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Abstract: We present a deterministic discrete dynamical system, which is used to produce and classify
a variety of types of movements. The dynamical system is determined by the iteration of a bimodal
interval map, dependent on one real parameter, up to scaling. The characterization of the movements
is based on the topological classification of the discrete dynamical system. Techniques from symbolic
dynamics and topological Markov chains are used. With this approach we obtain efficient simulation
capability and a very simple characterization of distinct types of regular or complex motion. We discuss
the application of the method to describe animal movement.
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1. Introduction

Animal dispersal is a key factor that underlies a variety of phenomena in biology, ecology and
biogeography. Nowadays, relevant improvements on the subject depends naturally on appropriate
mathematical methods and have deep impact on the study of population dynamics, spreading of
diseases, animal locomotion, plagues in agriculture, and many other areas. The study of complex
individual movement, either animal or other kind, has attracted much attention since Mandelbrot
observed that certain types of trajectories exhibit scale invariance and fractal properties. The
properties, of statistical nature, are usually expressed by the distribution of the movement lengths, for
example, inverse power law-like tail, among other possibilities. Many approaches in the literature
follow this perspective and have been applied to different animal movements, bird flight, insect
movement and also human movement, see for example the survey [1], where several models are
described. An important reference in the subject is [2] where a conceptual framework for movement
in ecology is proposed, with a mechanistic perspective. Their approach is very general and includes
certain components which determine the movement path. Three of these components regard the
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individual and are: internal state, motion capacity and navigation capacity. A fourth component,
corresponding to the external factors, represents all aspects of the abiotic and biotic environment
which influence the movement.

Several existing reviews, in the literature, focus on different aspects of animal movement
modeling. In [3], the authors review literature on the agent based modeling approach which is able to
incorporate in simulations many features of animal behavior and the interaction with different
environments. Alternative methods are discussed in the papers, [4—6] were the authors consider state
space models appropriate to deal with biological and statistical features of satellite tracking data, and
take into account the different methodologies of collecting data, using statistically robust methods.
The state-space framework considers the internal state of the animal as a possible state variable which
influence the displacement, therefore allowing the transition between behavior states or modes, within
the model. This is determinant for the observed type of trajectory, since the animal can be migrating,
searching for water, foraging, exploratory, and this types of behavior produces distinct types of
trajectories.

In [7], the authors outline alternative methods for modeling animal trajectories with hidden Markov
models, where the modeling is based on existing non-observable states which are governed by some
probability distributions, e.g., Markov chains. The authors discuss these methods comparing it with the
state-space model approach. The computational tractability and mathematical simplicity are stressed
as main advantages of the referred methods, and the authors manage to apply the models to changing
behavior of the animals and to multiple animal movement description.

Regarding the appropriate length probability distribution, in the description of animal movements,
and the stochastic nature of animal movement, still recently, remains subject to debate and certain
controversy, namely regarding the importance or not of the Levy walk type. See for example [8,9].

We may refer some reasons why animals move: search for food or water, escape from danger or
some gradient such as temperature, search for mates, or other. However, here we do not discuss the
causes, the motivation for the movement, neither the influential external factors. For the moment,
we consider a descriptive perspective - the kinematics of animal motion - or kinematics of complex
motion, since our method apply to whatever moving object: the path of a fly in the air, a particle in a
liquid suspension, the movement of individual macromolecules, seed dispersal by the wind, or a person
walking in a street.

The main objective of the present paper is to produce and classify different types of trajectories
using a very simple iterated map of the interval - a symmetric cubic map. The model is theoretical as
the discussion here developed. Nevertheless we expect that the produced trajectory may be identified
as a typical path of a certain animal, which at some extent is isolated or with stable behavior. The
characteristics, patterns or irregularities of the trajectory are codified in the symbolic description of
the orbits of the iterated map, through the alphabet {L,C,R}, corresponding to the partition of
monotonicity of the interval map. Therefore, the iterated map is seen as a descriptive classifying tool,
a kind of dictionary for trajectories. The model depends on a real parameter, more precisely, a number
in the interval [—1,1]. Nevertheless, it is sufficiently rich to describe and characterize an enormous
diversity of trajectories. For different values of the parameter we obtain regular, periodic motion,
almost constant direction motion and irregular motions with different kinds of statistical and
geometrical properties. Some of these trajectories are approximately random walks, other
approximate Levy walks, to refer some of the distributions more frequently considered in the
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literature, among many other types of length distributions.

The complexity description and the characterization of the movements are based on the topological
classification and the combinatorial structure of the considered discrete dynamical system. The
methods of symbolic dynamics and iterated maps of the interval were extensively studied by Sousa
Ramos and his collaborators, see [10—12], regarding symbolic dynamics for bimodal maps. The main
classifying tool is the kneading invariant and the topological entropy is a complete invariant for the
bimodal family, in particular for the cubic family we are here considering. Therefore, topological
entropy can be used to produce a classifying measure for animal trajectories. The occurring symbolic
sequences as itineraries of some initial condition, called admissible sequences, are determined by a
combinatorial criteria, with an ordering in the set of sequences.

