent for the first bifurcations at d = 2 and increase above 90 percent at
d = 64. Also, notice that the percentage of flips and folds are, on average, equal throughout the range.

Figures (7.6) and (7.7) show the percentage of first bifurcations over an increasing range of d at low and
high N, (N = 4 and N = 256). Note at high N and low d, the percentage of each bifurcation is nearly
equal. For the low-N, low d cases, the percent of each bifurcation is not nearly as close as at high N.
As d is increased, the percentage of Neimark-Sacker bifurcations rapidly increases so that, at d = 8, the
percentages of each bifurcation is about equal to those of all N. This N dependence is an artifact of how
we choose the [ vector. Consider a two-dimensional system. For a Neimark-Sacker bifurcation to occur, the
discriminant must be negative. As we increase N, we are increasing the variance of the coefficients of the
matrix, thus pushing the expected value of the discriminant positive. The result is a decrease in Neimark-
Sacker bifurcations as N is increased at low d. As d is increased, this effect becomes negligible. Contrasting
figures (7.5) and (7.6) you will notice that at d = 2 the percentages of first bifurcations are quite different,
but for d > 8, figures (7.5) and (7.6) are almost identical.

In the high-d limit, we found that the Neimark-Sacker bifurcation was the dominant first bifurcation. We
looked at cases with d as high as 1024 and found the percent of first Neimark-Sacker bifrucations approached
unity. This confirms a similar result of Doyon et. al. (36), that in the limit of high d, the first bifurcation
will be Neimark-Sacker.

7.3 Future directions

There are many problems we wish to address in the future, beginning with a better formulation and proof
of conjecture (3). Such a step has, to the present, seemed difficult, but there are many intermediate and
highly relevant computational questions remaining.
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Numerically, an analysis of the distribution of the elements of the Jacobians of our networks at the first
bifurcation could be much more thorough, and an understanding could be more complete. Despite the fact
that we calculate the full spectrum of eigenvalues and Lyapunov exponents, we have really only considered the
largest eigenvalue(s). An analysis of the first six moments of the distribution of eigenvalues would likely lead
to much insight. Also, statistical tests such as the K-S statistic would be useful for comparing the required
theoretical hypothesizes with the distributions observed numerically. A brute force analysis comparing
the density of eigenvalues in our networks at the bifurcation points with Edelman’s density formulas for
both real and complex eigenvalues would also be of considerable interest and value. A comparison with
Edelman’s formula for the expected number of real eigenvalues as the dimension of the dynamical system is
increased would help provide an understanding of how well the random matrix results might reflect in the
first bifurcations in some sets of dynamical systems. Finally, a rigorous comparison of the curves observed
in figures (7.5)-(7.7) with what might be expected based upon Edelman’s results would be highly valuable.
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Chapter 8

Region II - between the First
Bifurcation and Chaos

Region II is the region along the interval in parameter space between the first bifurcation and the appearance
of a positive Lyapunov exponent. The arguments and results in this section consist of, and are based on,
intuition from the first bifurcation, numerical investigation, and a potpourri of results of other researchers
regarding the route to turbulence and general bifurcations of limit cycles and tori. It is in this region that
the routes to chaos will be observed and analyzed.

8.1 Conjectures

Based on random matrix theory, the construction of our neural network framework, and intuition based on
some numerical experiments which we will present in the section (8.2), we have some conjectures regarding
region II and the route to chaos in our set of mappings.

Extending corollary (4) or any of the results or claims from section (7.1.2) analytically for the k"
bifurcation before the onset of chaos where k& > 1 is made difficult by the fact that the normal form and
center manifold theory for quasi-periodic bifurcation theory is a long way from providing a general form(s)
about which the results of the random matrix theory could be applied (the codimension 2 situation is not
complete yet, the codimension 3 case is even further from completion). However, it is assumed that, in the
end, most bifurcations of periodic and quasi-periodic orbits can be captured by some sort of Taylor series
expansion (via a vector field approximation or a suspension). Though the linear term of the Taylor expansion
will be degenerate and the outcome of the bifurcation will be determined by contributions of higher-order
terms, the degeneracies in the linear term of the Taylor polynomial will nevertheless be of complex eigenvalues
— leading to some sort of bifurcation (yet to be understood) from quasi-periodic or periodic orbits to other
quasi-periodic or periodic orbits.

Once a discrete-time map f has undergone a supercritical Neimark-Sacker bifurcation, one of three types
of dynamics will ensue:

i. f will have a quasi-periodic orbit;
ii. f will be periodic with period > 5;
iii. f will have strong resonance and thus have periods of 3 or 4;

To create a bifurcation theory regarding the above three options, some sort of linearization must be made.
If the dynamics are as per item (i), one must begin by making a suspension of the map and then take a
vector field approximation, and finally take a Poincaré section to construct the linearization (see (10) (13)
(20), (23), (12), (70) or (84) for more information regarding these methods). If the dynamics are per items



93

(ii)-(iii) with period n, then the time-n map can be made from which a Jacobian can easily be constructed.
In the best of scenarios, connecting the random matrix results requires constructing results after many
matrix multiplications. At worst, one must be able to carry the distributions of elements through normal
form calculations. We will not attempt any of these tasks at this time, but instead we will note that the
requirement for a circular law is as weak as the elements having a finite sixth moment, and put forth a
conjecture that we will attack numerically.

Conjecture 4 (Most probable route to chaos) Given a high dimensional, C" dynamical system, if a
Jacobian can be constructed, and all the eigenvalues remain inside the unit circle on the complex plane, upon
parameter variation, if an eigenvalue(s) (complex conjugate pair) reaches the unit circle, that eigenvalue(s)
will be complexr with probability approaching unity as the dimension approaches infinity. In other words,
the most probable route to chaos from a fixed point for high-dimensional dynamical system is via a cascade
of (supercritical) bifurcations of periodic, quasi-periodic orbits and tori, and the probability of this route
increases with dimension.

By high dimensional, we mean d > 100, but we are being purposefully vague. The convergence to our claim
will likely follow some Edelman-like expected value formula, eventually converging to a circular law a la Bai
or Girko. The basic point is that, after the first bifurcation of a high-dimensional system has occurred, if
the dynamical system is not chaotic, successive bifurcations will not be bifurcations due to real eigenvalues,
but rather bifurcations due to complex conjugate pairs of eigenvalues?.

One strength of our methods and results is, unlike topologically based results, our neural network frame-
work allows not only a practical means of analyzing topological results, but it contains, in a manageable
way, the supposed pathological examples. Due to the mappings that neural networks can approximate, if
the spectrum of Lyapunov exponents of a d-dimensional network is contained in [x1, x4, then likely there
exists at least one path through parameter space such that any network can be transformed into a 7% torus
with all Lyapunov exponents being zero (we haven’t proved such a result, however). If one were to stratify
the networks by their spectra, the aforementioned torus would be but a point along the interval [x1, Xxdl,
and thus, in this sense, unusual. There are other stratifications of the networks that can be made, such
as the map ¢ : R™9*+2) — ¥(tanh()), where E(tanh()) is the set of neural networks with tanh() as the
squashing function. The point is, we are presenting a practical framework that yields numerical observations
regarding common routes to chaos. For example, the number of constraints required to achieve a d-torus
might be high?, and the T¢ torus would likely exist on a surface in parameter space of much lower dimension
than the ambient parameter space. However, since the neural networks can approximate m-tori for m < d,
it is possible to study the transitions, and the likelihood of such transitions, and the persistence of high-
dimensional tori in a practical way. From our experience perturbing away 2-tori and limit cycles requires
drastic parameter variation, however, we never observe 3-tori consistent with the prediction of Newhouse,
Ruelle and Takens.

A full statistical study is hampered by numerical accuracy issues which may be fundamental problems
associated with the existence of neutral directions. We will present the most clear picture of the prototypical
route to chaos in high dimensions for our set of functions via a prototypical example. For the understanding
reached in this report, we will employ bifurcation diagrams, phase-space plots, the largest Lyapunov expo-
nent, and the full Lyapunov spectrum. Numerical issues related to the Lyapunov spectrum are the main
problem with respect to the statistical study, and we will discuss and display such problems. For informa-
tion regarding why the numerical problems (such as truly infinite convergence times) we encounter may be
unavoidable see (106) and (27) for the latest with regard to the existence of zero Lyapunov exponents and
issues with computing them. At the end of the Chapter we will note the numerous extensions our current
line of study suggests.

LChenciner and Tooss (29) proved bifurcations of flows with two frequencies to flows with three frequencies is non-generic in
a certain sense, we claim that in our systems, the observed secondary bifurcations will be of this non-generic type.

2The number of constraints for a d-torus might also be low, as requiring area preservation, or a local Jacobian to have an
average determinant equal to 1 is, in a sense, a singe constraint.
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Figure 8.1: Bifurcation diagram for a typical network; n = 32, d = 64.

8.2 Numerical Results

A statistical study for this region of parameter space is yet lacking. Nevertheless, we have observed a rather
sizeable number of neural networks in this region (on the order of hundreds over a large number of neurons
and dimensions). Thus, we will present a typical example in hopes of painting a picture of the common
transitions to chaos and providing the intuition and justification for our claims in the previous section.

The example we will present is typical (we will discuss what is not typical about our example during the
analysis) amongst the 500 or so cases (with this number of parameters and dimensions) we have observed
in the sense that between the first bifurcation and the onset of chaos, the only type of orbit that exists
is either quasi-periodic or periodic orbits with periods high enough such that they are indiscernible from
quasi-periodic orbits. It is worth noting that the route to chaos we discuss in this report, which we believe
is the typical route in high dimensions, is considerably different from what is observed at low dimensions.
For an intuitive feel for the lower-dimensional cases, see (8).

A primary tool of analysis will be the Lyapunov exponent spectrum ((18) (112)), since it is a good measure
of the tangent space of the mapping along its orbit. Negative Lyapunov exponents correspond to global stable
manifolds or contracting directions; positive Lyapunov exponents correspond to global unstable manifolds or
expanding directions and are ((112)), in a computational framework, the hallmark of chaos. A zero exponent
corresponds to a neutral direction (although the story in this case is significantly more complicated, see (27));
when the largest Lyapunov exponent for a discrete-time map is zero and all other exponents are less than
zero, then there exists a neutral direction. Lyapunov exponents relate to quasi-periodic orbits and rotations
in the following way, neutral rotating directions correspond to a zero Lyapunov exponent, and high-period
orbits correspond to pairs of negative Lyapunov exponents. If the largest exponent is zero (while all others
are negative), then there exists a quasi-periodic orbit on the circle (on 72 in the flow). If two exponents are
zero, then there is a full 2-torus in discrete-time (a 3-torus in the flow), and so on (for specific examples of
high-dimensional tori see (23)). With respect to the codimension 2 bifurcations, there can also be as many
as 10 possibilities for zero Lyapunov exponents at bifurcation points (again see page 397 of (70)), some of
which correspond to real and complex conjugate pairs of eigenvalues. Besides the full Lyapunov spectrum
algorithm, we will also use an independent version of a calculation of the largest Lyapunov exponent a la
Wolf et. al (130). Upon analysis of the example, it will be obvious why we need such a calculation.

To circumvent the numerical stability issues that will be apparent shortly, we are required to consider
each network individually with four types of figures: the largest Lyapunov exponent independently computed
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Figure 8.2: The largest Lyapunov exponent for a typical network; n = 32, d = 64.

of the full spectrum (it is considerably more numerically stable than the algorithm for the full spectrum);
a standard bifurcation diagram; the full Lyapunov spectrum computed in the standard manner; and phase-
space diagrams.

Our choice of the number of neurons and the number of dimensions is based on Fig. (1) of (8) and
the compromise required by computational time limits. Considering Fig. (1) of (8), 32 neurons puts our
networks deeply in the region of the set of neural networks that correspond to highly complicated and chaotic
dynamics. The dimension, 64 was chosen because it was the highest dimension for which we could reliably
compute the nearly 500 cases we surveyed. The compute time increases as a power of the dimension. Thus
as this time, we had too few cases of d = 128 and d = 256 to make conclusive statements.

Beginning with Fig. (8.1), the standard bifurcation diagram, there are four important features to notice.
The first feature is the first bifurcation, which occurs at s = 0.0135 from a fixed point to some type of limit
cycle or torus. A secondary bifurcation is clearly visible at s = 0.02755, the nature of this bifurcation is
entirely a mystery from the perspective of Fig. (8.1). Chaos seems to onset near s = 0.05, and has definitely
onset by s = 0.06, however the exact location is difficult to discern. Lastly, all of the dynamics between the
fixed point and chaos are some sort of n-torus (n > 0) type behavior.

Next, let us consider Fig. (8.2) — the largest Lyapunov exponent versus variation in s for the same case
as Fig. (8.1). Again, as expected, we see the first bifurcation at s = 0.0135, in agreement with the bifurcation
diagram. Figure (8.2), however, gives a clear picture of the onset of chaos, which occurs at s = 0.05284.
The largest exponent is near zero between the first bifurcation and the onset of chaos, providing evidence for
the existence of at least one persistent complex conjugate pair of eigenvalues with modulus one (assuming a
Jacobian can be constructed) — e.g. a persistent quasi-periodic orbit.

Considering Fig. (8.2), near the onset of chaos the exponent becomes negative over a very short s
interval. Ignoring all the intermediate bifurcations, let us briefly consider the onset of chaos via Fig. (8.3).
Considering this figure, there is an apparent periodic orbit, followed but what might be a period doubling
bifurcation, followed by what could be a complicated bifurcation structure. Besides noting this for general
interest and completeness, we will refrain from a further discussion of this small interval since this behavior
seems to disappear for high-dimensional networks and is not particularly related to the point of this thesis.

We will begin our presentation of phase-space figures at the second bifurcation. The second bifurcation
is the obvious in the bifurcation diagram, corresponding to the rapid change in the attractor size near
5 ~ 0.0275. The locations and nature of these bifurcations can’t be determined by a consideration of the
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Figure 8.6: Phase plots on either side of the 4*" bifurcation, s = 0.0512 and s = 0.0514 respectively. The
bifurcation occurs at s ~ 0.05124

Lyapunov spectrum or the largest Lyapunov exponent, although considering the Lyapunov spectrum it is
clear that such a bifurcation does occur. The second bifurcation appears to be from a 1-torus to a 2-torus
as shown in Fig. (8.4).

The phase-space plots on either side of the third bifurcation, which is not clearly apparent in the bifurca-
tion diagram or in the Lyapunov spectrum as we will see, is depicted in Fig. (8.5). By this point, the smooth
looking torus-like object from Fig. (8.4) has become “kinked” significantly before the third bifurcation. At
the third bifurcation, the torus-like, two-dimensional object becomes a one-dimensional object. Thus the
third bifurcation is from a 2-torus to a 1-torus and occurs at s ~ 0.0466. The 1-torus is a severely “kinked”
quasi-periodic orbit.

Considering the phase-space plots on either side of the fourth bifurcation in Fig. (8.6), one might
conclude that there our example has undergone a period doubling of the quasi-periodic orbit. An analytical
explanation of such a bifurcation is yet an open problem, but it is likely a “Neimark-Sacker-Flip” bifurcation.
We will refrain from a further discussion of this bifurcation, directing the interested reader to chapter 9 of
(70).

We will refrain from showing figures for the fifth bifurcation, simply noting that it is a bifurcation from
this quasi-periodic orbit on the 1-torus to a high-period, periodic orbit. Rather, we will skip to what we
will call the sixth bifurcation. Figure (8.7) demonstrates the final bifurcation into chaos from a high-period,
periodic orbit. However, in our particular example, considering Fig. (8.3), just before the onset of chaos,
there is a likely a sequence of bifurcations. We will not belabor this further, as little insight is gained
from a further consideration, and this sequence of bifurcations just before the onset of chaos appears to be



58

15

20

"$=0.052" "$=0.055"

104 15 |

10 -

()
o
()

-0 ] 10

.15 . . . . . .15 . . . . . .
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 20

X(t-1) x(t-1)

Figure 8.7: Phase space plot near the 6" bifurcation — s = 0.052 and s = 0.053 respectively. The bifurcation
occurs at s ~ 0.05294.

002 T T T T T T T T

-0.02

0.04 BB

-0.06 ]

-0.08 F——

LCE spectrum

-0.12 r

-0.14 r

0.01

Figure 8.8: Lyapunov spectrum the (typical) network; n = 32, d = 64.

increasingly rare as the dimension increases.

Before discussing what can be gleaned from the Lyapunov spectrum data, we must make a few comments
with respect to the data plotted in Fig. (8.8). If one were to pick an s value along the s interval (0,0.03)
and count the number of Lyapunov exponents, it is likely that one could often only identify roughly half the
number of exponents that might be expected. There is a simple reason for this, if one were to consider the
eigenvalues of the variational differential equation,® nearly all the eigenvalues are complex conjugate pairs,
and hence the pairs of nearly equal Lyapunov exponents. This in a sense, implies a lot of rotation, but as
this can depend upon the coordinate system, little can be said in this regard. Nevertheless, from a practical
point of view, this implies sink behavior in all directions. The point is that the “largest” exponent is actually
pair of nearly equal exponents. This is true of at least the ten largest “exponents,” and often this is true
of all of the “exponents” on (0,0.03). The Neimark-Sacker style bifurcations to periodic orbits and tori are
due to those pairs of exponents. If the bifurcations were of real eigenvalues, there would not be pairs of
Lyapunov exponents of equal magnitude.