Instead of giving a fixed distribution of the lengths, or of the direction changes, which we expect
describe the trajectories of a certain animal, we define a family of symmetric cubic maps f;,
b € [—1,1], of the interval, which produce the referred lengths in each Cartesian coordinate, through
iteration. The cubic family is characterized by a special pair of symbolic sequences, %}, usually
called the kneading invariant. These sequences correspond to the symbolic itineraries of the critical
points which are atractors for the dynamics. Therefore, these pair of orbits determine the behavior of
every orbit in the system. Roughly speaking, we associate to a particular patch, or piece of trajectory,
a symbolic sequence or a class of symbolic sequences. Thus, the study of the possible trajectories and
its properties can be made enumerating symbolic sequences satisfying certain combinatorial
constrains. On the other hand, using ergodic theory for symbolic dynamics and for iterated maps of
the interval we may derive the probability distributions which are, in this case, a consequence of the
model.

The usual approaches in the literature, as referred above, uses stochastic methods and statistical
models and needs at some point a given probability distribution, or a set of distributions. Then is
necessary to fit the observations estimating the parameters of the models. Usually, except in [6, 7],
different models must be used to consider different modes of behavior, that is, directed paths,
exploratory paths, foraging paths, among other possibilities.

Our model is one of the most simple models found in the literature, which classify and produce
complex trajectories. There is one parameter b € [—1, 1], and we have the possibility of modeling the
change of behavior with a dependence of the parameter b on the position. It is scale independent, since
it can be applied directly from the microscopic scale to the scale of the largest animal in earth. This
is obtained through the choice of a scale parameter €, which represents the largest linear step possible
for the particular animal.

We do not have a fixed probability distribution. We have a whole family of probability
distributions, depending only on the chosen parameter b € [—1,1], or on the kneading invariant.
Nevertheless, we do not expect to reproduce exactly a particular observed animal trajectory through
our model. The main point here is that from the pattern of an observed trajectory, we expect to
identify the number of consecutive steps where the direction is approximately maintained, identify the
changes in direction, and the consecutive steps of changing direction, then we can produce a sequence
in the referred alphabet {L,C,R}. Next, we may compute the minimal kneading sequence which turns
the observed sequence into admissible with respect to the iterated map. In this case, we can compute
the topological entropy which characterizes the system and the value of parameter b which realizes
the kneading sequence. In this situation, we have the topological entropy characterizing the global
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trajectories of the animal, and the parameter b, which allows simulations of different trajectories of an
animal in an equivalent state of the observed one.

Typically, low topological entropy values give direct motion, with very few changes in direction,
or regular changes in direction. On the other hand, high topological entropy gives large variation on
direction and many different possible patterns of changing direction.

In our model, extreme data arising from an apparently non-typical observed trajectory may not be
removed, since we have no fixed probability distribution. In fact, within the same fixed parameter b,
the choice of the initial condition can lead to apparent strange transient behavior, which usually in the
statistical approach must be considered an outlier. In our model the transient behavior is classified and
incorporated.

In a first stage will be necessary to conduct experiments, with real animals in controlled
environments, to produce the referred catalogue, associating animal/behavior to the class of
appropriate kneading sequences, topological entropy, and parameter b. Next, with the catalogue, we
will be able to interpret observed trajectories from nature directly and to infer on the behavior of the
observed animal crossing that information with biological knowledge. If experimental observations
shows that the animal trajectories are not geometrically very close to the cubic-trajectories from the
model, at least the average behavior observed can be fitted in large classes of behavior types and
associated to classes of kneading sequences (and intervals of values of topological entropy). This
means that the relevant average quantities such average displacement, regions of recurrence, average
of direction changes, patterns of direction change, average area covered, among others quantities, are
close to same quantities calculated on the produced trajectories in the model. On the other hand, using
the catalogue, choosing the corresponding values of b, for fixed animal/behavior, we obtain a pseudo
random number generator suitable to animal motion simulations.

We expect that using our method to describe the motion of an animal, through a dynamical catalogue
or dictionary of types of trajectories, we may obtain the possibility to develop a more complete model
to include interactions with the environment and with other animals.

The paper is organized as follows: In Section 2 we describe general assumptions which support
certain aspects of the model. Namely, the justification of trying to analyze and describe the trajectories,
at a first stage without explicit causes or motivations for the motion.

In Section 3 we review the symbolic dynamics techniques used for bimodal maps, namely its
classification, and the definition of the topological Markov chain in the periodic and pre-periodic case.

In Section 4 we introduce the model and discuss its interpretation and direct consequences. We
describe the values of the parameter b for which we have simple movement, associated with O or low
topological entropy, and some properties in the case of periodic critical orbits

In Section 5 we give explicit results regarding certain special typical situations: the full shift, where
the statistical and geometrical characteristics are close to a random walk and the cases in which we
have intermittent behavior. This last situation produces trajectories which are close to the Levy walk.
A result on specific type of parameters is presented, with the definition of the Markov partition, the
transition matrix and the characterization of the topological entropy. We give also the estimation of the
step intervals associated of the Markov symbols, in an example.

In Section 6 we show how the model can be applied directly to 3D motion, with exactly the same
topological invariants.
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2. Animal kinematics

Our approach starts with an analogy with physics. Kinematics study the motion of an isolated
particle or object. There are intrinsic characteristics of the particle which can be considered such as
mass or the electrical charge. If there is no force we obtain uniform movement with constant velocity
and zero acceleration. With a constant force, e.g., the gravitic force, we may have, depending on the
initial conditions, a straight line or a parabola. With a central potential - gravitational or Couloub
force - we may have a line, ellipse, parabola or hyperbola. With a time dependent force we jump from
kinematics for dynamics, in a certain sense we have to introduce an interaction between the objects
and have to consider Newton laws of motion.

By similar reasoning we may consider the kinematics of the isolated animal, or simply animal
kinematics. 1In this case, the concept of isolated animal is similar to the notion of isolated
object/particle in physics. An isolated system does not exist in real world, however, is an useful
abstraction to progressive design an experimental or observational apparatus, reducing the known or
identified interactions, in order to a particular phenomena or inter-relation of concepts. In the context
of the animal movement the interaction with the surroundings is set to the minimum.

We can imagine an animal put in a plane (e.g. insect), to test different rugosities, different materials,
to conclude that some of these materials are irrelevant to the typical behavior, and so on. Once this
detailed experimental procedure is concluded we may collect data to determine what are the types of
trajectories used by animals when the surroundings are producing the minimal stimulus possible.

Next we can observe if the animal stays still. In this case we have to consider a rest position.
We observe repeated experiments to determine, if the same animal can exhibit different behaviors
according to its internal state. It is reasonable to think that a certain animal or a certain specie have a
finite set of type of behavior. And that these behaviors follows some pattern, which may correspond to
some strategy.

Next we can introduce different kinds of interactions or environments to analyze the change of
typical behaviors in the quasi-isolated regime through the introduced interactions or stimulae. We then
may ask:

What is a typical motion on this condition of isolation?
With a change in the terrain, surface under the animal the type of movement changes?
It would be interesting to see how far we can go, either theoretically or experimentally, with the
simplifying assumptions given below.
First general assumptions:
(1) The trajectory is composed of discrete linear steps.

(2) There is a maximal displacement, in one step, which is a consequence of the finite size of the
animal.

(3) Any step depends on the previous step taken: Markov hypothesis.

These three assumptions allows the use of an iterated map of an interval to produce the steps at
discrete time instants, ¢, which can be scaled so that ¢ € N.

Next, the following assumptions determine the structure of the model and the specific families of
iterated maps we may consider to produce the trajectory.
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(4) There is a coordinate system (q (¢),g2 (¢)), so that

qi(t+1)=g(qi(t)),i=1,2

for a certain piecewise monotone interval map g.

(5) Differentiability: close steps give origin to close steps. There is no special reason for this
assumption. The alternative would need a cause or an explanation for the existing discontinuity, or
point without derivative.

Finally, the last class of assumptions which are in fact characteristics which may be present or not.
These are not fundamental and depend on the animal specie, or on empirical evidence.

(6) Preferential direction for the motion: Isotropy or symmetry breaking. Since we are considering
isolated animal if there is symmetry breaking this means that the animal has in its internal process a
preference to some direction. For example, the possibility of detecting magnetic field, light, heat or
other phenomena. This point is very interesting for certain classes of animals, however in this case we
don’t have isolation. In the present work, we will consider the isotropy assumption.

(7) The rest position is a possible solution: Depends on the internal state. It may be a solution or
not. This means that we may have an external parameter codifying this situation.

(7a) stable: rest situation, exhaustion or animal strategy.
(7b) unstable: a small perturbation leads to a progressive path, spiral or direct.

Remark 1. The generalization for 3 dimensions is obtained changing (4): There is a coordinate system
(q1(t),q2(t),q3 (1)), so that
gi(t+1)=g(qi(r), i=1,2,3.

for a certain piecewise monotone interval map g.

Remark 2. We could assume that there are discontinuity points (in a finite number) for some reason.
Eventually empirical data may require this adjustment. In future work we plan to deal with this issue.

Remark 3. Different types of coordinates can be considered. We have tested already polar coordinates.
However in the present paper we focus on Cartesian coordinates.

3. Bimodal maps

General bimodal maps, which are continuous maps with two critical points, are characterized by two
real parameters, up to topological conjugacy. In an equivalent way, are characterized by two symbolic
sequences called kneading sequences, corresponding to the symbolic itineraries of the critical points,
see [10], for details, and below for the definition. Assuming the conditions referred above: isotropic
motion, rest position as a possible solution and the simplest situation in which we have one atractor
or two symmetrical atractors, we arrive to a symmetric bimodal family of interval maps. This family
is equivalent to a one-parameter family of the interval [—1, 1]. The simplest case possible, in terms of
analytical expression, is a symmetric cubic map.