3See page 36 of (15) for a definition of the variational differential equation. In practical terms, we are referring to something
like the eigenvalues of the local “Jacobian” of the network at a specific time.
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On the s interval ~ (0,0.03), nearly all the exponents come in pairs, all the lines represent two exponents.
Much of this is related to the numerical stability issues related to the linear algebra engines used to calculate
the exponents. This is a fundamental and common problem in matrices with many nearly equal, and hence
degenerate eigenvalues. This issue lies in the standard algorithm’s ability to accurately orthogonalize the
eigenvalues and eigenvectors, for more information see (49) and (54). At s ~ 0.03 the negative exponents
begin to split apart. This cascade continues to occur from the most negative exponents to the largest
exponents, in that order, up to the onset of chaos. By the onset of chaos, there exists 64 distinct exponents,
one for each dimension. In fact, by s ~ 0.052, all the exponent pairs are observably split. It is possible that
this is the first time this phenomena has been observed. There are several interpretations for such behavior;
we will sketch our interpretation. In the interval where the exponents exist in nearby pairs, the dynamics
are dominated by rotation in nearly all eigen-directions, and the many nearly equal local eigenvalues cause
numerical stability problems.

As the s parameter is increased, the, rotating directions become less degenerate, and the lower exponents
begin to separate. This phenomena has very little to do with the overall dynamics when the eigenvalues
are strongly negative since these directions are so strongly contracting that they are not observed on the
attractor after transients die out. As the s parameter is further increased, more pairs of Lyapunov exponents
separate until the neutral directions begin to separate — this is the break up of the tori and the onset of
turbulence.* We are displaying an example of the Ruelle-Takens scenario which contrasts the Landau and
Hopf turbulence model. Strange attractors are not a collection of interacting quasi-periodic orbits or a
rotating soup, but rather, distinct directions of expansion, contraction a la axiom A, and a little bit of
rotation (neutral directions). This example, and Fig. (8.8) display this distinction in a very nice way. This
cascade from all coincident to all non-coincident Lyapunov exponents was unexpected.

The first bifurcation is relatively easy to identify in Fig. (8.8), it occurs at a relative maximum of the
largest overlaying set of exponents in the spectrum at s = 0.0135. This signals the Neimark-Sacker type first
bifurcation, as expected. In our experience, the first bifurcation can be determined from the full spectrum
reliably. The second bifurcation is also, relatively obvious at s = 0.02755, and corresponds to the relative
maximum of the six (three pairs) largest exponents. This would signal the existence of a torus of some
type, but due to the numerical stability issues it is difficult to make a definitive statement regarding the
dynamics. Nevertheless, by the second bifurcation point, there clearly exists at least a 2-torus. Near the third
bifurcation the Lyapunov spectrum becomes significantly more complicated — due to the numerical accuracy
issues we dare not make a claim with respect to how many exponents are actually zero; however, it appears
as if there are several. The onset of chaos is vague, but chaos can clearly be identified by s = 0.8. Likewise,
considering Figs. (8.8) and (8.2), the respective largest Lyapunov exponents begin to be indistinguishable at
s = 0.08. The secondary bifurcations cannot be identified, however, and it is this problem that has hindered
the full statistical study.

The previous information can be summarized in the following table for which the location of the various
bifurcations is given as observed via the bifurcation diagram, the largest Lyapunov exponent, the phase
space diagrams, and the Lyapunov spectrum:

4With the break up of the commensurate directions, our numerical stability returns, see (6) or (4) for more regarding the
dynamics after this transition
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Bif. number | s at the 1°¢ | s at the 2% | s at the 3" | s at the 4® | s at the 5'* | s at the 6"
Largest Lya- | 0.0135 — — — 0.05183 0.05289
punov expo-

nent

Bif. dia- | 0.0135 0.02755 — — — 0.0525
gram

Phase space | 0.0135 0.02754 0.04667 0.05124 0.05183 0.05289
diagram

Lyapunov 0.0135 0.02755 — — — 0.053
spectrum

Transition T! T? T! T! 70 Chaos
to:

Putting this all together into a unified picture, it is likely that the first bifurcation, of type Neimark-
Sacker, occurs at s = 0.0135. The second bifurcation occurs at s = 0.02754 is a bifurcation from T to T2
The third bifurcation, which occurs at s = 0.04667 is a bifurcation from T2 back to 7. The fourth bifurcation
appears to be a period-doubling like bifurcation from T to T'. The fifth bifurcation is a bifurcation from
the quasi-periodic orbit to a very high-period orbit. Following this is a very subtle sequence of bifurcations
followed by the onset of chaos at s = 0.05289.

All the other observed cases with d = 64 were variations on a theme. We have observed more and fewer
bifurcations between the first bifurcation and chaos, but all the bifurcations are relatively similar. Period-
doubling cascades and such routes are rare — they occur in less than one percent of 64-dimensional networks
with our weight distribution (i.e. we did not observe a period doubling route to chaos in the 500+ networks
we considered for this report). Only five percent of the first bifurcations are due to real eigenvalues, and
there never exist cascades of multiple real bifurcations.> The most common route to chaos we observed is a
cascade of bifurcations between T, T2, and high-period, periodic orbits; 3-tori are rare in our experience,
we never observed one in nearly 500 cases.

As this discussion is intended as a survey of our space of neural networks along the route to chaos, let us
list current and future directions of work:

i. a specific numerical analysis of each of the bifurcations in this example that can be compared to the
theory; specifically the second and third bifurcations which are likely of low codimension;

ii. an analytical normal form calculation — again starting with the early bifurcations along the route;

iii. a study of Lyapunov spectrum calculation technique a la (42), (41), (126), (18), or (118) — these
networks form a nice set of high-dimensional mappings to study Lyapunov spectrum calculation schemes
since our mappings are high dimensional, not pathological, and are not, as high-dimensional maps go,
computationally intensive to use; very often, upon the presentation of a new Lyapunov spectrum
computation algorithm the test cases are very low dimensional dynamical systems for which numerical
stability is rarely a problem,;

iv. a brute force — by hand — statistical study of the bifurcation sequences in these networks;

v. a more numerically accurate Lyapunov spectrum calculation routine that can be used for a full statis-
tical analysis of the routes to chaos in this set of dynamical systems;

vi. a systematic investigation of the dependence on the number of neurons;

vi. a systematic investigation of the sensitivity of the weight distribution;

5By cascades of real bifurcations we are, in general, referring to the period doubling cascade. Cascades of fold bifurcations
are always unlikely do to the very nature of the fold bifurcation.
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vii. constraints on weight distributions which lead to dynamics similar to a particular physical phenomenon,
leading to a better understanding for how special a physical phenomena is relative to a general function
space.

Our results help extend the current analytical results in the sense that we have a practical way of observing
transitions along an interval in parameter space. Further, we present a framework such that the parameter
set for which the claimed non-generic tori and persistent quasi-periodic behavior can be more concretely
understood. Based on our observations, in high dimensions, the quasi-periodic route to chaos, often with a
cascade of bifurcations is the dominant route. We observe what is predicted to occur according to the Ruelle-
Takens route, but the bifurcation cascade is significantly more complicated than 70 — T' — T2 — chaos.
The bifurcation cascade often involves successive bifurcations between tori with dimension< 2.
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Chapter 9

Region IV - The Bifurcation Chain
Region

9.1 Definitions for numerical arguments

Since we are conducting a numerical experiment, we will present some notions needed to test our conjectures
numerically. We will begin with a notion of continuity. The heart of continuity is based on the following
idea: if a neighborhood about a point in the domain is shrunk, this implies a shrinking of a neighborhood
of the range. However, we do not have infinitesimals at our disposal. Thus, our statements of numerical
continuity will necessarily have a statement regarding the limits of numerical resolution below which our
results are uncertain.

Let us now begin with a definition of bounds on the domain and range:

Definition 20 ( €,um) €num is the numerical accuracy of a Lyapunov exponent, ;.
Definition 21 (d,um) Onum s the numerical accuracy of a given parameter under variation.

Now, with our €,y and 0., defined as our numerical limits in precision, let us define numerical
continuity of Lyapunov exponents.

Definition 22 (num—continuous Lyapunov exponents) Given a one-parameter map f : R* x R? — R?,
f € C", r >0, for which characteristic exponents x; exist for a given set of initial conditions. The map
f is said to have num-continuous Lyapunov exponents at (ju,r) € R x R if for €qum > 0 there ewists a
Onum > 0 such that if:

|S—S/| < 5num (91)

then
IX5(8) = X;(8")| < €num (9.2)
for s,s" € RY, for all j € N such that 0 < j < d.

Another useful definition related to continuity is that of a function being Lipschitz continuous.

Definition 23 (num—Lipschitz) Given a one parameter map f : R* x R* — R, f € C", r > 0, for which
characteristic exponents x; exist at a fized set of initial conditions, the map f is said to have num-Lipschitz
Lyapunov exponents at (u,x) € R x R if there exists a real constant 0 < ky, such that

X3 (8) = X5()] < hy,ls = &'l (9-3)
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Further, if the constant ky, <1, the Lyapunov exponent is said to be contracting' on the interval [s, s'] for
all s’ such that |s — §'| < dpum.-

Note that neither of these definitions imply strict continuity since neither €., nor d,,, are infinitesimals,
but rather, they provide bounds on the difference between the change in parameter and the change in
Lyapunov exponents. It is important to note that these notions are highly localized with respect to the
domain in consideration. We will not imply some sort of global continuity using the above definitions,
rather, we will use these notions to imply that Lyapunov exponents will continuously (within numerical
resolution) cross through zero upon parameter variation. We can never numerically prove that Lyapunov
exponents don’t jump across zero, but for most computational exercises, a jump across zero that is below
numerical precision is not relevant. This notion of continuity will aid in arguments regarding the existence
of periodic windows in parameter space.
Let us next define a Lyapunov exponent zero-crossing;:

Definition 24 (Lyapunov exponent zero-crossing) A Lyapunov exponent zero-crossing is simply the
point sy, in parameter space such that a Lyapunov exponent continuously (or num—continuously) crosses
zero. e.g. for s — 6, x; > 0, and for s+ 9, x; < 0.

For this thesis, a Lyapunov exponent zero-crossing is a transverse intersection with the real line. For
our networks, non-transversal intersections of the Lyapunov exponents with the real line certainly occur,
but for region IV, they will be seen to be extremely rare. As previously seen however, along the route-
to-chaos for our networks, such non-transversal intersections are common. Orbits for which the Lyapunov
spectrum can be defined (in a numerical sense, Lyapunov exponents are defined when they are convergent),
yet at least one of the exponents is zero, are called non-trivially num-partially hyperbolic. We must be
careful making statements with respect to the existence of zero Lyapunov exponents implying the existence
of corresponding center manifolds E¢ as we do with the positive and negative exponents and their respective
stable and unstable manifolds.

Lastly, we define a notion of denseness for a numerical context. There are several ways of achieving such
a notion — we will use the notion of a dense sequence.

Definition 25 (e-dense) Given an € > 0, an open interval (a,b) C R, and a sequence {ci,...,cn},
{c1,...,¢n} is e-dense in (a,b) if there exists an n such that for any © € (a,b), there is an i, 1 <i < n, such
that dist(z, c;) < e.

In reality however, we will be interested in a sequence of sequences that are “increasingly” e-dense in an
interval (a,b). In other words, for the sequence of sequences

1 1
C].’ SEEN -
2 . 2

where n; 11 > n; (i.e. for a sequence of sequences with increasing cardinality), the subsequent sequences for
increasing n; become a closer approximation of an e-dense sequence. Formally —

Definition 26 (Asymptotically Dense (a—dense)) A sequence S; = {c{,...,c{”} C (a,b) of finite
subsets is asymptotically dense in (a,b), if for any € > 0, there is an N such that S; is e-dense if j > N.

For an intuitive example of this, consider a sequence S of k numbers where g, € S, g € (0,1). Now
increase the cardinality of the set, spreading elements in such a way that they are uniformly distributed over
the interval. Density is achieved with the cardinality of infinity, but clearly, with a finite but arbitrarily
large number of elements, we can achieve any approximation to a dense set that we wish. There are, of

INote, there is an important difference between the Lyapunov exponent contracting, which implies some sort of convergence
to a particular value, versus a negative Lyapunov exponent that implies a contracting direction on the manifold or in phase
space.
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course, many ways we can have a countably infinite set that is not dense, and, since we are working with
numerics, we must concern ourselves with how we will approach this asymptotic density. We now need a
clear understanding of when this definition will apply to a given set. There are many pitfalls; for instance,
we wish to avoid sequences such as (1, %, %, ceey %, -++). We will, in the section that addresses a—density,
state the necessary conditions for an a—dense set for our purposes.

9.2 Conjectures with respect to dynamics in region IV along a 1-d
interval

The point of this exercise is verifying three properties of C” maps along a one-dimensional interval in
parameter space. The first property is the existence of a collection of points along an interval in parameter
space such that hyperbolicity of the mapping is violated. The second property, which is really dependent
on the first and third properties, is the existence of an interval in parameter space of positive measure such
that topological change (in the sense of changing numbers of unstable manifolds) with respect to slight
parameter variation on the aforementioned interval is common. The final property we wish to show, which
will be crucial for arguing the second property, is that on the aforementioned interval in parameter space,
the topological change will not yield periodic windows in the interval if the dimension of the mapping is
sufficiently high. More specifically, we will show that the ratio of periodic window size to parameter variation
size (Js) goes to zero on our chosen interval.

Condition 1 Given a map (neural network) as defined in section (4.2), the Lyapunov exponents are (locally)
num-continuous with respect to s.

There are many counterexamples to this condition, so many of our results will rest upon our ability to
show how generally the above condition applies in high-dimensional systems.

Definition 27 (Chain link set) Assume f is a mapping (neural network) as defined in section (4.2). A
chain link set is denoted:

V={seR|x;(s)#0 forall0<j<d
and x;(s) > 0 for some j > 0}
If x;(s) for j =1,...,d are continuous at its Lyapunov exponent zero-crossing, then V' is open. Next, let

C be a connected component of the closure of V., V. It can be shown that C;, N V is a union of countable
(if the Lyapunov exponents are continuous), disjoint, adjacent open intervals of the form |J,(a;, aiy1)-

Definition 28 (Bifurcation link set) Assume f is a mapping (neural network) as defined in section (4.2).
Denote a bifurcation link set of C,y NV as:

Vi = (a;, ait1) (9.4)

The number of positive Lyapunov exponents is constant on V; C V for all 7. If the number of positive
Lyapunov exponents for V; is greater than the number of positive Lyapunov exponents for V; 1, V is said to
be LCE decreasing. Specifically, the endpoints of V;’s are the points where there exist Lyapunov exponent
zero crossings. We are not particularly interested in these sets, however; rather we are interested in the
collection of endpoints of these sets.

Definition 29 (Bifurcation chain subset) Let V' be a chain link set, and Cy a connected component of
V. A bifurcation chain subset of C\, NV is denoted:

Up = {a:} (9.5)

or equivalently:

U =9(CrNV) (9.6)
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U ={a}

Nz a; a, as

Figure 9.1: An intuitive diagram for chain link sets, V', bifurcation link sets, V;, and bifurcation chain sets,
U. for an LCE decreasing chain link set V.

For our purposes in this work, we will consider a bifurcation chain subset U such that a; corresponds to
the last zero crossing of the least positive exponent and b,, will depend upon the specific case and dimension.
In a practical sense, a; ~ 0.5 and b, ~ 6. For higher-dimensional networks, b,, ~ 6 will correspond to a
much higher n than for a low-dimensional network. For an intuitive picture of what we wish to depict with
the above definitions, consider figure (9.1).

9.2.1 Conjectures with respect to a 1-d interval in parameter space

We will now state the conjectures, followed by some definitions and an outline of what we will test and why
those tests will verify our claims.

Conjecture 5 (Hyperbolicity violation) Assume f is a mapping (neural network) as defined in section
(4.2) with a sufficiently high number of dimensions, d. There exists at least one bifurcation chain subset U.

The intuition arises from a straightforward consideration of the neural network construction in section
(4.2). From consideration of our specific neural networks and their activation function, tanh(), it is clear
that variation of the scaling parameter, s, on the variance of the interaction weights w, forces the neural
networks from a linear region, through a non-linear region, and into a binary region. This implies that, given
a neural network that is chaotic for some value of s, upon the monotonically increasing variation of s from
zero, the dynamical behavior will begin at a fixed point, proceed through a sequence of bifurcations, become
chaotic, and eventually become periodic. If the number of positive Lyapunov exponents can be shown to
increase with the dimension of the network and if the Lyapunov exponents can be shown to vary (relatively)
continuously with respect to parameter variation with increasing dimension, then there will be many points
along the parameterized curve such that there will exist neutral directions. The ideas listed above provide
the framework for computational verification of conjecture (6). We must investigate conjecture (5) with
respect to the subset U becoming a — dense in its closure and the existence of very few (ideally a single)
connected components of V.

Conjecture 6 (Existence of a Codimension e bifurcation set) Assume f is a mapping (neural net-
work) as defined in section (4.2) with a bifurcation chain set U as per conjecture (5). The two following
(equivalent) statements hold:
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=N - codim(N)=0
== 0 — codim(O)=1
M

. =N chaotic dynamics with
dense LE zero crossings

Figure 9.2: The top drawing represents various standard pictures from transversality theory. The bottom
drawing represents an idealized version (in higher dimensions) of transversality catering to our arguments.

i. In the infinite-dimensional limit, the cardinality of U will go to infinity, and the length max |a;+1 — a;]
for all i will tend to zero on a one dimensional interval in parameter space. In other words, the

bifurcation chain set U will be a—dense in its closure, V.

it. Given an arbitrarily small perturbation o5 of s, there will exist a dimension (in the asymptotic limit
of high dimension) such that f will undergo a topological change on the interval [s — ds,s + 5] where
by topological change we mean a different number of global stable and unstable manifolds for f at s
compared to f at s+ 6.