If we do not force the existence of the rest solution and considering possible non-isotropy lead us
directly to a general bimodal map with two parameters, maintaining the case treated in this paper, as
special cases.
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3.1. Symbolic dynamics for symmetric bimodal maps

Let us consider the family f}, of symmetric surjective bimodal maps on the interval [—1, 1],
fo(x) =4b°%* —3bx, be[-1,1].

The discrete dynamical system, referred in the introduction, is the pair ([—1,1], f;) and the orbit of
a point 5o € [—1, 1] is the set

orby, (S()) = {Sk 25k =fp (Skfl) ke N},

obtained under iteration of f},.

The topological entropy measures the chaotic behavior of a discrete dynamical system and can be
computed as the logarithm of the growth rate of periodic orbits for fixed size k. It was proven in [13]
that the topological entropy grows monotonically with the parameter b, and is a topological invariant
for the family fp,.

The critical points of f;, are denoted by

1
C4+ = :f:%.

and their orbits are very important to understand the global behavior of the iterated map fj, for a fixed
parameter b. Let J., denote the intervals where f, is contractive. They are intervals centered in the
critical points c+. Every point starting in J., will be attracted to the orbit of the critical point c.
Almost every point in the interval [—1, 1], under iteration, will reach one of J.,, in finite time, and
therefore almost every orbit is strongly conditioned by the orbits of the critical points. If the critical
point is periodic then almost every point in the interval, is eventually attracted to the periodic orbit. If
the critical orbit is aperiodic then almost every point in the interval is eventually attracted to it and we
have chaotic motion. However, if the topological entropy is positive, in the chaotic regime, even the
case of periodic critical point has appreciable complex behavior. On one hand, the transient behavior
changes significantly, changing the parameter . On the other hand, there is an infinite number of
periodic orbits, unstable, of any period, which coexist with the given attractive periodic orbit.

To classify every situation, and to know exactly what type of orbits coexist, given b, is very useful
the combinatorial method called symbolic dynamics in which numerical orbits are represented by
symbolic sequences. In what follows we give the notions necessary to use symbolic dynamics. For
more details, on symbolic dynamics of bimodal maps, we refer the works [10-12].

To simplify exposition assume that |»| > 1/2. We may consider orbits in the case |b| < 1/2, however
in this case the absolute value of the critical points are larger or equal to 1, the dynamics is very simple
and the symbolic description is trivial.

The address of x € [0, 1] is defined by

L if xe[-1l,c]

C_ if x=c_
ad(x)=<¢ M if x€]c_,cq|

Cy if x=c4

R if x€ley,1].
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The itinerary of a point x, which collects the addresses of the points in the orbit of x, is defined by

ity (x) = ad (x) ad (f;, ()) ad (£2 (x)) ..

which allows the correspondence of orbits, under iteration of f;, with symbolic one-sided sequences in
the alphabet {L,M,R} or {L,C_,M,C,R}, if we consider the orbits of the critical points. The space
of one-sided sequences is denoted by {L,M,R}" or {L,C_,M,C. ,R}".

We denote the kneading invariant of fj by

Hyi= A (fp) = (K_,Ky),

where K_ :=it; (fp(c—)) and Ky := ity (fp(c+)), are the itineraries of the critical points and called
kneading sequences.

Since f;, is symmetric is useful the usual notation L=R,.C_ =C,,M =M,C, =C_,R=1L, to
express the symmetry of the admissible sequences. In particular for any 7 (f,) = (K_,K;) we have
K =K,.

In general, we have two distinct critical orbits orb, (c_) # orby (c4), in this case necessarily,
orby (c_) = —orby (c+) (two symmetrical atractors). Nevertheless, we may have one critical orbit,
that is, the two critical points belong to the same orbit orbj, (c_) = orb, (¢4 ) (one atractor), and in this
case the kneading sequences must be periodic and K_ = ¢’ (K.), where  is the period.

The iteration of f;, corresponds to the shift map on the symbolic space sequences, that is, we have a
semi-conjugation

o oity (x) =ity (f; (x))
where
o:{L,C_,M,Cq,R}" = {L,C_,M,C;,R}"

6(515253...) =5253...

For different values of b different types of sequences occur. When considering the alphabet
{L,C_,M,C,R} some careful is needed since the symbols C are special. They represent points and
the symbols L, M,R represent intervals. To the symbol C_ only follows the sequence K_, to the
symbol C only follows the sequence K, and no other possibility. On the contrary to the symbols L,
M, R, and the combinatorial diversity of sequences can be enormous, depending on b.

To determine exactly which sequences occur as itineraries in the set of all possible sequences,
{L,C_,M,C.,R}", itis necessary to introduce an order relation in the set of sequences. First, we need
a parity or sign function: the bimodal sign function is defined by

€: U1 {L,C_,M,C ,RY* = {—1,0,1},

with
e(P)=¢€(P)...e(P),

forP=P..P, € {L,C_,M,C,R}*, and
e(L) =sgn(b),e(C+) =0,e(M)=—sgn(b),e(R) =sgn(b).
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Consider the set {L,C_,M,C,R} ordered by
L<C_<M=<Cy<R.