Assume M is a C" manifold of topological dimension d and N is a submanifold of M. The codimension
of N in M is defined codim(N) = dim(M) — dim(N). If there exists a curve p through M such that p is
transverse to N and the codim(NN) < 1, then there will not exist an arbitrarily small perturbation to p such
that p will become non-transverse to N. Moreover, if codim(N) = 0 and p(| N C int(N), then there does
not even exist an arbitrarily small perturbation of p such that p intersects IV at a single point of N.

The former paragraph can be more easily understood via figure (9.2) where we have drawn four different
circumstances. This first circumstance, the curve p; N N, is an example of a non-transversal intersection
with a codimension 0 submanifold. This intersection can be perturbed away with an arbitrarily small
perturbation of p;. The intersection, po NV, is a transversal intersection with a codimension 0 submanifold,
and this intersection cannot be perturbed away with an arbitrarily small perturbation of ps. Likewise, the
intersection, p; N O, which is an example of a transversal intersection with a codimension 1 submanifold
cannot be made non-transverse or null via an arbitrarily small perturbation of p;. The intersection poNO is a
non-transversal intersection with a codimension 1 submanifold and can be perturbed away with an arbitrarily
small perturbation of py. This outlines the avoid-ability of codimension 0 and 1 submanifolds with respect
to curves through the ambient manifold M. The point is that non-null, transversal intersections of curves
with codimension 0 or 1 submanifolds cannot be made non-transversal with arbitrarily small perturbations
of the curve. Transversal intersections of curves with codimension 2 submanifolds, however, can always be
removed by an arbitrarily small perturbation due to the existence of a “free” dimension. A practical example
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of such would be the intersection of a curve with another curve in R?> — one can always pull apart the two
curves simply by “lifting” them apart.

To understand roughly why we believe conjecture (6) is reasonable, first take condition (1) for granted (we
will expend some effort showing where condition (1) is reasonable). Next assume there are arbitrarily many
Lyapunov exponents near zero along some interval of parameter space and that the Lyapunov exponent zero-
crossings can be shown to be a—dense with increasing dimension. Further, assume that on the aforementioned
interval, V is LCE decreasing. Since varying the parameters continuously on some small interval will move
Lyapunov exponents continuously, small changes in the parameters will guarantee a continual change in the
number of positive Lyapunov exponents. One might think of this intuitively relative to the parameter space
as the set of Lyapunov exponent zero-crossings forming a codimension 0 submanifold with respect to the
particular interval of parameter space. However, we will never achieve such a situation in a rigorous way.
Rather, we will have an a—dense bifurcation chain set U, which will have codimension 1 in R with respect
to topological dimension.

Conjecture 7 (Periodic window probability decreasing) Assume f is a mapping (neural network)
as defined in section (4.2) and a bifurcation chain set U as per conjecture (5). In the asymptotic limit of
high dimension, the length of the bifurcation chain sets, | = |a,, — a1]|, increases such that the cardinality of
U — m where m is the mazimum number of positive Lyapunov exponents for f.2 In other words, there will
exist an interval in parameter space (e.g. s € (a1,an) ~ (0.1,4)) where the probability (and length) of the
existence of a stable periodic window will go to zero (with respect to Lebesque measure on the interval) as
the dimension becomes large.

This conjecture is somewhat difficult to test for a specific function since adding dimensions (inputs)
completely changes the function. Thus the curve through the function space is an abstraction we are not
afforded by our construction. In this work, conjecture (15) addresses a very practical matter, for it implies
the existence of a much smaller number of bifurcation chain sets. The previous conjectures allow for the
existence of many of these bifurcation chains sets, U, separated by windows of periodicity in parameter
space. However, if these windows of periodic dynamics in parameter space vanish, we could end up with
only one bifurcation chain set — the ideal situation for our arguments. We will not claim such; however, we
will claim that the length of the set U we are concerned with in a practical sense will increase with increasing
dimension, largely due to the disappearance of periodic windows on the closure of V. With respect to this
report, all that needs be shown is that the window sizes along the path in parameter space for a variety of
neural networks decreases with increasing dimension. From a qualitative analysis it will be somewhat clear
that the above conjecture is reasonable.

If this were actually making statements we could rigorously prove, conjectures (5), (6), and (15) would
function as lemmas for conjecture (8).

Conjecture 8 Assume f is a mapping (neural network) as defined in section (4.2) with a sufficiently high
number of dimensions, d, a bifurcation chain set U as per conjecture (5), and the chain link set V. The
perturbation size 85 of s € Cpaw, where Craz is the largest connected component of V., for which fles
remains structurally stable goes to zero as d — oo.

Specific cases and the lack of density of structural stability in certain sets of dynamical systems has been
proven long ago. These examples were, however, very specialized and carefully constructed circumstances and
do not speak to the commonality of structural stability failure. Along the road to investigating conjecture (8)
we will show that structural stability will not, in a practical sense, be observable for a large set of very high-
dimensional dynamical systems along certain, important intervals in parameter space even though structural
stability is a property that will exist on that interval with probability one (with respect to Lebesgue measure).
To some, this conjecture might appear to contradict some well-known results in stability theory. A careful
analysis of this conjecture, and its relation to known results will be discussed in section (11.2).

The larger question that remains, however, is whether conjecture (8) is valid on high-dimensional surfaces
in parameter space. We believe this is a much more difficult question with a much more complicated

2In other words, for every i, V; and Vj;1 can be made into a connected set by adding their common boundary point



68

answer. We can, however, speak to a highly related problem, the problem of whether chaos persists in
high-dimensional dynamical systems. Thus, let us now make a very imprecise conjecture that we will make
more concise in a later section.

Conjecture 9 Chaos is a robust, high-probability behavior for high-dimensional, bounded, nonlinear dynam-
ical systems.

This is not a revelation (as previously mentioned, many experimentalists have been attempting to break
this robust, chaotic behavior for the last hundred years), nor is it a particularly precise statement. We have
studied this question using neural networks much like those described in section (4.2), and we found that for
high-dimensional networks with a sufficient degree of nonlinearity, the probability of chaos was near unity
(32). Over the course of investigation of the above claims, we will see a qualitative verification of conjecture
(9). A more complete study will come from combining results from this study with a statistical perturbation
study and combined with a study of windows proposed by (16) and the closing lemma of Pugh (101).

9.3 Conjectures with respect to dynamics in region IV with re-
spect to general parameter perturbation in RV(@+2)+1,

We now briefly discuss aspects of the windows conjecture related to the conjectures and results of stable
ergodicity and the closing lemma. We will then state the conjectures we will be investigating for our chosen
set of dynamical systems.

9.3.1 Comments regarding the windows conjecture

In a sense, the windows conjecture of Barreto et. al. (16) is a parameter perturbation version of the closing
lemma of Pugh (101) and Pugh and Robinson (103). It is useful to relate the windows conjecture to the
work of others as it will help highlight why we believe our ideas are relevant.

9.3.1.1 The windows conjecture and the closing lemma.

The closing lemma and the attempts to prove the closing lemma say much about the windows conjecture
and the notion of fragile dynamical systems. We will briefly discuss this here, saving an in-depth discussion
for a different report. Begin by limiting parameter variations of the diffeomorphism f to those that yield C*
close approximations of f. Given an f € C'! on a compact manifold, the closing lemma says there will exist
a g at q that is C* close to f at p, where ¢ = h(p), h is a diffeomorphism, p is a non-trivial recurrent point
of the non-wandering set of f, and ¢ is a periodic point of the non-wandering set of f. The point ¢ might
be very rare in a measure-theoretic sense, but dense in the non-wandering set — regardless of the dimension
of the dynamical system. The windows conjecture says that, given f € C! and a compact invariant set A,
if there exists a periodic ¢ = h o g o h~! where h is a diffeomorphism that maps f to a nearby set of initial
conditions via a parameter change, and h can achieve this on an open set (maybe small) in parameter space,
then f is fragile. Based on the closing lemma, a dynamical system being fragile is likely rare since a full
measure set (e.g. an open set) near A that yields stable periodic orbits is likely uncommon (e.g. axiom
A diffeormorphisms). There do exist ergodic attractors with no periodic points, but we will refrain from
constructing such an example here. The g however, is likely rare. The windows conjecture claims that
if more parameters are changed on f generating the g than there are positive Lyapunov exponents, then
the set of parameter changes that will lead to windows is dense. The closing lemma says nothing about
this issue directly as there are an infinite number of parameters involved with C! perturbations with which
to construct the g, but even with an infinite number of parameters, the ¢g’s are difficult to construct. If
we consider perturbations that yield C" (r > 1) close approximations, the windows conjecture is unlikely
to hold, since the g is unlikely to exist (102). The main differences between the closing lemma and the
windows conjecture are: in the closing lemma g is achieved by a general C' perturbation versus in the
windows conjecture g is achieved via a parameter change; in the closing lemma there only needs to exist a



69

single periodic point near the non-trivial recurrent point versus in the windows conjecture, where the set of
periodic points for the g must be full measure near the invariant set.

9.3.1.2 The windows conjecture and stable ergodicity.

In relating stable ergodicity to the windows conjecture, we will begin with a proposition from which the
intuition for two conjectures will follow.

Proposition 1 (Axiom A and fragile attractors) Assume an f € C"(M) r > 0 such that f satisfies
axiom A. The diffeormophism is not fragile.

Proof: This result follows clearly from the definitions — axiom A attractors have dense but measure zero
periodic points on the non-wandering set.

It is likely that stable ergodic attractors are not fragile. There exist stable ergodic attractors that have
no periodic points, and axiom A attractors are stably ergodic (106) (95). However, in general whether stable
ergodic attractors can be fragile is unknown.

Conjecture 10 (Fragile and stable ergodic attractors) Assume a mapping f € C*(M, M) where M
is a compact, boundaryless manifold, with a parameter, a € R™. If f is fragile, f is not stably ergodic.
Likewise, if f is stably ergodic, [ is not fragile.

The strongest result one might hope to achieve with respect to the commonality of fragile attractors
would be that they are non-residual amongst partially hyperbolic dynamical systems. Adding the existence
of a neutral direction seems to add little with respect to the measure of periodic points; we will refrain from
discussing a proof, and simply make the following conjecture:

Conjecture 11 (Fragility is not residual) Fragility is a non-residual property among C" (r > 0), par-
tially hyperbolic diffeomorphisms.

9.3.1.3 The windows conjecture and k-degree LCE stability.

Finally, we would like to make the connection between fragile attractors, which will we do with the following
proposition.

Proposition 2 (k-degree LCE stability and fragility) Assume a (dissipative) mapping f € C"(M, M),
r > 2, with a parameter, a € R"™, which maps a compact, d-dimensional, boundaryless manifold M to itself.
The mapping f is robustly chaotic (we are assuming the Lyapunov exponents can be defined and exist) on a
subset V.C RP where dim(V) = p if and only if f is not fragile on V.

Proof: follows clearly from the definitions and by noting that M is compact — in our definition of robust
chaos, the chaos must hold on the full Lebesgue measure set of initial conditions.

This proposition says nothing of the commonality of either k-degree LCE stability or fragile attractors;
that is a topic that will be discussed over the course of the rest of this thesis. The relationship between
k-degree robust chaos and a fragile attractor is quite distinct. We claim that both phenomena exist — that
there are regions of parameter space in our networks for which the attractors are fragile and regions of the
parameter space for which the attractors have k-degree robust chaos. We will only be addressing the latter
in this thesis. One key claim we would like to make is that the dimension of the dynamical system matters
when it comes to stability with respect to perturbations.

9.3.1.4 On the existence of spine loci

We will claim that for our neural networks, there exists a substantial portion of parameter space such that
periodic windows either will not exist, or are extremely rare as the dimension of the network is increased.
However, we will need to formulate some questions which yield themselves to our construction. Thus, we will
focus on the existence and relevance of spines, since spine loci are the mechanism upon which the existence
of windows is based.
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Conjecture 12 (Non-existence of spine loci in high dimensional dynamical systems) Assume a
dynamical system f as given in section (4.2), for sufficiently high dimension, there will exist a connected
subset (with more than one element) of parameter space such that there will exist no spine locus points.

Why we believe this conjecture is reasonable is based upon arguments we will present in sections (9.6)
and (9.7). In the previously mentioned sections we will also define the subset of parameter space on which
we believe this conjecture will hold.

9.3.2 Robust chaos in large dynamical systems

Omne major point of making a conjecture such as conjecture (2) is to be able to discuss whether variation in
dynamical behavior versus parameter variation (as opposed to general C" perturbation) is, in some sense,
common. The previous sections have either concentrated on the mechanisms relevant to conjecture (2) or
touched on the relationship between the windows conjecture and other stability conjectures and results. In
this section we will formally put forth four conjectures of our own (three new and one old) that we will later
provide a large body of computational evidence supporting.

Let us begin by making a statement with respect to the robustness of chaos for our dynamical systems
along an interval in parameter space.

Conjecture 13 (Robust chaos in large dynamical systems) Assume f is a mapping (neural network)
as defined in section (4.2) with a sufficiently large number of dimensions, d. There will exist an open interval
in parameter space (R*) for which chaos will be a robust dynamic.

In (4) we put forth the above conjecture in various forms and provide numerical evidence supporting it. Here,
however, we wish to extend this conjecture — we have considerable numerical evidence that suggests that
robust chaos does not just exist along a particular interval in parameter space, but rather on large open sets
in parameter space. In other words, instead of the robust chaos only being with respect to one parameter
that varies all the other parameters in a specific and dependent manner (our s parameter), chaos is robust
with respect to independent variation of all parameters up to a certain maximum perturbation. Hence the
following conjecture.

Conjecture 14 (Robust chaos with respect to parameter perturbation in RP) Assume f is a
mapping (neural network) as defined in section (4.2) with a sufficiently large number of dimensions, d, and
let p=N(d+2)+ 1. There will exist an open set V in RP (with significant Lebesgue measure) of parameter
space for which chaos will be a robust dynamic.

Let us make two comments with respect to this conjecture. First, we claim that the existence of chaos as a
robust dynamic depends on dimension; the set of parameter space such that chaos becomes robust increases
in size (with respect to Lebesgue measure) as the dimension of the dynamical system increases. The second
comment, which runs somewhat contrary to the windows conjecture, is that the stability of chaos as a
dynamic is related to the number of (linearly independent) parameters in the dynamical system. In fact, if
we have very few parameters, our neural networks will have considerably less robust chaos.

The intuition for the first comment originates from (32) where we note that for a certain portion of
parameter space, we observe nearly all networks are chaotic and the portion of the parameter space for
which chaos is the dominant dynamic increases with dimension. Further, for a given d and s, increasing N
produces an increased probability of chaos. This does not imply that perturbations of a particular network
will not yield periodic solutions, however.

The intuition for the second comment is somewhat more complicated. First, note the universal approxi-
mation of arbitrary order of derivatives is made possible with an arbitrary number of parameters — i.e. an
arbitrary number of neurons. As we increase the number of parameters in our neural networks, we can ap-
proach the possible perturbations available with respect to the C” perturbations in the C" topology. Recall,
if we are considering C' diffeomorphisms there will always exist a perturbation on the nonwandering set
that will yield a periodic orbit as per the closing lemma. However, for C" perturbations and approximations
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where 7 > 2, there does not exist a result for the existence of a periodic orbit near every non-wandering
point and the periodic orbits may not be stable. Since our dynamical systems are likely more than C', and
the perturbations are likely C” for r > 1, the closing lemma results might not apply and furthermore the
periodic orbits guaranteed by the closing lemma might not be stable. (It is hard to say what topology we
are in, and what derivative we are perturbing, thus it is difficult to relate our perturbations to the closing
lemma). If there ever is a closing lemma for C” for r > 2, surely with an infinite number of parameters
our networks will have periodic windows reachable via parameter perturbation. It is more likely that such
periodic orbits are unstable. How many such windows would still be an open question — we would claim
that even in such a circumstance, finding such a periodic window for a high-dimensional map would still be
extremely unlikely since stable periodic orbits are likely rare. Within our d-dimensional networks, nearly
all types of dynamics are possible, nevertheless, we do not believe perturbations of high-dimensional chaotic
systems will, in general, yield periodic solutions. It is likely that the chaotic behavior will not be perturbed
away by 1% order perturbations - hence it will take altering many more than k parameters (given the k
positive Lyapunov exponents) to destroy chaos. We can easily have 100 times as many parameters as dimen-
sions (and hence positive Lyapunov exponents) ~ N + 2%. Nearly all imaginable d-dimensional dynamics
exist, and there exists a path in parameter space between then — hence there will exist a path in parameter
space that will destroy all the positive Lyapunov exponents. However, such a path will likely be drastic (e.g.
require perturbations that are large compared to the size of the weights.)

As promised, we will make a conjecture regarding periodic window existence and structure of our own.
We will claim that, for our very general set of functions, as the dimension becomes large, periodic windows
over certain (sizable in Lebesgue measure) sets of parameter space will tend to zero or vanish.

Conjecture 15 (Periodic window probability diminishing) Assume f is a mapping (neural network)
as defined in section (4.2) with a sufficiently large number of dimensions, d. There will exist a set V € RP
(again let p = N(d+2)+ 1) of parameter space such that there will not exist periodic windows on a positive
Lebesgue measure set within V.

We think of conjecture (15) as a corollary (or a restatement) of conjecture (14).3 However since conjecture
(15) is much easier to study numerically, we will argue for conjecture (14) based on evidence for conjecture
(15). We perform a statistical study analyzing the probability of the existence of periodic windows given
random perturbations of all the parameters with respect to increasing dimension.