Let us define an induced order relation in the set of one-sided sequences {L,C_, M, C+,R}N. Consider
two sequences P P;... and Q1Q5... of {L,C_.M, C+,R}N. There is a number k = 0,1,... such that
P, = Q; for i < k. Then we set

PP... < Q1Q2...

if and only if
P, < Qr and E(Pl...Pk,I) =1,

or
Or < P; and S(Pl---Pk—l) = —1.

We can easily see that the symbolic order structure is compatible with the order in the real line. In fact,
forx,y € [—1,1], x <y if and only if ity (x) < ity ().

Let us characterize the orbits and symbolic sequences which are not critical, that is, does not have
the symbol C+. A sequence S € {L,M,R}" is called admissible, with respect to b, or %, if, by
definition, there is xo € [—1, 1] so that ity (x9) = S.

The combinatorial characterization for the admissible sequences is the following: A sequence S €
{L,M,R}" is admissible if and only if K- <S < K, andb <0or K, <S<K_andb > 0.

Let us now characterize the orbits and symbolic sequences which are kneading sequences: Periodic
if Q=(010>...0,C+ ), pre-periodic if 0 = Py...P; (Q1Q>...Q,)” or aperiodic Q = 010, 03.... Inevery
case Q;,P; € {L,M,R}. In the following sentences Q is in one of the previous three types.

A sequence Q is a maximal (resp. minimal) kneading sequence, or if and only if 6’ (Q) < Q (resp.
0 < o' (Q)). foreveryt > 1.

3.2. Topological Markov chain

Let us consider the case of periodic and pre-periodic kneading sequences, that is, in the form
Hy = ((51...8C-)”, (S51...8c.C4) ),

or
Hp=(01.-.0r (51...5kC-)" , 01...0, (51...5:.C1) 7).

The values of the parameter b for which the critical orbits are pre-periodic are called Misiurewicz
points. In this two situations we have a Markov partition of the interval [—1,1], with respect to
iteration of f,. The Markov partition is obtained directly from the orbits of the critical points
orby, (c_),orby (c+ ). From the periodicity of the tail of the kneading sequences there is a least natural
number r € N so that

Uiofs ({e— i }) = Uo 5 ({e—eq ),

for any # > 0. In this case, the set U, _, flf ({c—,c+}) constitute the set of boundary points of the Markov
partition for f,. Each interval of the partition is associated to a finite word in the alphabet {L,M,R}
and to a Markov state.
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Let S = (815,...5¢)” be an admissible periodic sequence. Which means that K- < S < K. Let
|||, denote the point x in the interval [—1, 1] satisfying it, (x) = S. If there is no ambiguity we write
|S|| = |IS|l,, to simplify notation.

In the case K are periodic, of period n, we have a Markov partition which can be explicitly obtained
from symbolic dynamics, and also the transition matrix Aj; induced by f;,. The Markov partition is given
precisely by the successive shifts of the kneading sequences and ordered by <. Let

= K., SW=0(k),.8"V=0c"1(K),
s = g, S =6 (ky),..S®D = 6" (Ky).

There is a unique permutation 7 on the set {0, 1,...,2n— 1} which re-orders the previous list of
sequences with respect to <:

Sm0) L ) L ... @A) L S L §Ae-1)

Therefore, the partition is given by

[H (i)

E

a total of 2n — 1 intervals, and note that, since f}, is surjective,

(D) m L i=0,..2n—2,

H§<"<O>>H — 1 and H§(”(2”—2>>H —1.

Due to the specificities of our approach, we introduce a different enumeration, for the Markov
alphabet, which is not usual in general. Since we have a symmetrical bimodal map, and there are two
symmetrical kneading sequences, the total number of symbols in periodic sequences is even, 2n, using
the above notation. Therefore, the number of intervals is odd, 2n — 1. Moreover, since 0 is always a
fixed point we have always a Markov state associated to an interval containing 0, and a symmetry for
the boundary points of the partition. Therefore, is natural to introduce the notation, for the Markov
states enumeration:

{-m,...,—1,0,1,2,...;m},

with m = n — 1. Therefore, the Markov intervals, with this enumeration, are

I = [Hg(n(mﬂ'))H , Hg(fr(m+j+l))’ ] , j=-m,—m+1,..—1,0,1,...m.
Since the boundary points belong to the orbit and therefore is a Markov partition of [ for f,. The
image of any interval in the partition, under f, is a union of intervals in the partition. This fact allows

the definition of the transition matrix, A, = (ai j) P I given as usual

{ Lif fy (I;) DI
aij:

: . | j=—m,...—1,0,1....m.
0 if otherwise. ’ L] m, ,0,1...,m

The topological entropy is given by the logarithm of the Perron eigenvalue of A. Is also equal to the
logarithm of the growth rate of the admissible words of size k.
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4. The model - plane motion

4.1. Definition

Each movement is composed of patches of linear motions, through the plane, intertwined by
changes of direction. The lengths and the directions of each patch are determined, in the Cartesian
coordinates, by the iteration of the map

Fye:R2x[—1,1)?
Fb,s (xvngxasy) = (x+8SX7y+£syvfb (SX) =fb (Sy)) .