We are not claiming that for our set of dynamical systems periodic windows do not exist — certainly
they do.®. Rather we are claiming that we can find a large portion of parameter space such that given any
parameter variation below some threshold, there will not exist a periodic window in parameter space.

It is worth noting that there exists a large class of C'' dynamical systems for which robust chaos exists
(e.g. Anosov diffeomorphisms) - whether the attractors are always unique is a different question. The Milnor
attractor phenomena ((78) (66)) raises serious doubts about the existence of unique attractors. However,
there is a current conjecture by Palis that claims that the number of attractors for a dynamical system at
a set of parameter values is finite (91). We will reserve the topic of the existence of Milnor attractors and
uniqueness of chaotic attractors over open sets of initial conditions for another report.

We can do better than conjecture (14) which only claims 1-degree robust chaos. In general, if the
dimension of the network is greater than about 64, we can find a region of parameter space such that the
network exhibits %—degree robust chaos where £ is the maximum number of positive Lyapunov exponents.
We will make a conjecture regarding k-degree robust chaos as d — oo; saving an analysis specific to our
circumstance for section (9.7.3).

Conjecture 16 (k—robust chaos in large dynamical systems) Assume f is a mapping (neural net-
work) as defined in section (4.2) with a sufficiently large number of dimensions, d, and an arbitrarily large
number of parameters (neurons) p = N(d+ 2)+ 1. There will exist an open set in parameter space (RP) for
which chaos will be robust of degree k with k — 0o as d — oo.

3That this conjecture is a corollary of conjecture (14) assumes that the only possibility for the destruction of chaos is via
periodic and quasi-periodic orbits.
81n the region where the s parameter becomes large, there surely exists a complicated periodic window structure (3)
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Figure 9.3: LE spectrum: 32 neurons, 4 dimensions

9.4 Numerical preliminaries with respect to conjectures on a 1-d
curve in parameter space

Before we present our arguments supporting our conjectures we must present various preliminary results.
Specifically we will discuss the num-continuity of the Lyapuonv exponents, the a-density of Lyapunov ex-
ponent zero-crossings, and argue for the existence of an arbitrarily high number of positive exponents given
an arbitrarily large number of dimensions. With these preliminaries in place, the arguments supporting our
conjectures will be far more clear.

9.4.1 num-continuity

Testing for the num-continuity of Lyapunov exponents formally will be two-fold. First, we will need to
investigate, for a specific network, f, the behavior of Lyapunov exponents versus variation of parameters.
Second, indirect, yet strong, evidence of the num-continuity will also come from investigating how periodic
window size varies with dimension and parameter variation. It is important to note that when we refer to
continuity, we are referring to a very local notion of continuity. Continuity is always in reference to the set
upon which something (a function, a mapping, etc) is continuous. In the analysis below, the neighborhoods
upon which continuity of the Lyapunov exponents are examined are over ranges of plus and minus one
parameter increment. This is all that is necessary for our purposes, but this analysis cannot guarantee strict
continuity along, say, s € [0.1,10], but rather continuity along little linked bits of the interval [0.1, 10].

9.4.1.1 Qualitative analysis

Qualitatively, our intuition for num-continuity comes from examining hundreds of Lyapunov spectrum plots
versus parameter variation. In this vein, Figs. (9.3) and (9.4) present the difference between low and higher
dimensional Lyapunov spectra.

In Fig. (9.4), the Lyapunov exponents look continuous within numerical errors (usually £0.005). Figure
(9.4) by itself provides little more than an intuitive picture of what we are attempting to argue. As we will be
making arguments that the Lyapunov spectrum will become more smooth, periodic windows will disappear,
etc, with increasing dimension, Fig. (9.3) shows a typical graph of the Lyapunov spectrum versus parameter
variation for a neural network with 32 neurons and 4 dimensions. The contrast between Figs. (9.4) and (9.3)
illustrates the increase in continuity we are claiming.
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Figure 9.4: LE spectrum: 32 neurons, 64 dimensions.

Although a consideration of Figs. (9.3) and (9.4) yields an observation that, as the dimension is increased,
the Lyapunov exponents appear to be more continuous functions of the s parameter, the above figures alone
do not verify num—continuity. In fact, it should be noted that pathological discontinuities have been
observed in networks with as many as 32 dimensions. The existence of pathologies for higher dimensions is
not a problem we are prepared to answer in depth; it can be confidently said that as the dimension (number
of inputs) is increased, the frequency of pathologies appears to become vanishingly small (this is noted over
our observation of several thousand networks with dimensions ranging from 4 to 256).

9.4.1.2 Quantitative and numerical analysis

Our quantitative analysis will follow two lines. The first will be a specific analysis along the region of
parameter change for three networks with dimensions 4 and 64, respectively. This will be followed with a
more statistical study of a number of networks per dimension where the dimensions will range from 4 to 128
in powers of 2.

Consider the num-continuity of two different networks while varying the s parameter. Figure (9.5) is a
plot of the mean difference in each exponent between parameter values summed over all the exponents. The
parameter increment is ds = 0.01.

The region of particular interest is between s = 0 and 6. Considering this range, it is clear that the
variation in the mean of the exponents versus variation in s decreases with dimension. The 4-dimensional
network has many large spikes. As the dimension is increased, considering the 64-dimensional case, the
large spikes disappear. The spikes in the 4-dimensional case can be directly linked to the existence of
periodic windows and bifurcations that result in dramatic topological change. This is one verification of
num—continuity of Lyapunov exponents. These two cases are quite typical, but it is clear that the above
analysis, although quite persuasive, is not adequate for our needs. We will thus resort to a statistical study
of the above plots.

The statistical support we have for our claim of increased num-continuity will focus on the parameter
region between s = 0 and 64, the region in parameter space over which the maxima of entropy, Kaplan-Yorke
dimension, and the number of positive Lyapunov exponents exists. Figure (9.6) considers the num-continuity
along parameter values ranging from 0 to 6. The points on the plot correspond to the mean (over a few
hundred networks) of the mean exponent change between parameter values, or:

zZ d k k
1 1 IxF(s) = xi(s+ds
k=1
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Figure 9.5: num-continuity (mean of |x;(s) — xi(s + ds)| for each ¢) versus parameter variation: 32 neurons,
4 (left) and 64 (right) dimensions.
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Figure 9.6: Mean num-continuity, num-continuity of the largest and the most negative Lyapunov exponent
of many networks versus their dimension. The error bars are the standard deviation about the mean over
the number of networks considered.

summed over an interval of the s parameter where Z is the total number of networks of a given dimension
considered.

Figure (9.6) clearly shows that as the dimension is increased, for the same computation time, both the
mean exponent change versus parameter variation per network and the standard deviation of the exponent
change decrease substantially as the dimension is increased.* Of course the mean change over all the expo-
nents allows for the possibility for one exponent (possibly the largest exponent) to undergo a relatively large
change while the other exponents change very little. For this reason, we have included the num-continuity
of the largest and the most negative exponents versus parameter change. The num-continuity of the largest
exponents is very good, displaying a small standard deviation across many networks. The error in the most
negative exponent is inherent in our numerical techniques (specifically the Gram-Schmidt orthogonalization).
The mean error in the most negative exponent increases with dimension, but is a numerical artifact. This
figure yields strong evidence that in the region of parameter space where the network starts at a fixed point
(all negative Lyapunov exponents), grows to having the maximum number of positive exponents, and returns

4The mean num—continuity for d = 4 and d = 128 is 0.01540.03 and 0.004 £0.003, respectively. The mean num—continuity
of the largest exponent for d = 4 and d = 128 is 0.01 +0.03 and 0.002 = 0.004, respectively. The discrepancy between these two
data points comes from the large error in the negative exponents at high dimension.
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Figure 9.7: k-scaling: log, of dimension versus log, of num-Lipschitz constant of the largest Lyapunov
exponent.

to having a few positive exponents, the variation in any specific Lyapunov exponent is very small.
There is a specific relation between the above data to definition 23; num-Lipschitz is a stronger condition
than num-continuity of Lyapunov exponents. The mean num—continuity at n =32, d =4

|Xj(5 + Onum) — X3 (3)‘ < kdnum (9.8)
|0.02| < £|0.01] (9.9)

yielding k = 2 which would not classify as num-Lipschitz contracting, whereas for n = 32, d = 128 we arrive
at

|Xj (5 4+ dnum) — Xj ()] < kdpum (9.10)
|0.004| < k|0.01] (9.11)

which yields & = 0.4 which is less than one and thus does satisfy the condition for num-Lipschitz contraction.
Even more striking is the num-continuity of only the largest Lyapunov exponent; for n = 32, d = 4 we get

|Xj(3 + Onum) — Xj (s)| < Edpum (9.12)
|0.015| < k|0.01] (9.13)
which yields £ = 1.5, while the n = 32 d = 128 case is
|Xj (8 + Snum) — Xj ()] < kdnum (9.14)
|0.002| < k|0.01] (9.15)

which gives kK = 0.2. As the dimension is increased, k decreases, and thus num-continuity increases. As
can be seen from Fig. (9.6), the num-continuity is achieved rather quickly as the dimension is increased,;
the Lyapunov exponents are quite continuous with respect to parameter variation by 16 dimensions. For an
understanding in an asymptotic limit of high dimension, consider Fig. (9.7). As the dimension is increased
the log, of the dimension versus the log,(k,,) yields the scaling k ~ /( 2); thus as d — oo, ky, — 0, which
is exactly what we desire for continuity in the Lyapunov exponents versus parameter change. This completes
our evidence for the num-continuity in high-dimensional networks.

9.4.1.3 Relevance

Conjectures (5), (6), and (8) are all fundamentally based on condition (1). For the neural networks, all we
need to establish conjecture (5) is the num-continuity of the Lyapunov exponents, the existence of the fixed
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Figure 9.8: Positive LE spectrum for typical individual networks with 32 neurons and 16 (left) and 64 (right)
dimensions.

point for s near zero, the periodic orbits for s — oo, and three exponents that are, over some region of
parameter space, all simultaneously positive. The num-continuity of Lyapunov exponents implies, within
numerical precision, that Lyapunov exponents both pass through zero (and don’t jump from positive to
negative without passing through zero) and are, within numerical precision, zero.

9.4.2 a—density of zero crossings

Many of our arguments will revolve around varying s in a range of 0.1 to 6 and studying the behavior
of the Lyapunov spectrum. One of the most important features of the Lyapunov spectrum we will need
is a uniformity in the distribution of positive exponents between 0 and X4, Since we are dealing with a
countable set, we will refrain from any type of measure theoretic notions, and instead rely on a-density of the
set of positive exponents as the dimension is increased. Recall the definition of a-dense (definition (26)), the
definition of a bifurcation chain subset (definition (29)), which corresponds to the set of Lyapunov exponent
zero crossings, and the definition of a chain link set (definition (27)). Our conjectures will make sense if and
only if, as the dimension is increased, the bifurcation chain subsets become “increasingly” dense, or a-dense
in the closure of the chain link set (V). The notion of an a-dense bifurcation chain set in the closure of the
chain link set as dimension is increased provides us with the convergence to density of non-hyperbolic points
we need to satisfy our goals.

9.4.2.1 Qualitative analysis

The qualitative analysis will focus on pointing out what characteristics we are looking for and why we believe
a—density of Lyapunov exponent zero-crossings (a-dense bifurcation chain sets in the closure of the chain
link set) over a particular region of parameter space exists. A byproduct of this analysis will be a picture
of one of the key traits needed to support our conjectures. We will begin with figures showing the positive
Lyapunov spectrum for 16 and 64 dimensions.

Considering the 16-dimensional case, and splitting the s parameter variation into two regions, region a
- R, = [0,0.5], and region b - R, = [0.5,10]. We then partition up Ry using the bifurcation link sets, and
collect the zero crossings in the bifurcation chain sets.

We want the elements of the bifurcation chain sets to be spaced evenly enough so that, as the dimension
goes to infinity, variations in the s parameter on the chain link set will lead to a Lyapunov exponent zero-
crossing (and a transition from V; to V;11)®. Considering region b, we wish for the distance along the s
axis between Lyapunov exponent zero-crossings (elements of the bifurcation chain subset) to decrease as the
dimension is increased. If, as the dimension is increased, the Lyapunov exponents begin to “bunch-up” and

5Recall, the bifurcation chain sets will not exist when the zero crossings are not transverse.
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Figure 9.9: Number of positive LE’s for typical individual networks with 32 neurons and 32 (left) and 128
(right) dimensions.

cease to be at least somewhat uniformly distributed, the rest of our arguments will surely fail. For instance,
in region b of the left plot of Fig. (9.8), if the Lyapunov exponents were “clumped,” there will be many
holes where variation of s will not imply an exponent crossing. Luckily, considering the 64-dimensional case
given in Fig. (9.8), our desires seem to be met since the spacing between exponent zero-crossings is clearly
decreasing as the dimension is increased (consider the region [0.5,4]), and there are no point accumulations
of exponents. It is also reassuring to note that even at 16 dimensions, and especially at 64 dimensions, the
Lyapunov exponents are quite distinct and look num-continuous as previously asserted. The above figures
are, of course, only a picture of two networks; if we wish for a more conclusive statement, we will need
arguments of a statistical nature.

9.4.2.2 Quantitative and numerical analysis

Our analysis that specifically targets the a-density of Lyapunov exponent zero crossings focuses on an analysis
of plots of the number of positive exponents versus the s parameter.

Qualitatively, the two examples given in Fig. (9.9) (both of which typify the behavior for their respective
number of neurons and dimensions) exemplify the a-density for which we are searching. As the dimension
is increased, the plot of the variation in the number of positive exponents versus s becomes more smooth®,
while the width of the peak becomes more narrow. Thus, the slope of the number of positive exponents
versus s (i.e. the graph in figure (9.9)) between s = s, (sx is s where there exists the maximum number
of positive Lyapunov exponents), and s = 2 drops from —3 at d = 32 to —13 at d = 128. Noting that the
more negative the slope, the less variation in s is required to force a zero-crossing, it is clear that this implies
a—density of zero-crossings. We will not take that line of analysis further, but rather will give brute force
evidence for a-density by directly noting the mean distance between exponent zero-crossings.

It is important to note, however, that upon rescaling the plot with 32 dimensions to the plot with 128
(i.e. the 32-dimensional case seems about 1/4*" of the 128-dimensional case), the two plots nearly overlay.
This suggests a universal type scaling, and in this sense, the 32-dimensional plot is no more smooth than
the 128-dimensional plot.

From Fig. (9.10), it is clear that as the dimension of the network is increased, the mean distance between
successive exponent zero-crossings decreases. Note that measuring the mean distance between successive
zero-crossings both in an intuitive and brute force manner, verifies the sufficient condition for the a—density
of the set of s values for which there exist zero-crossings of exponents. The error bars represent the standard
deviation of the length between zero-crossings over an ensemble (several hundred for low dimensions, on the

6This increase in smoothness is not necessarily a function of an increased number of exponents. A dynamical system that
undergoes massive topological changes upon parameter variation will not have a smooth curve such as in Fig. (9.9), regardless
of the number of exponents.
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Figure 9.10: Mean distance (ds) between each of the first 10 zero crossings of LE’s for many networks with
32 neurons and 16, 32, 64, and 128 dimensions.

order of a hundred for d = 128) of networks. For the cases where the dimension is 16 and 32, the s increment
resolution was ds = 0.01. The error in the zero crossing distance for these cases is, at the smallest, 0.02,
while at its smallest the zero crossing distance is 0.49. Thus a resolution of 0.01 in the s variation is sufficient
to adequately resolve the zero-crossings. Such is not the case for 64 and 128-dimensional networks. For these
cases we were required to increase the s resolution to 0.005. The zero-crossings of a few hundred networks
considered were all examined by hand; the distances between the zero-crossings were always distinct, with a
resolution well below that necessary to determine the zero-crossing point. The errors were also determined
by hand, noting the greatest, and least point for the zero crossing. All the zero crossings were determined
after the smallest positive exponent that became positive hit its peak value, i.e. after approximately s ~ 0.75
in the d = 16 case of Fig. (9.8).

9.4.2.3 Relevance

The a-density of zero crossings of Lyapunov exponents provides the most important element in our arguments
of conjectures (5) and (6); combining num-continuity with a-density will essentially yield our desired results.
If continuity of Lyapunov exponents increases, and if the density of zero crossings of exponents increases
over a set U € R' in parameter space, it seems clear that we will have both hyperbolicity violation and,
upon variation of parameters in U, we will have the topological change we are claiming. Of course small
issues remain, but those will be dealt with in the final arguments.

9.4.3 Arbitrarily large number of positive exponents

For our a-density arguments to work, we need a set whose cardinality is asymptotically a countably infinite
set (such that it can be a-dense in itself) and we need the distance between the elements in the set to
approach zero. The latter characteristic was the subject of the previous section, the former subject is what
we intend to address in this section.

9.4.3.1 Qualitative analysis

The qualitative analysis of this can be seen in Fig. (9.9); as the dimension is increased, the maximum number
of positive Lyapunov exponents clearly increases. We wish to quantify that the increase in the number of
positive exponents versus dimension occurs for a statistically relevant set of networks.
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Figure 9.11: Mean maximum number of positive LE’s versus dimension, all networks have 32 neurons (slope
is approximately i)

9.4.3.2 Quantitative analysis

We will use a brute-force argument to demonstrate the increase in positive Lyapunov exponents with di-
mension; we will simply plot the number of positive exponents at the maximum number of exponents as
dimension is increased. We claim that the number of Lyapunov exponents increases and, in fact, diverges to
infinity as the limit as the dimension of the network is taken to infinity. Figure (9.11) shows the number of
positive Lyapunov exponents versus dimension.