In an explicit way,

Xk+1 = Xg T ESx k
YVk+1 = Yk T ESyk ke N
Sejr1 = S (Sxk)
Syks1 = fo (Syx)

The position of the animal is at each step k > 0 given by the pair (xg,yx). On the other hand, the
pair (ska, Sy,k) codifies the future action of the animal and correspond to the displacements at step k.
The parameter b € [—1, 1] determines the characteristics of the motion and is associated to a kneading
invariant, %, for f,. The parameter € gives the scale of the motion and can be related with the
energy spent during the motion. It will not be important for now, regarding the classification of types
of movements, and we only include it for sake of generality and future work. Note that the absolute
values of the maximal displacements is normalized to 1. Therefore, € re-scales whenever needed to the
appropriate size. Recall that we assume there is a maximal step possible, for a given animal.

In resume, the initial position of the animal is (xo,y) € R? and the initial conditions for the state of
the system, which determines the trajectory, is the pair (s, 0,5,0) € [~1,1]%.

4.2. Interpretation of the model and some direct consequences

The parameter €, as referred above, is related to the typical size of the animal. The parameter b is
related with the type of trajectory. It is a parameter which characterizes the complexity of the motion,
the average displacement, average area covered and other geometrical and statistical characteristics of
the trajectory.

An animal, in different circumstances or time instants, produce different trajectories. We expect
that under the same exterior conditions and with the same internal conditions (health, metabolism,...)
the animal produce, not equal, however similar trajectories. In our model this corresponds to consider
different initial state conditions (Sx,o, sy,o) (typical, not special points).

If the same animal is in a different internal state (with hunger, exhausted, more aggressive, etc.)
we may expect that produce different type trajectories. This means that different behavior states are
associated with different values of . Therefore, a specie can be characterized by a set of possible
parameters by < by < ...b,_1 < b, acgordillg to iti obser\ied behavior states and a different specie
can have a set of possible parameters by < by < ...b;_1 < b;, with some in common. Since there are
different values of the parameter b producing topological equivalent behavior, we in fact need to make
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the correspondence between kneading sequences and behaviors. It is this correspondence that may be
meaningful. We, thus, expect to have a specie characterized by a finite set of kneading sequences

=T < <

ordered by topological entropy which coincides with the symbolic order, which may be associated with
the typical behaviors according to internal and/or special controlled external conditions. For example,
1 may represents the type of behavior more simple possible (for example rest), next %5 codifies
directed trajectories, travelling, #3 represents search for food, and so on, and the last %, may codify a
random type behavior.

4.2.1. Simple behavior: case b <0

The fixed points for f, are O for every b € [—1,1], and +5* = iﬁ 3+ %, for b € [—1, —%] If

b € [—1,—1] the fixed point 0 is repulsive, if » € | —1,0] is attractive. On the other hand the fixed
points +s*, for b € [— 1, —% [, are repulsive and for b € } —%, —% [ are attractive.

If b € | —1,0], with the initial state (sy0,5y0) = (0,0), the animal remains in (xo,yo). If starts in
any (sw, syjo) # (0,0) will travel with a certain transient motion and will eventually stop.

Ifbe ]—%, —% [ with the initial state (sx70,sy7o) = (0,0), the animal remains in (xg,yp), however,
any small perturbation will lead the animal a progressive walk until approaches the attractive fixed
point, s* one or the other. If starts with (sy0,0), will travel only in the x-direction, maintaining yo
constant. If starts in any (sx70,sy7o) # (0,0) will perform a certain transient motion and at some point
starts to walk in one definite direction (similar to taking a decision), either along the displacement
vector (s*, —s*) or (s*,s5*). Note that this is descriptive of the type of motion. If we pretend, for some

practical purposes, a different stable direction we simply apply an appropriate rotation.

For the values b € [—%g, —% )

there are no changes of direction - the positive (resp. negative) values of displacements are always
followed by positive (resp. negative) values of displacements. This does not happen for

[ we have the intervals [0, 1] and [—1,0] invariant and, consequently,

b e [—1, _%g [ Therefore, the region b € [—l,—%g is associated with search or hesitant motion

(higher topological entropy). The region b € [—g, —% [ CcCbe [—%g, —% [ has a sub case of two
uncoupled unimodal maps defined on the invariant intervals [0,1] and [—1,0]. This means that we
may have complex behavior, with topological entropy between log v/2 and log2. However, for these
values of the parameter there is no turning back. The chaotic oscillations lead, in average, to a definite
constant direction.

V3

The region b € [_Tv 0 [ is associated with decided motion (lower or O topological entropy).

4.2.2. Simple behavior: case b > 0

In this case there is only the fixed point O for every b € [—1, 1], except in the case b = 1 for which
+1 are repulsive fixed points.

For b € [0, 1 the fixed point 0 is attractive, for b € | 1, 1] is repulsive. The critical points are inside
[—1,1] forb > % In the interval b € } %7 %] there is a unique attractive orbit of period 2.