From Fig. (9.11) it is clear that as the dimension is increased, the number of positive exponents increases
in a nearly linear fashion.” Further, this plot is linear to as high a dimension as could be computed for
reasonable statistics. If the maximum number of exponents versus dimension remains linear beyond the
range we could compute, we will have the countably infinite number of positive exponents we require.

9.4.3.3 Relevance

The importance of the increasing number of positive exponents with dimension is quite simple. For the
a-density of exponent zero-crossings to be meaningful in the infinite-dimensional limit, there must also be
an arbitrarily large number of positive exponents that can cross zero. If, asymptotically, there is a finite
number of positive exponents, all of our claims will be false; a-density requires a countably infinite set.

9.5 Numerical arguments with respect to conjectures on a 1-d
curve in parameter space

9.5.1 Decreasing window probability

With the num-continuity and a-density arguments already in place, all the evidence required to show the
length of periodic windows along a curve in parameter space is already in place. We will present a bit of
new data, but primarily we will clarify exactly what the conjecture says. We will also list the specifics under
which the conjecture applies in our circumstances.

"Further evidence for such an increase is provided by considering the Kaplan-Yorke dimension versus d. Such analysis yields
a linear dependence, D _y & d/2.
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9.5.1.1 Qualitative analysis

Qualitative evidence for the dissappearance of periodic windows amidst chaos is evident from Figs. (9.3),
(9.4) and (9.8); the periodic windows that dominate the 4-dimensional network over the parameter range
s = 0 to 10 are totally absent in the 64-dimensional network. It is important to note that for this conjecture,
as well as all our conjectures, we are considering the s parameter over ranges no larger than 0 to 10. We
will avoid, for the most part, the “route to chaos” region (s near zero), since it yields many complex issues
that will be saved for another report. We will instead consider the parameter region after the lowest positive
exponent first becomes positive. We could consider parameter ranges considerably larger, but for s very
large, the round-off error begins to play a significant role, and the networks become binary. This region has
been briefly explored in (8); further analysis is necessary for a more complete understanding (3).

9.5.1.2 Quantitative and numerical analysis

The quantitative analysis we wish to perform will involve arguments of two types; those that are derived
from data given in sections (9.4.1) and (9.4.2), and those that follow from statistical data regarding the
probability of a window existing for a given s along an interval in R. We begin by recalling what we are
attempting to claim and what conditions we need to verify the claim. We will then present the former
argument and conclude with the latter.

The conjecture we are investigating claims that as the dimension of a dynamical system is increased, pe-
riodic windows along a one-dimensional curve in parameter space vanish in a significant portion of parameter
space for which the dynamical system is chaotic. This is, of course, dependent on the region of parameter
space one is observing — and there is likely no way to rid ourselves of such an issue. For our purposes, we
will generally be investigating the region of s parameter space between 0.1 and 10. However, sometimes we
will limit the investigation to s between 2 and 4. Little changes if we increase s until the network begins
to behave as a binary system due (quite possibly) to the round-off error. However, along the transition to
the binary region, there are significant complications which we will not address here. As the dimension is
increased, the main concern is that the lengths of the bifurcation chain sets must increase such that there
will exist at least one bifurcation chain set that has a cardinality approaching infinity as the dimension of
the network approaches infinity.

Our first argument is based directly on the evidence of num-continuity of Lyapunov exponents. From
Fig. (9.6) it is clear that as the dimension of the set of networks sampled is increased, the mean difference
in Lyapunov exponents over small (6s = 0.01) s parameter perturbation decreases. This increase in num-
continuity of the Lyapunov exponents with dimension over our parameter range is a direct result of the
disappearance of periodic windows from the chaotic regions of parameter space. This evidence is amplified
by the decrease in the standard deviation of the num-continuity versus dimension (of both the mean of the
exponents and the largest exponent). This decrease in the standard deviation of the num-continuity of the
largest Lyapunov exponent allows for the existence of fewer large deviations in Lyapunov exponents (large
deviations are needed for all the exponents to suddenly become less than or equal to zero).

We can take this analysis a step further and simply calculate the probability of an s value having a
periodic orbit over a given interval. Figure (9.12) shows the probability of a periodic window existing for a
given s on the interval (2,4) with és = 0.001 for various dimensions. There is a power law in the probability
of periodic windows — the probability of the existence of a periodic window decreases approximately as
~ é. Moreover, observe that in high-dimensional dynamical systems, when periodic windows are observed
on the interval (2,4), they are usually large in length. In other words, even though the probability that a
given s value will yield a periodic orbit for d = 64 is 0.02, it is likely that the probability is contained in
a single connected window, as opposed to the lower-dimensional scenario where the probability of window
occurrence is distributed over many windows. We will save further analysis of this conjecture for a different
report ((6)), but hints to why this phenomena is occuring can be found in (16).
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9.5.1.3 Relevance

Decreasing window probability inside the chaotic region provides direct evidence for conjectures (15) and
(9) along a one-dimensional interval in parameter space. We will, in a more complete manner, attack those
conjectures in a different report. We will use the decreasing periodic window probability to help verify
conjecture (6) since it provides the context we desire with the num-continuity of the Lyapunov spectrum.
Our argument requires that there exists at least one maximum in the number of positive Lyapunov exponents
with parameter variation. Further, that maximum must increase monotonically with the dimension of the
system. The existence of periodic windows causes the following problems: periodic windows can still yield
structural instability - but in a catastrophic way; periodic windows split up our bifurcation chain sets which,
despite not being terminal to our arguments, provide many complications with which we do not contend.
However, we do observe a decrease in periodic windows and with the decrease in the (numerical) existence of
periodic windows comes the decrease in the number of bifurcation chain sets; i.e. I = |b, — a1| is increasing
yet will remain finite.

9.5.2 Hyperbolocity violation

We will present two arguments for hyperbolicity violation - or nearness to hyperbolicity violation of a map
at a particular parameter value, s. The first argument will consider the fraction of Lyapunov exponents near
zero over an ensemble of networks versus variation in the s parameter. If there is any hope of the existence
of a chain link set with bifurcation link sets of decreasing length, our networks (on the s interval in question)
must always have a Lyapunov exponent near zero. The second argument will come implicitly from a—density
arguments presented in section (9.4.2). To argue for this conjecture, we only need the existence of a neutral
direction®, or, more accurately, at least two bifurcation link sets, which is not beyond reach.

9.5.2.1 Qualitative analysis

A qualitative analysis of hyperbolocity violation comes from combining the num-continuity of the exponents
in Fig. (9.4) and the evidence of exponent zero crossings from Figs. (9.9) and (9.6). If the exponents are
continuous with respect to parameter variation (at least locally) and they start negative, become positive,
and eventually become negative, then they must be zero (within numerical precision) for at least two points
in the parameter space. It happens that the bifurcation chain link sets are LCE decreasing from i to i + 1,
which will provide additional helpful structure.

8By neutral direction we mean a zero Lyapunov exponent; we do not wish to imply that there will always exist a center
manifold corresponding to the zero Lyapunov exponent.
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Figure 9.13: Mean fraction of LE’s near zero (0£0.01) for networks with 32 neurons and 32 or 64 dimensions
(averaged over 100 networks).

9.5.2.2 Quantitative and numerical analysis

The first argument, which is more of a necessary but not sufficient condition for the existence of hyperbolicity
violation, consists of searching for the existence of Lyapunov exponents that are zero within allowed numerical
errors. With num-continuity, this establishes the existence of exponents that are numerically zero. For an
intuitive feel for what numerically zero means, consider the oscillations in Fig. (9.9) of the number of positive
exponents versus parameter variation. It is clear that as they cross zero there are numerical errors that cause
an apparent oscillation in the exponent; these oscillations are due largely to numerical fluctuations in the
calculations”. There is a certain fuzziness in numerical results that is impossible to remove. Thus questions
regarding exponents being exactly zero are ill-formed. Numerical results of the type presented in this paper
need to be viewed in a framework similar to physical experimental results. With this in mind, we need to
note the significance of the exponents near zero. To do this, we calculate the relative number of Lyapunov
exponents numerically at zero compared to the ones away from zero. All this information is summarized in
Fig. (9.13), which addresses the mean fraction of exponents that are near zero versus parameter variation.

The cut-off for an exponent being near zero is £0.01, which is approximately the expected numerical
error in the exponents for the number of iterations used. There are four important features to notice about
Fig. (9.13): there are no sharp discontinuities in the curves; there exists an interval in parameter space
such that there is always at least one Lyapunov exponent in the interval (—0.01,0.01) and the length of
that parameter interval is increasing with dimension; the curves are concave — implying that exponents are
somehow leaving the interval (—0.01,0.01); and there is a higher fraction of exponents near zero at the same
s value for higher dimension. The first property is important because holes in the parameter space where
there are no exponents near zero would imply the absence of the continuous zero crossings we will need to
satisfy conjecture (6). To satisfy conjecture (5) we only need three exponents to be near zero and undergo
a zero crossing for the minimal bifurcation chain subset!'® to exist. There are clearly enough exponents on
average for such to exist for at least some interval in parameter space at d = 32, e.g. for (0.1,0.5). For
d = 64 that interval is much longer — (0.1,1). Finally, if we want the chain link set to be more connected
and for the distance between elements of the bifurcation chain subset to decrease, we will need the fraction
of exponents near zero for the fixed interval (—0.01,0.01) for a given interval in s to increase with dimension.
This figure does not imply that there will exist zero-crossings, but it provides the necessary circumstance
for our arguments.

91t is possible that there exist Milnor style attractors for our high-dimensional networks, or at least multiple basins of
attraction. As this issue seems to not contribute, we will save this discussion for a different report.
10The minimal bifurcation chain subset requires at least two adjoining bifurcation link sets to exist.
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The second argument falls out of the a-density and num-continuity arguments. We know that as the
dimension is increased, the variation of Lyapunov exponents versus parameter variation decreases until, at
dimension 64, the exponent variation varies continuously within numerical errors (and thus upon moving
through zero, the exponent moves through zero continuously). We also know that on the interval in parameter
space A = [0.1,6], the distance between exponent zero crossings decreases monotonically. Further, on this
subset A, there always exists a positive Lyapunov exponent, thus implying the existence of a bifurcation
chain set whose length is at least 5.9. Extrapolating these results to their limits in infinite dimensions, the
number of exponent crossings on the interval A will monotonically increase with dimension. As can be seen
from Fig. (9.10), the exponent zero-crossings are relatively uniform, with the distance between crossings
decreasing with increasing dimension. Considering Fig. (9.8), the exponent zero crossings are also transverse
to the s axis. Thus the zero crossings on the interval A, which are exactly the points of non-hyperbolocity
we are searching for, are becoming dense. This is overkill for the verification of the existence of a minimal
bifurcation chain set. This is strong evidence for both conjectures (5) and (6) . It is worth noting that hitting
these points of hyperbolocity violation upon parameter variation is extremely unlikely under any uniform
measure on R since they are a countable collection of points.!! Luckily, this does not matter for either the
conjecture at hand or for any of our other arguments.

9.5.2.3 Relevance

The above argument provides direct numerical evidence of hyperbolocity violation over a range of the pa-
rameter space. This is strong evidence supporting conjecture (5). It does not yet verify conjecture (6), but
it sets the stage as we have shown that there is a significant range over which hyperbolocity is violated. The
former statement speaks to conjecture (8) also; a full explanation of conjecture (8) requires further analysis,
which is the subject of a discussion in the final remarks.

9.5.3 Hyperbolocity violation versus parameter variation

We are finally in a position to consider the final arguments for conjecture (6). To complete this analysis, we
will need the following pieces of information:

i. we need the maximum number of positive exponents to go to infinity

ii. we need a region of parameter space for which a-density of Lyapunov exponent zero crossings exists;
i.e. we need an arbitrarily large number of adjoining bifurcation link sets (such that the cardinality of
the bifurcation chain set becomes arbitrarily high) such that for each V;, the length of V;, I = |b; — a;|,
approaches zero.

iii. we need num-continuity of exponents to increase as the dimension increases

iv. a major simplification can be provided with the existence of one global maximum in the number of
positive exponents and entropy, and along any portion of parameter space where s is greater than the
s at the maximum number of positive exponents, the maximum and minimum number of exponents
occur on the graph at the end points of the parameter range (within numerical accuracy)

The a-density, num-continuity and the arbitrary numbers of positive exponent arguments we need have,
for the most part, been provided in previous sections. In this section we will simply apply the a—density
and num—continuity results in a manner that suits our needs. The evidence for the existence of a single
maximum in the number of positive exponents, a mere convenience for our presentation, is evident from
section (9.4.3). We will simply rely on all our previous figures and the empirical observation that as the
dimension is increased above d = 32, for networks that have the typical num-continuity (which includes all
networks observed for d > 64), there exists a single, global maximum in the number of positive exponents
versus parameter variation.

H'When considering parameter values greater than the point where the smallest exponent that becomes positive, becomes
positive, the zero crossings seem always to be transverse. For smaller parameter values, along the route to chaos, a much more
complicated scenario ensues.
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9.5.3.1 Qualitative analysis

The qualitative picture we are using for intution is that of Fig. (9.8). This figure displays all the information
we wish to quantify for many networks; as the dimension is increased, there is a region of parameter space
where the parameter variation needed to achieve a topologically different (by topologically different, we
mean a different number of global stable and unstable manifolds) attractor decreases to zero. Based on Fig.
(9.8) (and hundreds of similar plots), we claim that qualitatively this parameter range exists for at least
0.5 <s<6.

9.5.3.2 Quantitative and numerical analysis

Let us now complete our arguments for conjecture (6). For this we need a subset of the parameter space,
B C R!, such that some variation of s € B will lead to a topological change in the map f in the form of a
change in the number of global stable and unstable manifolds. Specifically, we need B = UV; =V, where V;
and V;y; share a limit point and are disjoint. Further, we need the variation in s needed for the topological
change to decrease monotonically with dimension on V. More precisely, on the bifurcation chain set, U, the
distance between elements must decrease monotonically with increasing dimension. We will argue in three
steps: first, we will argue that, for each f with a sufficiently large number of dimensions, there will exist
an arbitrarily large number of exponent zero crossings (equivalent to an arbitrarily large number of positive
exponents); next we will argue that the zero crossings are relatively smooth; and finally, we will argue that
the zero crossings form an a-dense set on V' — or on the bifurcation chain set, [ = |b; — a;| — 0 as d — 0.
This provides strong evidence supporting conjecture (6).

Assuming a sufficiently large number of dimensions, verification of conjecture (5) gives us the existence
of the bifurcation chain set and the existence of the adjoining bifurcation link sets. The existence of an
arbitrary number of positive Lyapunov exponents, and thus an arbitrarily large number of zero crossings
follows from section (9.4.3). That the bifurcation chain set has an arbitrarily large number of elements,
#U — oo is established by conjecture (15), because, without periodic windows, every bifurcation link set
will share a limit point with another bifurcation link set. From section (9.4.1), the num-continuity of the
exponents persists for a sufficiently large number of dimensions, thus the Lyapunov exponents will cross
through zero. Finally, section (9.4.2) tells us that the Lyapunov exponent zero crossings are a-dense, thus,
for all ¢; € U, |¢; — ¢;41] — 0, where ¢; and ¢;41 are sequential elements of U.

Specifically for our work, we can identify U such that U C [0.5,6]. We could easily extend the upper
bound to much greater than 6 for large dimensions (d > 128). How high the upper bound can be extended
will be a discussion in further work.

Finally, it is useful to note that the bifurcation link sets are LCE decreasing with increasing s. This
is not necessary to our arguments, but it is a nice added structure that aids our intuition. The LCE
decreasing property exists due to the existence of the single, global maximum in the maximum number of
positive Lyapunov exponents followed by an apparent exponential fall off in the number of positive Lyapunov
exponents.

9.5.3.3 Relevance

The above arguments provide direct evidence of conjectures (6) and (8) for a one-dimensional curve (specif-
ically an interval) in parameter space for our networks. This evidence also gives a hint with respect to the
robustness of chaos in high-dimensional networks with perturbations on higher-dimensional surfaces in pa-
rameter space. Finally, despite the seemingly inevitable topological change upon minor parameter variation,
the topological change is quite benign.
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9.6 Outline of Analytical Arguments for conjectures (14) and (12)
on a RN+2+1 surface in parameter space.

This being a paper full of conjectures, we wish to present a brief outline of proofs of conjectures (12) (the
no-spines conjecture) and (14) (the robust-chaos conjecture) whose proofs have been unsuccessful to date.

9.6.1 Jacobian matrix of our dynamical systems

We will begin with the calculation of the matrix of partial derivatives for our scalar neural network which

we will use throughout this section.
The scalar networks have an extremely convenient property that aids in the calculation of the Jacobian
and in the computation of the Lyapunov spectra; the Jacobians of our scalar networks are companion

matrices:

ay az as aq—2 Qad—1 G4
1 0 0 0 0 0

Df, = 0O 1 0 0 0 0
0O 0 0 0 1 0

The a;’s are given as:
a$ n d
B Lo~ = Zﬁiswiksechg(swio + s Z WijT—j) (9.16)
t—k ‘ .
i=1 j=1

Thus, we will always have a particularly simple matrix of partial derivatives — it is this simple form that
gives us hope for the existence of an eventual proof of the arguments that follow.

9.6.2 Linear algebra

Let us begin by noting that all the matrices we will be considering are square matrices with real elements.
We will briefly recall several standard results and definitions from linear algebra.

Theorem 12 Given a matric A € R”Q, A is nilpotent if and only if A is strictly upper triangular, that is,
VA € O’(A), A =0.

Proof: See (58).
Next, the simple form of the Jacobian of our neural networks will bear fruit:

Definition 30 (Companion matrix) A real valued matriz A € GL(n, R) is said to be a companion matrix
if it has the following form:

The companion matrix is the companion of it’s characteristic polynomial
AT pag\ o agh+a; =0 (9.17)

Proposition 3 A d-dimensional companion matriz is nilpotent if a; = 0 for all i such that 0 < i <d.
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Proof: This follows from a brief analysis of equation (9.17).

The above results give the conditions on the Jacobian (at an equilibrium point) for the existence of spine
locus points that are required by the windows conjecture of Barreto et. al. (16). In other words, for spines
to occur in our systems, we need the following, ax = 0 for all 1 < k < d. Hence, all we need accomplish for
a proof of conjecture (12) is to show that, in general, aj, # 0.

9.6.3 Discussion of parameter space

We are now forced to address a topic whose discussion we have delayed; definitions of parameters. In the
windows conjecture, it is stated that if there are p parameters and only k < p conditions for stability, small
parameter variation will lead to the discovery of stable orbits. In our neural networks, we have N(d+2) + 1
parameters; thus our networks nearly always have many more parameters than stability conditions. If we
wished to rigorously show how varying the parameters affected the neural network with respect to the space
of neural networks, ¥(G), we would first have to create the following map:

¢ : RN (@) (9.18)

and then analyze how open sets of RN(@+2)+1 are related to open sets of (@) (for such a construction see
(123)). Since ¢ is C! (just differentiate the neural network with respect to the parameters), as long as ¢(p)
(p € RN(@+2)+1) is a regular point at p (see (76) for a discussion of regular points) D¢, will have full rank
and doesn’t collapse any dimensions. With a full analysis of the set of critical points of ¢() in place we
could make rigorous statements regarding how and what open N (d + 2) + 1-balls centered at p € RY (d+2)+1
would be represented in ¥(G). In a general sense, it is likely that all our N(d + 2) + 1 parameters are
linearly independent and perturbing all the parameters does not collapse dimensions of v € X(G) since an
infinite number of parameters is required for derivative approximation and critical points in the parameter
space are “uncommon.” Without studying the critical points of ¢ however, we cannot rigorously claim
that our N(d + 2) + 1-ball study is representative of an open set in ¥(G). Instead we will assume that
by varying all our parameters will sweep out a significant open ball in the function space ¥(G). Based on
the windows conjecture, one might be led to believe that the neural networks might have terrible periodic
window instabilities. However, we must not forget that the windows conjecture requires the attractor to be
fragile, which will be a topic of discussion in later sections. Nevertheless, there are two practical issues that
must be addressed. The first issue concerns the independence of the parameters varied. The second issue
deals with the number of parameters varied and in that vein, the means of parameter variation. For our
numerical experiments, the parameters must vary over the entire span of the parameter space.

The point of this is, based on the windows conjecture of Barretto et. al. (16), if the parameter space is
of much higher dimension than the phase space, such as is the case for our networks, then if the attractor is
fragile, which they claim is common, there will be a neighborhood in parameter space such that the chaotic
attractor can be dispelled. If we consider a 4-dimensional network with 4 neurons, the parameter space is R2?,
which is much larger than d. In this scenario, often there is a maximum of two positive exponents, thus there
should exist a “codimension” 23 “manifold” in parameter space for which there exists a periodic window. In
the neural networks, the high number of parameters is necessary to fit high-order derivatives, thus, it seems
somewhat unlikely that varying many of the parameters, which in a sense amounts to varying high-order
derivatives, will have the large, first-order effects necessary to dramatically alter the dynamical behavior.
However, the former statement is an oversimplification and is clearly incorrect in many circumstances.

9.6.4 Relationship to the a; elements to stability and Lyapunov exponents

We wish to put conditions on the a; terms and imply something about Lyapunov exponents or stability
in general, thus is will be useful to briefly describe the relationship between the a;’s and the Lyapunov
exponents.
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a ax as -+ Gg—2 Gg—1 a4 0x11 Ox12 -+ T4
1 0 0 T 0 0 0 5.2321 5.1322 T 5-732d
U = 0 1 0 ce 0 0 0 52631 65832 cee 55E3d
0 0 0 s 0 1 0 (5l‘d1 (596,12 s 5mdd

The Lyapunov exponents of f at time ¢ correspond to log(< wu;,u; >) where u; is the i*" vector of the
matrix U. It is of course these numbers which are summed and averaged to generate the Lyapunov exponents
for the orbit of f. At time ¢t =0, 6 —ij = 1 when ever i = j, d;; is zero otherwise. As f is iterated forward,
the variation matrix elements are all, generally, non-zero.

There is a direct connection between the a;’s and the existence of spines — there will exist a spine if and
only if Df is nilpotent (this is evident upon a consideration of (9.17)). Thus if we could show some set of
conditions such that at least one a; will have positive probability of being non-zero, then we are well on our
way to proving conjecture (12).

We are, however, not so fortunate with respect to the conjecture regarding robust chaos (conjecture (14).
It would be nice if finding conditions such that at least one a; > 1 with positive probability would imply
at least on positive Lyapunov exponent. This however seems much more elusive. Nevertheless, we will
present the outlines of both arguments, as these arguments will contribute considerably to the intuition and
understand of our claims.

9.6.5 Outline of a proof of no spines in neural networks
We will begin by restating conjecture (17) for our specific circumstance.

Conjecture 17 (No spines in dimensional neural networks) There exists a connected subset of
dynamical systems (as defined in section (4.2)) for which spines will not exist.

This conjecture will essentially be a corollary of the following lemma

Lemma 1 Assume the set {ay} were each ay, is as given in equation (9.16). As d — oo, or equivalently as
the number of ay,’s goes to infinity, there will exist an s interval such that the variance of {ax} is not zero for
all but a set of measure zero in the weight space (i.e. the space of w;; and ;) for our weight distributions.

Outline of a proof: To prove the above lemma, it will suffice to show that the variance of the a;’s is nonzero
— as all we need is for some of the a;’s to be non-zero. Achieving this goal requires two steps: first a mean
must exist and be found; and second, the variance about the mean must be shown not to converge to zero
as either N or d approach infinity.

To see why this is reasonable, begin by noting

N d
ap = ZﬂiswiksechQ(swig + s Z Wi T—j) (9.19)

i=1 j=1

which is a sum of the product of two random variables and sech() of random variables and the state space
variables. What we would like to be able to say is the following:

Blay] = E[f]Elw]E[sech?()] (9-20)

If the above was true, E[w] = 0 would imply Efa;] = 0 and we would be half way done with the first

step. Since sech?() is not independent of 3 or w, and since sech?() is not i.i.d. equation (9.20) may not be

reasonable. However, noticing that sech?() > 0 and considering the power series expansion of sech?()
2, 1T, 62 4 1382

sech?(c) =1—c*+=c*' — —c

028 21
3¢ T3¢ T315¢ T 1’ (9-21)
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Clearly, csech?cz will produce only odd powers of ¢

s 17 55 62 4o 1382

2
2e)=c—Pa? + St — — Hzlo+ ... 22
esech®(c) = c—c’x —1—3033 T +315cx TATTES x 04 (9.22)
Thus,
2 3170021 L 2 qor S A _ M e me 6y 02 g0 8

Elcsech?(c)] = E|¢] — E[¢’|E[z"] + gE[c |E[z%] — 4—5E[c |E[z®] + EE[C |E[z°] + ... (9.23)
Now, E[z*] = 0 for k odd, thus E[csech?(c)] = 0, and we would be done if ¢ and = were i.i.d. random

variables.

If Elag] — 0 with respect to N, d, or both, we still only need the variance of aj to be non-zero. Clearly
if Flak] # 0 we do not need to deal with the variance at all — we will not attempt this tract however. If
the terms in the sum of the a;’s are mutually independent, then the variance of a; will simply be the sum
of the variance of each of the terms in the sum which makes up ay. However, the terms in the sum which is
ay, are definitely not mutually independent, thus the heart of the problem that remains is deriving a sensible
formula for the variance of the ap’s. At any rate, if the variance of the ay’s is non-zero, which it almost
certainly is, then in the limit where the statistics apply (i.e. when N and d are big enough that the ag’s
begin to converge in distribution), spines will not exist.

9.6.6 Outline of a proof of robust chaos in neural networks

The conjecture regarding the existence of spines seems, at this time, considerably easier to prove than the
conjecture regarding robust chaos of neural networks. It would be convenient if there was a statement
that periodic windows in parameter space exist if and only if there are spines, but this makes little sense.
Nevertheless, we will provide an outline which will hopefully lead to a successful proof.

Let us begin by re-stating the conjecture:

Conjecture 18 (Robust chaos with respect to parameter perturbation in RP) Assume f is a
mapping (neural network) as defined in section (4.2) with a sufficiently high number of dimensions, d. There
will exist a open set V in RP (with significant Lebesque measure) in parameter space (R') for which chaos
will be a robust dynamic.

Outline of a proof: A proof might proceed in the following steps:
i. establish explicit formulas for the mean and variance of the ay’s
ii. establish a connection between the distribution of the a’s and the Lyapunov exponents

Let us begin by assuming that, via a proof of conjecture (12) from the previous section, we have a formula
for the mean and variance of ai. From here it would be nice if we could make a simple claim along the
lines of, if a; > 1 for all ¢ > T, then there will exist a positive Lyapunov exponent. However, this is clearly
not always true'®. The heart of this problem is the old problem of establishing a connection between the
distribution of the coefficients of the characteristic polynomial and the eigenvalues of a matrix. If the explicit
formulas for the mean and variance of the aj’s is such that the connection between the distribution of the
characteristic exponents and the eigenvalues is known, then we will be in luck and our proof will not be
difficult. However, if such is not the case, such a proof will likely be difficult. Even if we do have a connection
between the eigenvalues of our local Jacobian and the distribution of the aj’s, we then need to take this one
step further, and establish a connection between the local eigenvalues and the global Lyapunov exponents.
It is likely that some type of assumption akin to uniform (or non-uniform) partial hyperbolicity (see (15)
for more information regarding uniform and non-uniform hyperbolicity) will be needed for such a link to be
established, but such does not seem out of reach nor unreasonable. However, since we do not have the first
step completed, we will not press this issue any further.

10A simple counter-example for the two-dimensional case would be a; = 3/2 and az = —9/16.
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9.7 Numerical arguments with respect to conjectures on a RV (@+2)+1

surface in parameter space.

We will now put forth the numerical justification for conjectures (15), (13), (14), and (12). We will proceed
with three different techniques, one for conjectures (15) and (13), a similar technique for conjecture (14),
and a single-case analysis for conjecture (12), noting that this case is highly representative. The conclusions
we reach are: the probability of periodic windows decreases like d%; the degree of the k-degree LCE stability
becomes positive and once positive, increases monotonically; and the existence of spines in networks with
high N and d becomes vanishingly small.

9.7.1 The experimental methodology

In our presentation of evidence supporting conjectures (15), (13), and (14), we will use two different methods
of computing. Regarding conjectures (15) and (13) we will use the largest Lyapunov exponent, and for
conjecture (14) we will have to compute the entire spectrum. We have chosen such a course in an attempt
to produce a study on the largest set of neural networks, using the least computationally costly technique
for the desired task. We will now discuss our computational methods.

9.7.1.1 Searching for periodic windows

We examined networks with dimensions over 6 powers of 2 — 4, 8, 16, 32, 64 and 128 dimensions. All the
networks had 32 neurons; the number 32 was chosen because in our experience (e.g. figure (1) of (8)) for
this range of dimensions, addition of neurons changed little but the computation time. For each dimension,
we randomly selected 500 networks, but we required that every network be chaotic before being perturbed.
This is an important distinction because, for d = 4, chaotic neural networks are quite rare, and thus we are
sampling little of the space, whereas for d = 64, nearly all the networks are chaotic and thus nearly every
case we select is adequate (for more information in this regard, consider figure (2) of (8)). Each network
was then perturbed 100 times (from it’s original set of weights), and each perturbation involved perturbing
all N(d + 2) parameters. The perturbation size for the data shown in this thesis was on the order of 1073.
A significant amount of data has been accumulated for other perturbation sizes, and we observe no change
until the perturbation size is on the order of unity and no significant change until the perturbation size is
on the order of 10. The largest Lyapunov exponent was computed in the standard way a la Bennetin et. al.
(18) or Wolf et. al. (130).

It is worth noting that there can exist very long transients for many orbits, especially for the quasi-
periodic orbits. To combat this problem, we allow the order of 80,000 to 300,000 iterations of the network
before we begin calculating the Lyapunov exponents.

9.7.1.2 k-degree LCE stability

Regarding the k-degree LCE stability, we considered networks with dimensions over 5 powers of 2 — 4,
8, 16, 32, and 64 dimensions. All the networks again had 32 neurons. For each dimension, we randomly
selected 100 networks, but we required that every network be chaotic before being perturbed. Each network
was then perturbed 100 times, and like the periodic windows case, each perturbation involved perturbing
all N(d + 2) parameters. The perturbation size for the data shown in this report was on the order of 1073.
A significant amount of data has been accumulated for other perturbation sizes, and we observe no change
until the perturbation size is on the order of unity and no significant change until the perturbation size is
on the order of 10. The Lyapunov exponent spectrum was computed in the standard way a la Bennetin et.
al. (18).

To rid ourselves of issues with transients, we allow 100,000 to 500,000 iterations of the network before
we begin calculating the Lyapunov exponent spectrum.



90

9.7.2 Robust Chaos: Existence of periodic windows

There is an intimate relationship between robust chaos (conjecture (14)) and the existence of periodic
windows (conjecture (15)) — if a dynamical system has periodic windows after an arbitrarily small parameter
perturbation, then the dynamical system cannot be robustly chaotic. Likewise, a robustly chaotic dynamical
system cannot have periodic or quasi-periodic windows. In this section, we will not differentiate between
quasi-periodic and periodic orbits. We will refer to all orbits without a positive largest Lyapunov exponent
as being “periodic.”

Recall conjecture (15) in practical terms: begin with a neural network as per our prescription, for most
networks (determined by their weights), there will exist a particular interval in the s parameter such that as
the dimension of the network is increased, there will not exist an arbitrarily small parameter perturbation
in RNV(@+2)+1 guch that the network can be made non-chaotic. We clearly cannot prove this with our
computational methods. However, we will show strong evidence for our claim as d becomes large. It is
worth noting that conjecture (15) and conjecture (13) imply the same dynamics and are both corollaries of
conjecture (14).

9.7.2.1 1-dimensional interval

As the dimension in increased, the probability of existence of periodic windows in parameter space for our
networks on the interval s € (0.5, 20) decreases roughly inversely with d (4). For networks of 32, 64, and 128
dimensions we have carefully searched for periodic windows with s variation from 1073 to 1072 for many
individual networks. Network having near the canonical number of positive Lyapunov exponents rarely have
periodic windows. Furthermore, when periodic windows have been observed, they are always relatively large
(i.e. they can be observed with an s variation of 1072). Finally, if a periodic window is not observed with
parameter increments on the order of 1073, then finding a periodic window along the interval in parameter
space in question is difficult (i.e. we have not been able to observe a periodic window in such circumstances).

Variation of s varies Nd of the parameters. However, this carves out a particular surface in parameter
space. Furthermore, variation of all the parameters via the s parameter is clearly a linearly dependent
parameter variation and will not suffice for attacking the conjectures in the report. The windows conjecture
of Barretto at. el. (16) states that if a dynamical system is fragile and has k positive exponents, then
there will exist a variation of k parameters that will yield a periodic orbit. Thus, an s variation cannot
really speak to this conjecture. With our study, we can never prove that there will not exist a periodic
window in parameter space for all possible parameter variations. However, we can extend the results of (4)
a considerable amount by simply varying all of our parameters at once for a given network at a given value
of s. Surely there will exist portions of the interval s € (—o0, 00) such that the windows conjecture will be
valid. We are arguing that for s € (0.5,20), which is the region of s space such that tanh() is nonlinear, but
not nearly binary, as the dimension of the dynamical system becomes large, the neural networks will cease
to be fragile.

For more information regarding dynamics of our neural networks along one-dimensional intervals in
parameter space, see (2), (4), or (8).

9.7.2.2 N(d+ 1)-ball

As previously mentioned, in the windows conjecture, given k positive Lyapunov exponents, there will exist
a k-dimensional surface in parameter space such that there will exist a periodic window if the dynamical
system is fragile. In this section we argue for conjecture (15) along three lines:

1. the probability of existence of periodic windows averaged over all the networks considered (500) with
100 perturbations each decreases like d% with increasing dimension;

2. the fraction of the (500) networks that can be perturbed to a periodic orbit decreases like & with
increasing dimension;
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Figure 9.14: Log probability of the existence of periodic windows versus log of dimension for 500 cases per d.

Each case has all the weights perturbed on the order of 1073, 100 times per case. The line of best is ~ dl—z.

3. the probability of existence of periodic windows averaged over only networks with windows per per-
turbation decreases with increasing dimension, but much more slowly than the overall probability of
windows averaged over all the networks — this establishes that if a network has a window, it is more
likely to have many windows and the majority of the positive probability of periodic windows at high
dimensions is due to relatively few networks.

In figure (9.14), each data point represents the probability of finding a periodic network among the 500
networks each perturbed 100 times for each dimension. The probability of the existence of networks with
periodic orbits decreases like %. Thus, as the dimension is increased, our networks become more robustly
chaotic or are far less likely to display periodic windows. However, it is important to make the distinction
between probability of the existence of periodic windows per network averaged over many networks and the
probability of a network having a window. For claim (3) to have any validity, the probability of a given
network having a perturbation that yields a periodic window must decrease in such a way that the probability
of networks with perturbations that yield periodic orbits occurs for a smaller and smaller set of networks.
This information cannot be discovered simply by considering figure (9.14).