Therefore, If b € [0, % [ for the initial state (sxp,sy’o) with s, 0 = 0,5, = 0, the animal remains in
(x0,¥0). If starts in any (sx70, sy7o) , will travel with a certain transient motion and will be rapidly stops.
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Ifbe ]%, %] for the initial state (sx7o,sy,0) with s, 9 = 0,s,0 = 0, the animal remains in (xo,yo),
however any small perturbation will lead the animal a spiral walk until approaches the attractive
period 2. Therefore, if starts in any (sxto,s%o) , will travel in a spiral until reaches a trajectory which
closes in itself.

4.3. Periodic behavior

The map f; in the periodic case is structurally stable, and small perturbations on the parameter
gives topological equivalent dynamics. From a experimental point of view these are important cases,
since we expect to observe approximate behavior which is consistent and reproducible. If we observe
empirically irregular motion, we expect to have approximate values of the parameter corresponding to
very long periods with kneading sequences with a certain symbolic structure.

On the other hand, to determine at least a initial part of this symbolic sequence gives very valuable
information, since gives us approximate value of the parameter b, and gives the possibility to determine
approximate values of the topological entropy.

Note that periodic is not necessarily simple. If we consider very long periodic kneading sequence
the behavior may be complex at some extend. For example

K. = (L4 (MR)2M2R3L2MR4MR4L2R2L2R2M2C+) , K. =K.,

are admissible kneading sequences, relatively long and with some diversity regarding the type of
constituent blocks. In this case, very small perturbation of the parameter gives the same kneading
sequence except the symbols C+ which are transformed in L,M or R. So we have some degree of
stability in this complex/simple behavior. If, from observation, we obtain a long kneading sequence
will not be clear if it is periodic or not, or which exact period is, since we must distinguish very small
lengths to decide if we arrived to the critical points. However, this is not a problem because the
topological entropy is continuous and monotone with respect to the parameter and the symbolic order.
In the above sequence we could not identify C; and would consider it as a symbol R, in this case what
we collect empirically would be the sequence

L* (MR MR} L>MR*MR*L*R’L*R*M’LLL...,

and we could decide to finish it at any close point to C, obtaining a very good characterization of the
underlying dynamics.

The geometric structure of the patches of the trajectories are completely dependent on the patterns
of the itineraries, and therefore dependent on the kneading sequences. The long blocks of the type M*
means many consecutive small steps, (except the last two or three steps which are larger) increasing
from the first M to the last. This steps are in constant direction if b < 0, and in spiral if b > 0. The
existence of blocks of the form RMXL or LM*R means change in direction on the corresponding axis.
Therefore, sequences which have many blocks of those types are associated to trajectories with many
turning points. On the other hand, sequences with blocks R* or L* means trajectories with steps
maintaining the direction on that axis. A block (S155...5;) is associated with a particular patch or
pattern within a trajectory. A sequence which have many repeated blocks, eventually intertwined with
other words correspond to trajectories with the pattern associated with the block repeated
approximately. In the Figures 1-4, we see an example of perturbation of periodic kneading sequences.
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8=0.0027

=]

Figure 1. The case of trajectories obtained perturbing the period 4, (LRRC_)”, with b =
—0.9466315037964194 — 6. The histogram correspond to the distribution of lenghts, in two
dimension, of the trajectory.

The square, associated with the period 4, is approximately repeated, through the perturbation. The
parameter is b = —0.9466315037964194 — 6, and 6 produces the small changes in each case. The
initial condition is, in every case, syo = —0.27, syo = 0.31. The kneading invariant, for the
unperturbed case, 6 =0, is %, = ((LRRC_)” ,(RLLC4)").

In the Figure 5 another case, in which the kneading invariant is periodic, period 4, nevertheless, this
case with higher topological entropy. Is given by

b =—0.9973100225544209..., and %, = ((LRLC_)", (RLRC})").

5. Prescribed behavior in the plane

5.1. Full-shift

In this case we have the maximal value of the parameter » = 1 or b = —1, with corresponding
kneading invariant

A= ((LR)™,(RL)™), 1 = ((R)™,(L)7).

The kneading sequences are not periodic, nevertheless have periodic tail (remind that the orbits of the
critical points does not return to the critical points: C_ (LR)™, C_ (LR)™, C+ (L), C— (R)*). Any small
perturbation of the parameter leads to non-equivalent topological behavior. There is also a Markov
description which is simply given by the full-shift with 3 states

A= 1

1

—

Any word in the alphabet {L, M, R} is allowed, the growth rate is 3 and consequently the topological
entropy is equal to log 3. See the Figure 6, on the right side, where b = 0.999999, very close to 1.
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§=0.00299 JTH‘

0.0010 0.0015

Figure 2. The case of trajectories obtained perturbing the period 4, (LRRC_)”, with b =
—0.9466315037964194 — 6.

I“;“jjé

8=0.002999

”5 WN—IJ_H—l_erH-"H
0 |
oo 00010 000 000m 0@

Figure 3. The case of trajectories obtained perturbing the period 4, (LRRC_)”, with b =
—0.9466315037964194 — 6.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 5464—-5489.