Figure (9.15) (from the same data set) represents the fraction of networks for which a periodic network
was observed. The fraction of networks with periodic windows decreases as %, which is not as steep a decrease
as the decrease in the overall probability of the existence of periodic windows. If the fraction of networks
with periodic orbits decreased faster than the probability of the existence of periodic windows, our claim (3)
would be self evident. Nevertheless, the decrease in the fraction of networks that have nearby networks with
periodic orbits is substantial — networks at d = 4 are ~ 20 times more likely to have perturbations that
lead to periodic windows than networks with 64 dimensions. Figure (9.15) supports claim (2), but we need
yet more information for verification of claim (3).

Combining the data from figures (9.14) and (9.15) we arrive at figure (9.16), the probability of periodic
windows averaged over only networks where periodic windows were observed. In this figure, the probability
of finding a window decreases with dimension, but considerably more slowly than the overall probability a la
figure (9.14). With an increase in 4 decades (powers of 2 in dimension), the probability of finding a periodic
window in networks with observed periodic windows has only decreased by little more than a factor of 3.5.
Thus, even though the probability of finding a network that yields a periodic window is decreasing with
dimension, even amongst networks with periodic windows, the mass of the probability of perturbations that
yield periodic windows accumulates on a faster decreasing fraction of the networks. In other words, given
the information in figure (9.16), claim (3) is highly reasonable.
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Figure 9.15: Log fraction of networks with periodic windows versus log of dimension for 500 cases per d.

Each case has all the weights perturbed on the order of 1072, 100 times per case. The line of best fit is ~ %
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Combining the information from these figures, for d = 4, if we assume the probability of windows is
uniformly distributed, then for each of the 500 networks, 26 of the 100 perturbations should yield networks
with periodic orbits. Adjusting for the actual fraction of networks that have been observed to yield periodic
windows, 64 of the 100 perturbations yield periodic windows. In networks that can be perturbed to have
periodic windows, windows are observed roughly 2.5 times as frequently as they would be if the existence
of windows was uniformly distributed across all the networks. This situation becomes much more extreme
as the dimension is increased. For d = 64, assuming the probability of windows is distributed uniformly,
about 0.4 percent of the perturbations will yield periodic windows — one window per 2 networks perturbed
100 times each, or possibly one periodic window every 200 perturbations per network (in the data in this
thesis each network was only perturbed 100 times). Adjusting for the actual fraction of networks with
parameter perturbations that yield periodic orbits, 18 of every 100 perturbations yield periodic windows.
Hence, the probability per perturbation for networks with windows to have perturbations that yield windows
only decreases by about a factor of 3.5, whereas the overall probability of the existence of windows decreases
by nearly two orders of magnitude.

Networks are twenty times more likely to have periodic windows at d = 4 versus d = 64, however, when a
network has at least one observed perturbation that yields a window, a given perturbation is only 3.5 times
more likely to yield a window at d = 4 than at d = 64. In practical terms, given a 64-dimensional network,
there is a 2 percent chance that it will have a perturbation that yields a network with a periodic orbit — if
the network has a periodic orbit, there is an 18 percent chance of finding it. Given a 4-dimensional network,
there is a 41 percent chance that the network will have a perturbation that yields another network that has
a periodic orbit — if such is the case, then there is a 64 percent chance of finding a network with a periodic
orbit upon perturbing the network (with our perturbation scheme).

Given the above data, networks for which perturbations yield periodic orbits are not only much more
likely to have many more periodic windows, but as the dimension is increased, the networks that have
perturbations that yield similar (with respect to the parameters) networks with periodic orbits, contain a
higher and higher percentage of the mass of the probability of observed periodic windows. As to the nature
of the networks that can be perturbed to nearby networks that have periodic orbits, one might hypothesize
that the periodic windows exist in networks with a significantly lower mean number of positive Lyapunov
exponents. We cannot answer such questions with only the largest Lyapunov exponent, and thus we must
move on to an analysis along the lines of k-degree LCE stability.

9.7.3 Robust chaos of degree k

Recall the claim from conjecture (16) in a practical sense: beginning with a dynamical system (network) with
a sufficiently large number of dimensions (d > 64), for nearly every network there will exist an interval with
respect to the s parameter such that upon perturbations (on orders less than unity) of all the parameters,
the perturbed mapping will retain at least k positive exponents where £ > 0. In other words, there exists a
portion of parameter space for our high-dimensional networks such that nearly all the networks are k LCE
stable. The specific k£ varies with the s value, and thus we must first discuss the dynamics along the s
interval, and follow this with a general perturbation study.

9.7.3.1 1-dimensional interval

We would like to be able to make the statement, assuming a chaotic 128-dimensional network and s €
(0.5,20), that the dynamical system will have 14—degree robust chaos, or something along these lines.
However, there is a strong dependence with s on the number of positive Lyapunov exponents. Figure (9.17)
is the plot of the variation in the number of positive Lyapunov exponents versus s for a typical 64-dimensional
network. Let us demonstrate what we mean when we claim that there is an s dependence on the degree
of k LCE stability. For s € (0.5,1), small perturbations can lead to the loss of several positive Lyapunov
exponents. Nevertheless, the network in figure (9.17) on the interval s € (0.5, 1) likely has 10—degree robust
chaos. Alternatively, considering the region s € (8,25), it is likely that the network has 3—degree robust
chaos but the variation in the number of positive number of Lyapunov exponents for small perturbations
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Figure 9.17: Number of positive LE’s for typical individual networks with 128 dimensions.

will likely be much less than for the interval s € (0.5,1). Of course, variation of the s parameter is not the
same as an independent variation of all of the parameters, but the region along the s interval will affect the
k-robust chaos. Moreover, figure (9.17) also suggests that perturbations leading to all the positive Lyapunov
exponents becoming negative seems uncommon for networks such as the one depicted in figure (9.17).

9.7.3.2 N(d+ 1)-ball

Noting that any argument we make with respect to k-degree LCE stability will be dependent on s, we will
select s = 3 since it is at the transition between the spike in the number of positive Lyapunov exponents and
the region where there is relatively little change in the number of positive exponents. To make our point,
we would like to emphasize four observations:

1. as the dimension of the network is increased, the mean number of positive exponents increase mono-
tonically;

2. the higher the mean number of positive exponents a network has, the higher the degree of k-degree
LCE stability;

3. for a given d, s, and perturbation size, the distribution of the number of positive Lyapunov exponents
has compact support (i.e. has a finite minimum and maximum) — this is trivial for finite d, and thus
in a practical sense, we claim that % is decreasing with dimension where R is the range of the number
of positive Lyapunov exponents;

4. for dynamical systems per our construction, there exists a sizable s interval such that as the dimension
is increased, the minimum number of positive exponents for all the networks will increase above zero
(i.e. the lower bound on the support of the distribution of the number of positive Lyapunov exponents
will become positive given enough dimensions) — in a practical sense, we claim that % > 1 where L
is the mean number of positive Lyapunov exponents for a given d and s if d is high enough;

Figure (9.18) shows that at s = 3, the number of positive Lyapunov exponents is increasing linearly with
dimension. This is not surprising given figure (15) of a previous report (4). In figure (9.18), we are considering
100 networks with 100 perturbations each, and noting what the mean number of positive exponents is for
each network; the error bars represent the standard deviation in the mean of the mean number of positive
exponents. If we did not have this feature, claims (2)-(4) would make little sense.

To provide intuition for why claims (2), (3), and (4) make sense, consider the respective histogram of two
of the data points in figure (9.18), the point at d = 8 and the point at d = 64. In figure (9.19), 8.5 percent
of the networks have a largest exponent less than or equal to zero; i.e. 8.5 percent of the distribution has
zero positive exponents. A full 50 percent of the networks only have one exponent. Of course this is not
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Figure 9.18: The mean number of positive Lyapunov exponents versus dimension for networks with 32
neurons at s = 3. The line of best fit is ~ 0.15d.
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Figure 9.19: Histogram of the number of positive Lyapunov exponents for d = 8.

surprising given the expected number of exponents is slightly greater than one. In contrast, figure (9.20), the
histogram of the number of positive exponents for each network with 64 dimensions, shows no network for
which all the positive Lyapunov exponents have been perturbed away. Networks with five or more exponents
comprise 99 percent of the networks considered, and no network has zero positive exponents. This is again
not particularly surprising given the expected number is eleven positive exponents. The point of this is
to show how, as the dimension is increased, and as the mean number of positive exponents is increased,
that the number of networks that can be perturbed such that all the windows can be destroyed will vanish.
Simply considering the distribution is not enough to verify claim (2), i.e. with just the histogram of positive
exponents we cannot discern the origin of the cases with few positive exponents. However, figure (9.20) does
provide evidence of claims (3), and (4). Networks with five or more exponents comprise 99 percent of the
networks considered, and no network has zero positive exponents. The ratio of the range of maximum to
minimum number of exponents, % = 1 for the d = 4 and decreases to % = 0.28 for d = 64; % is clearly
decreasing with increasing dimension. Finally, since the lower bound on the number of positive exponents is
positive for d = 64, figure (9.20) is evidence for claim (4).

Evidence for claim (2) is provided by figures (9.21) and (9.22). Figure (9.21) is a collection of 100
networks, each perturbed 100 times. The maximum and minimum number of positive Lyapunov exponents
are plotted at the mean of the number of positive Lyapunov exponents for each of the 100 networks. To
argue for claim (2), we need to show that as the mean of the number of positive Lyapunov exponents is
increased, the degree (i.e. k) of the k-degree LCE stability increases. Considering figure (9.21), the range,
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Figure 9.20: Histogram of the number of positive Lyapunov exponents for d = 64.
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Figure 9.21: The range between the maximum and minimum number of positive Lyapunov exponents versus
the mean of the number of positive Lyapunov exponents per case for 100, 64-dimensional networks.

R, between the maximum and minimum number of exponents is, for most attractors, quite narrow. This
fact is emphasized in figure (9.22) which depicts the mean of the deviation from the mean number of positive
Lyapunov exponents per the mean of the number of positive Lyapunov exponents. The error bars in figure
(9.22) are the standard deviation of the range. The important feature to notice is that the deviation from the
mean is, in all cases with four or more positive exponents with the exception of five of the 100 networks, less
than one. Thus, networks with a higher mean number of positive Lyapunov exponents often have (L — 1)-
degree LCE stability (L is the mean number of positive exponents per network). Networks with a higher
mean number of exponents are less likely to have periodic windows. Moreover, the lower portion of the
distribution of the number of positive Lyapunov exponents comes predominantly from networks that have
a low mean number of positive Lyapunov exponents. If we were using our framework to directly test the
windows conjecture of Barretto et. al. (16), we would be focusing on topics such as investigating a scaling
in the probability of periodic windows with the number of parameters varied. Moreover, we might increase
the number of parameters varied per perturbation and attempt to discover what the probability of finding
a window might be, given a fixed number of positive exponents. However, we are more concerned with the
value of k in our notion of k-degree robust chaos, and thus we must establish, in a general numerical manner,
a way of measuring a lower bound on the number of positive Lyapunov exponents for a given network.
Nevertheless, figures (9.21) and (9.22) provide strong evidence for claim (2).

When discussing k-degree LCE stability we need to make the distinction between the k-degree LCE
stability for an individual network and the k-degree LCE stability for an ensemble of networks. Definitions
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Figure 9.22: The mean deviation from the mean number of positive exponents versus the mean of the

number of positive Lyapunov exponents per case for 100, 64-dimensional networks. The error bars represent
the standard deviation in the mean deviation.
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Figure 9.23: The histogram of the number of positive Lyapunov exponents for a typical 64-dimensional
network perturbed 100 times.

(6) and (5) pertain to single networks (defined by a specific set of weights). In the case of a single network,
one can determine the degree of k-degree LCE stability either from considering figure (9.21) or in figure
(9.23) — the histogram of the number of positive Lyapunov exponents for a single network perturbed many
times. Considering the k-degree LCE stability of an ensemble, we have many options, of which we list three:

i. the degree of k-degree LCE stability for the ensemble could be defined as the minumum number of
positive exponents — this is what is given in claim (4);

ii. the degree of k-degree LCE stability for the ensemble could be defined as the mean number of positive
Lyapunov exponents minus the standard deviation about the mean;

iii. the degree of k-degree LCE stability for the ensemble could be defined as the lower bound of the curve
under which 99 percent of the area of the distribution of the number of positive Lyapunov exponents
is contained;

Besides these three notions, one could devise many others — for our purposes these three will suffice.

The first case, (i), is drawn directly from claim (4) and is useful for establishing the increase in an absolute
k-degree LCE stability with dimension. For the dimensions we have considered in this report, the lowest
dimension such that Ry, (Rmin i the minimum number of positive exponents) was not equal to zero is
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d = 64 (we considered powers of two, i.e. d = 4,8,16,32,64). Thus, it is not until 64-dimensions that we
can claim that for the ensemble of networks, the degree of k-degree robust chaos is at least one for this set
of networks.

Case (i) is not particularly enlightening with respect to how the distributions are changing. It will turn
out that method (iii) will yield similar issues for the small number of dimensions we are considering. Thus in
the interest of a better understanding of the transition to k-degree LCE stability with & > 0, we will consider
case (ii). The data for case (ii) can be read directly off figure (9.18); the degree of k-degree LCE stability,
k, would be the lower bound on the error bars. With respect to (ii), k is increasing linearly with dimension.
Method (ii) is a good measure of the k-degree LCE stability for the average network, and is enlightening
with respect to how the distribution of the number of positive Lyapunov is changing, but using the lower
bound on the standard deviation is not a particularly strong guarantee of robustness of chaos.

The third measure of k-degree robust chaos, (iii), is simply a more restrictive version of (ii). We have
chosen to consider the lower bound on the curve under which 99 percent of the distribution of the number
of positive Lyapunov exponents lies, which is roughly equivalent to three standard deviations. One could be
less restrictive. In our case, it is not until we reach 32 dimensions that 99 percent of the distribution lies at
one or above. For 64 dimensions, as we have already mentioned, 99 percent of the distribution lies at five or
more positive exponents. Thus, with respect to (ii7), once the degree of robust chaos becomes greater than
one, it increases reasonably quickly with powers of two of dimension.

The point of all this is to show that as the dimension of a dynamical system in our construction is
increased, the degree of the k-degree robust chaos increases. If the dimension is high enough, it becomes
difficult to find periodic windows, and k is monotonically increasing.

9.7.4 Integrating data from sections (9.7.2) and (9.7.3)

Since we are using two slightly different data sets (different random seeds) and different numerical methods
(computing the largest Lyapunov exponent versus the full spectrum of Lyapunov exponents), it will be useful
to discuss apparent differences.

The most striking difference is in the existence of networks with periodic windows. In section (9.7.2) we
claim to observe windows in 2 percent of networks perturbed. However, in section (9.7.3), we do not observe
any networks for which periodic windows are present. This is due to two different factors. The first and
most obvious is that the data set in section (9.7.3) is one-fifth the size of the data set in section (9.7.2). The
data in section (9.7.2) is collected in 100 network chunks, and two of the five sets of 64-dimensional networks
have no networks with periodic orbits. Moreover, considering the 64-dimensional networks in figure (9.21),
this data set has very few networks with less than 5 positive exponents — consideration of another such set
might likely have more networks with fewer exponents.

In section (9.7.2), we include results from one higher power of 2 than in section (9.7.3). This is largely due
to the fact that the largest Lyapunov exponent is a far less costly calculation. In the periodic window data
set for d = 128, out of the full 500 networks considered, only one network, for only one perturbation yielded
a periodic window. It is highly possible that this is a numerical artifact. The implication is that between
d = 64 and d = 128 there is a significant reduction in the number of networks with periodic windows. This
is not surprising given the histograms in figures (9.19) and (9.20). What likely happens between 64 and
128 dimensions is that the range between the minumum and mean number of positive exponents becomes
significantly less than the mean number of positive exponents, thus no “normal” 128-dimensional networks,
for s = 3, will have perturbations that yield nearby periodic networks. Since 4-dimensional networks are
contained in the set of 128-dimensional networks, there will clearly exist 128-dimensional networks for which
perturbations will yield nearby networks that have periodic orbits — however this set of networks is, in a
sense, degenerate. How to quantify this degeneracy remains a somewhat open question.

Aside from these two differences, the data sets from sections (9.7.2) and (9.7.3) are largely equivalent. If
we were to show the figure for the data set from section (9.7.3) that is the equivalent of figure (9.14) from
section (9.7.2), they would overlay well within numerical accuracy.
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Figure 9.24: Histogram of the modulus of eigenvalues along the orbit for a typical network with 64 neurons
and 64 dimensions; mean= 0.964, standard deviation= 0.1135

9.7.5 Existence of Spines: Distribution of the a.’s

We have already outlined a proof of conjecture (12), we will now put forth some numerical evidence for why
we believe conjecture (12) is correct. Recall that a given network f will have a spine if and only if the a;
elements are all simultaneously zero for all t > T for some positive T'. Instead of presenting a large statistical
study of the distribution of a;’s along an orbit for hundreds of networks, we will instead present one typical
case, noting that for networks with d > 32 and N > 32, this is the typical scenario.

Considering figure (9.24), the number of a;’s that are anywhere near zero is extremely low. For a spine
to exist, there would be a delta function at zero, which is clearly not the case. Further, it seems, based
on the width of this histogram, that any small perturbation in the weights will not likely yield the collapse
of all the a; terms to zero, however, with this data we cannot argue that such a scenario is impossible.
Of course, figure (9.24) does not give irrefutable evidence of conjecture (12), or that small perturbations
in the parameters will not force all the a;’s to zero. Nevertheless, figure (9.24) contains our intuition and
motivation for conjecture (12) since it represents the typical case '? and because it seems unlikely that small
perturbations of the parameters will yield a drastically different distribution of a’s.

12We have observed on the order of 50 such histograms at various values of N and d ranging from 4 to 256.
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Chapter 10

Regions III and V

We have so far ignored regions IIT and V, and we will now briefly discuss what is known about these two
regions via a series of examples. Few results will be given; rather we will briefly discuss the dynamics followed
by possible future directions for work.

10.1 Region III — Chaos to Bifurcation Chains

Region III, the region along the s-interval between the onset of chaos and the bifurcation chain region
exists largely in low-dimensional networks where region IV is non-existent but it also exists in some high-
dimensional networks with very few parameters. However, if the dimension of a network with few parameters
is increased high enough, region IV appears, and with it, region III disappears.

We know very little of region III since this work is concerned with high-dimensional dynamical systems.
A thorough understanding of region III in networks of intermediate dimension is quite interesting, and is a
source of future endeavors. It is likely that an analysis using bifurcation tools such as CONTENT (70) will
yield considerable insight into the general structure of this region.

One example for a network with no bias term (i.e. Sy = 0) and N = 2, d = 2 is given in figure (10.1).
In this figure, there is clearly no region IV, instead region III bleeds directly into region V. Figure (10.2), a
close-up or region IIT in figure (10.1), displays the wonderful structure that exists in this network. One of the
main points of our work is that this rich periodic window structure either disappears or becomes extremely
rare and unobservable as the dimension of the dynamical systems is increased. Such diversity of periodic
and chaotic dynamics, or even the very existence of region III, is very rare for high-dimensional networks.

eeeeeeeeeeeeeeeeeee

Figure 10.1: Bifurcation diagram with the largest Lyapunov exponent for N = 2 and d = 2 with §; = 0.



101

8 40
s parameter

Figure 10.2: Close-up of the bifurcation diagram of region IIT of the example given in figure (10.1).

10.2 Region V — Bifurcation Chains to Binary Dynamics

Much like region III, region V is not well understood. For low-dimensional networks with few parameters,
region V is most often trivial, however, for low-dimensional networks with many neurons, region V can
be very rich. Nevertheless, low dimensional networks with few parameters can be shown to have behavior
indicative of region V. To demonstrate the types of behavior in region V, we will consider two examples, the
case given in figure (6.3) with N =4 and d = 64 and the case given in figure (10.1) with N =2 and d = 2.

Figure (10.3) shows the state diagram for the network given in figure (10.1) for s = 12.2301. When this
network is truly binary, it can take any one of eight possible states which are combinations of +(8; + f2) =
£1.9949, (5, — [2) = £0.1423. For this s value, the network is chaotic, but the orbit dances around,
and frequently returns very near the four points, (0.1423,0.1423), (0.1423,—0.1423), (—0.1423,0.1423),
(—0.1423,—0.1423).

Figure (10.4), which is also chaotic, displays the same effect to a much more exaggerated degree. Here
the network dances around on 64 different states. If one were to examine the time series, the orbit stays
very near the various 64 states, eventually drifts away from the 64 states very briefly before returning to a
different, nearly periodic orbit. Such behavior is clearly some type of intermittancy. With such behavior, it
is difficult to interpret the meaning of the Lyapunov exponents since upon an increase in s, the deviations
from the nearly periodic orbits become less frequent and a trajectory that is chaotic (or forever transient)
could easily numerically produce a largest Lyapunov exponent average negative. It is of course even possible
that these dynamical systems never really converge to any time average. Further, it is in this region there
are very severe Milnor attractors and riddled basin issues are likely to exist (78) (66) (122). These are all
important and yet unanswered questions.

One possible solution lies in a calculation using the anti-integrable limit akin to that used in (124) to
show both a method of computing periodic orbits of the Hénon map and a method of showing the existence
of a horseshoe akin to the result in (35). Such an application of the anti-integrable limit and the ensuing
symbolic dynamics analysis to networks such as those in the aforementioned figures is a subject of future
work.
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Figure 10.3: Plot of the state diagram for the network given in figure (10.1) at s = 12.2301

Figure 10.4: Plot of the state diagram for the network given in figure (6.3) at s = 1.10079
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Chapter 11

Summary

Let us finally summarize by mentioning the major points of this thesis in two ways. First, we will state, in
colloquial language, the major punch lines from this work. We will conclude with a list of “rules of thumb”
that form our current intuition regarding high-dimensional dynamical systems.

11.1 Summary of major points

The major results are accumulated in chapters (7), (8), and (9). A summary of the general dynamical
features of our study will be given in the next section.

First bifurcation: There are three generic, codimension one bifurcations from fixed points in maps
of dimension two or higher. Two of these bifurcations are due to real eigenvalues, and one is due to
complex eigenvalues. As the dimension of the dynamical system is increased, the real bifurcations tend
to occur with equal probability and the bifurcation due to the complex conjugate pair of eigenvalues
becomes the dominant bifurcation. In the limit of an infinite number of dimensions, the probability
that the first bifurcation is due to the complex conjugate pair of eigenvalues, and thus a bifurcation to
a quasi-periodic orbit or high-period periodic orbit, is above 90 percent. This work is contained in (8).

Route to chaos: As the dimension of a dynamical system is increased, the probability that the route
to chaos from a fixed point is a cascade of bifurcations of and between quasi-periodic orbits, high-period
periodic orbits, and tori of dimension as high as two increases to become the dominate route. As the
dimension of the dynamical system increases, the length of the interval in parameter space between
the first bifurcation and a chaotic orbit decreases. This work is contained in (5).

Hyperbolicity and chaos along an interval in parameter space: We find an interval in param-
eter space such that, as the dimension of the dynamical system is increased, the length of sub-intervals
on which strict hyperbolicity is preserved decreases, each interval being interrupted by a point in the
interval for which there exists a zero Lyapunov exponent. However, these points of “structural in-
stability” are countable, and non-catastrophic. In general, in the region of parameter space where
the dynamical system is chaotic, the chaos, the dynamic stability, or the persistence of chaos with
perturbations increases with increasing dimension (in the dynamical system). This work is contained
in (4).

Dynamic stability in high-dimensional dynamical systems: There exist several notions of
dynamic equivalence on function spaces, with respect to parameters, with respect to initial conditions,
and with respect to perturbations (parameter and function) to different initial conditions. We primarily
are concerned with parameter perturbations. With respect to perturbations of all parameters, we have
two key results. The probability of periodic windows existing for networks with dimensions d = 2 — 64



104

falls with dimension like ~ %. Moreover, the mean number of positive exponents is increasing linearly

with dimension, and the variance in the mean number of the number of positive exponents remains
relatively constant. Thus there exists a dimension, likely between d = 64 and d = 128, such that the
lower tail of the distribution of positive exponents of an ensemble of perturbed networks no longer
reaches zero. For dimensions higher than 64, the fall-off of the periodic window probability is likely
much faster than é. In general, the number of degree of the k-degree LCE stability depends on the
specific value of s, however, there exist regions of parameter space such that % is significant. This work
is contained in (6) and is a high-dimensional generalization of the results in (4).

11.2 Relationship between results from region IV and mathemat-
ical dynamics results

We will briefly discuss relationships with our ideas and results with respect to region IV with respect to
those of others.

11.2.1 Windows conjecture

There are really two questions to address with respect to the windows conjecture. The first such question
is in respect to the commonality of fragile attractors, i.e. given a high-dimensional dynamical system, what
is the likelihood it will be fragile. The second question addresses the windows conjecture directly. Of the
attractors that are fragile, when more parameters are varied than there exist positive Lyapunov exponents,
is the windows set W dense. Or, if a dynamical system is fragile, what is the scaling between the existence
of windows and the number of parameters varied.

With respect to the first question, our results show that the networks that have observed (stable) periodic
windows likely have many more periodic windows than average and these networks become more rare as the
dimension is increased. Thus, we would claim that fewer networks are fragile as the dimension is increased.

In our experiments, we varied all the parameters at once, thus, for our networks, the ratio of the number
of parameters varied versus the maximum number of positive Lyapunov exponents is N + (2N)/d + 1/d.
However, given figure (9.18), the former estimate is much more likely to be 4N + (8 N)/d + 4/d. In other
words, at each perturbation, we are varying many more parameters than positive exponents. For the networks
which are fragile, the window set seems not to be dense. Thus, for the s interval, [0.5,30], it is unlikely that
the windows conjecture will hold. However, for much larger values of s, when the networks begin to become
binary, the windows conjecture is much more likely to be reasonable.

From the perspective of the mathematical dynamics conjectures and theorems, the number of parameters
is irrelevant; it is the geometry of how the stable, unstable, and center manifolds are pieced together that
determines the resistance to a change in the dynamics. How parameter variation, as opposed to general C”
(r > 0) perturbations, affect and constrain dynamic stability is an very important open question.

11.2.2 Structural stability

The structural stability theorem of Robbin, Robinson and Mané requires two properties, strong transversality
and axiom A. It is nearly impossible to verify the strong transversality condition numerically, thus we will
refrain from such a discussion. Considering (4), it is likely that for s = 3, the high dimensional networks
are very near to a parameter value such that there exists a zero exponent. However, this set of parameter
values is likely measure zero with respect to Lebesgue measure in RP. If our chaotic networks satisfied
the hypotheses of the structural stability theorem, they would certainly not be fragile, and thus any C”
(r > 0) perturbation, which included every parameter perturbation, would make the given network periodic.
However, the neighborhood of the network such that the structural stability would hold could be vanishingly
small.



105

Understanding the specific nature of the high-dimensional networks which yield periodic orbits upon
parameter perturbations, with respect to their relationship to axiom A is an important subject of future
work. Such an understanding would aid greatly in a practical interpretation of the structural stability
theorem. We find networks which likely satisfy axiom A, yet there do exist parameter perturbations for
some of the networks that yield many periodic windows. Understanding how axiom A and the dependence
on dimension affect the overall observed dynamic stability would be interesting and useful.

What we do know is that many of our dynamical systems seem not to require large parameter perturba-
tions to destroy topological equivalence since the distribution in the number of positive Lyapunov exponents
is not a zero variance spike. Along these lines, how the variance scales with perturbation size would serve
as a useful study. That our dynamical systems do not obey the stability theorem for reasonably small
perturbations is not fatal because the disobedience is not severe, especially as the dimension is increased.

11.2.3 Closing lemma

Speaking to the closing lemma numerically is not particularly feasible in our current framework; testing for
the existence of a single periodic point that yields a C? approximation is difficult. However, testing for the
observable effects of the closing lemma is something that lies in the scope of this work. One of our key
conclusions which is missing from the mathematical dynamics community is that the number of dimensions
of the dynamical systems matters. There is a huge difference between high and low-dimensional systems.
Of course, for a physicist, this seems obvious, but this point is lacking from most of the conjectures in
the mathematical dynamics community. Of course, why this is the case is due to difficulties with respect
to defining dimension, and devising a notion that captures the difference between dimensions effectively.
Nevertheless, we would claim that the effects of a closing type lemma are significantly more difficult to
detect as the dimension of the dynamical system is increased.

One useful direction which we have neglected, but which our neural network framework would be able
to investigate is a construction or a numerical implementation of Pugh and Robinson’s C'' approximation
technique. Such a study would not only aid in an understanding of our high-dimensional networks with
windows, but it would also aid in a better understanding of high-dimensional dynamical systems in general.

11.2.4 Stable ergodicity

The theory of stable ergodicity reflects the beliefs and observations of the authors’ of this report most closely
of all the mathematical dynamics work. Non-trivial partial hyperbolicity is likely not particularly uncommon;
strict hyperbolicity is likely the most common behavior, however it might be perturbed away with relative
ease. There are two issues we would like to specifically address. The first is that stable ergodicity, and
specifically the conjecture of Pugh and Shub (conjecture (1). The second is with respect to convergence in
dynamical and physical systems.

There is little we are likely to be able to say about strict ergodic behavior, dynamic coherence, and
accessibility. Partial hyperbolicity, uniform hyperbolicity, and non-uniform hyperbolicity are however, quan-
tities we can and will measure. The Pugh-Shub conjecture (and some of Palis’s conjectures (91)) are aligned
with our results both in spirit and in stylistic features. With respect to our results, it is apparent that
there exists some type of dynamic stability, persistent chaos, with various neutral directions around for good
measure. As the dimension is increased, the dynamic stability increases, and take on traits that resemble
stable ergodicity.

The second issue, which is noted in (113), is the general problem with convergence times of quantities like
Lyapunov exponents in dynamical and physical systems. There are many systems for which there will not
exist any real notion of convergence; many dynamical systems that reflect nature may exist in a continuous
state of transients. This will likely be a problem for stable ergodicity, since if there is no convergence,
many issues arise with some of the current proofs, e.g. the existence almost everywhere (with respect to
Lebesgue measure) of ergodic limits. Strict Lyapunov exponents will also not likely exist in the current
sense. The neural networks of course can approximate such systems, all that needs be done is training on
data, at which point neural networks can produce the localized Lyapunov exponents (Lyapunov exponents
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might not converge in the strict sense) for the system they are modeling (42) on that data set. Thus, one
line of investigation might follow training neural networks on data from a complex system and monitoring
the weight distribution. From our experiments, and experiments like ours, given a weight distribution, it
is likely that we will be able to predict behavior types. In other words, there exists the possibility for a
much more weak notion of equivalence between dynamical systems than has been so far discussed in this
report. One could speak of distributions of weight distributions in neural networks. Or, the evolution of the
mean, variance and any other statistical notions with respect to the weight distributions. If networks can be
understood in a statistical manner with respect to weight distributions, then insight might be gained with
respect to dynamical and physical systems for which long-term convergence of quantities such as Lyapunov
exponents is troublesome. In this report we present a partial understanding of neural networks with our
weight distribution; in preliminary work, we claim that our results are not particularly sensitive to many of
the properties of the weight distributions aside from the mean. If the mean is non-zero, the neurons quickly
saturate, and the networks become periodic.

11.3 Lore

The overall dynamics of our set of neural networks covers an enormous range of behaviors and qualitative
types of dynamical systems. From a general study of these dynamical systems via the analysis given in this
work as well as studying hundreds of individual networks, we have developed several rules of thumb that
comprise much of our intuition for high-dimensional dynamical systems. These rules are not strict, and there
clearly exist counterexamples. However, these are the stylized facts from our study. Many of these results
will be contained in a future report.

Rules of thumb

1. As the dimension is increased, the probability of a network being chaotic over some portion of its
parameter space goes to unity.

2. For the networks considered, at d = 50 there exists an s value such that the maximum probability of
chaos is about fifty percent.

3. As the dimension is increased, the (maximum) Kaplan-Yorke dimension of chaotic attractors scales
like ~ 2.
2

4. As the dimension is increased, the probability of the first bifurcation being Neimark-Sacker approaches
unity (or is at least greater than 90 percent)

5. As the dimension is increased, the dominant route to chaos from a fixed point along a one-dimensional
interval is the quasi-periodic route involving tori (T2 for d = 64) and quasi-periodic orbits;

6. As the dimension is increased, the probability (and length) of periodic windows in parameter space
scales like %.

7. As the dimension is increased, the number of positive exponents scales like ~ %.

8. As the dimension is increased, in the chaotic region of parameter space, hyperbolicity is violated on a
countable, increasingly countable, “dense” interval in parameter space.

9. As the dimension is increased chaos becomes more robust with respect to parameter changes.



11.4 Future work

We will conclude with a list of some future and current projects and suggested extensions of this work.
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1. Considering figures (9.4) and (9.9), there is likely a scaling between the positive Lyapunov exponents.
If there exists a single scaling such that all the Lyapunov exponents can be collapsed onto a single line,
there is much we can study. In other words, it is possible that the Lyapunov exponent spectrum is
scale invariant (see (31) for more information regarding scale invariance in dynamical systems). Armed
with a better understanding of such systems, high-dimensional asymptotic claims will be much easier

to make.

2. Study the universality of the largest Lyapunov exponent curve.

3. Study the existence and prevalence of uniform and non-uniform partial hyperbolicity along the orbit
of high-dimensional neural networks. Compare this with results of both Pesin and Bonatti and Viana

(19) regarding SRB measures and Lyapunov exponents.

4. A study regarding the basins of attraction and multiple attractors for our neural networks is badly
needed. This would include a study of the existence of finitely many SRB measures as has been
suggested by Palis (91), and the prevalence of Milnor type attractors as suggested by Kaneko (66).

5. Perform a full statistical study of the routes to chaos supplementing chapter (8), pending a better

orthonormalization routine.

6. A symbolic dynamics, anti-integrable limit study of region V is desired. In other words, a detailed

study of the transition from chaos to finite state orbits.

7. Training the networks to high-dimensional experimental and numerical data sets. With this informa-
tion, an analysis of common weight distributions can be uncovered, and with that information comes

a general picture of how our results are representative in nature.

8. A generalized notion of dynamic stability in systems never allowed to time to converge to an ergodic-
type limit. An example of such a system in our framework would involve a slow evolution of the weights
or the weight distribution. Such an analysis would aid in an understanding of the nature of dynamics

that are, in a sense, forever transient.

9. A study of the robustness of these results with respect to the weight distribution would provide insight
into how general our results are with respect to the neural network framework. Such a study would
also likely prove useful upon considering item 7, the analysis of these results with respect to networks

trained on data sets.
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