5479

X0=-0526465 n=40 c=-0949732

, with b = —0.9466315037964194 — §.

Figure 4. The case of trajectories obtained perturbing the period 4, (LRRC_ )"~

T T G e

S0 =-0.27,50=0.3 S0 =-0.27, s5,0=0.31 S0 =-0.27, 50=0.315

0.0005 0.0010 0.0015 0.0020 0.0025 ! 0.0005 0.0010 0.0015 0.0020 0.0025 0.0005 0.0010 0.0015 0.0020 0.0025

n=500

Figure 5. Example of three trajectories, for the same parameter, b = —0.99731..., with very
close initial conditions.
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b= 0.953 b= 0.99999 b= 0.999999999

YA
¥

. WWH ,\;num\JJH HHH Aﬂﬁ nﬂ I

n=2000

Figure 6. Example of different complex trajectories, with random initial conditions, and high
parameter values.

Let us consider the case b = —1. The critical points are c_ = —%, cy = % Therefore, the intervals
associated with the Markov partition {—1,0,1}, which coincide in this case with the partition of
monotonicity of fp, through L +— —1, M +— 0, R +— —1, are

IL=[~1,-05], Iy =[-05,0.5], [ =[0.5,1].

The pre-images of the critical point c_ = —% are {—0.939693,0.173648,0.766044} and the pre-
images of the critical point ¢4 = % are {—0.766044,—0.173648,0.939693}. Therefore, the intervals
associated admissible words of size 2 are

I =[—1,-0.939693], Iy = [—0.939693, —0.766044] , Iz = [—0.766044,—0.5]

Iy = [—0.15,—0.173648] , Iy = [—0.173648,0.173648] , Iz = [0.173648,0.5]

Irr = [0.5,0.766044] | Ixy = [0.766044,0.939693] , Ixx = [0.939693,1].

If we consider an itinerary for the initial displacement s, € Ipy means that—0.939693 < s, <
—0.766044 and that the next step will be in s, 1 € [y —0.5 <5, 1 < —0.5.

Numerical simulations shows that the average displacement in two dimension is, in this case, similar
to the behavior of a random walk

() ~ V.

In the Figure 7 we see a simulation showing the fit on the curve a /¢, which gives the constant
approximately equal to a = 0.885154.
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I I I I
0 50 100 150 200

Figure 7. Simulation of trajectories showing the fit on the curve 0.885154 /¢, of the time
dependence of the average displacement.

5.2. Intermittent phenomena

Let us focus on the case b < 0 and that the intermittence refers to the symbol M. We could consider
any other word R, L, or even a block, which has a large occurrence rate in the itineraries of almost
every initial condition repeated. Let us consider the following sub families of dynamics. Consider the
values b so that the kneading sequences are in the form

K_=LMMRMPLMBR..., K. = RMMLMPRMSL...

Recall that the form of one sequence implies the form of the other by the symmetry of f;,.

In this case we obtain interesting examples of trajectories which are close to Levy walks: most of the
time the iterates are in the interval M. If we have blocks of many repeated symbols M, admissible, this
mean that we have very frequent small displacements, interrupted by occasional larger displacements.
If we assume that displacements smaller than a certain value & must be disregarded, since are not
observable, we have a distribution of lengths similar to a Levy distribution.

Consider the example in the Figure 8.

Let us analyze the case %}, = ((LMkC+RMkC_)

(o]
Y

(RM*C_LM*C.)”) in detail.

Theorem 4. Let b < 0 so that %, = ((LM"CJFRM"C,)OO, (RM"C,LM"CJF)W), with k € N. Then the

Markov state {—m,...,—1,0,1,2,....m} correspondence with admissible words is
—m<+—L,—m+1<+— ML —m+2+—M1L,...—1+—M"L
0+— M", ,

1 +— M" R 2 M"2R,..m—1<— MR,m<+<—R.
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Figure 8. The example shows a trajectory close to Levy walk, and is associated to a certain
degree of intermittent behavior, as we may see in the accumulation of points around the O in
the iterated map. In the most frequent length class we mark a line, to stress the tail in the
distribution.

with m = k+ 1. The transition matrix is

11 11 1 00 00
10 00
0 1
0
0 10 00 00
Ay=1| 0 01 1 10 o |,
00 00 0 01 00
1
0 1
00 00 1 11 11

of dimension (2m+ 1) x (2m+1). The topological entropy is the logarithm of the largest solution of
the polynomial A*"+1 —332m 4 A2m=1 4 32m=2 4 224 A0 41,

Proof. The boundary points are enumerated and ordered trough the shifts of the kneading sequences:
sO — pytc, rRM*c_, SV = & <LMkC+RMkC_> ..., SEmE2) — G2m+2 <LMkC+RMkC_>

there is a permutation 7 on the set {0, 1,...,2m + 2} which orders the previous sequences with respect
to <.
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LM*C, RM*C_

M*C.RM*C_L

A A A A

C_LM*C,.RM* < MC_LM*C RM*" <
M*C_LM*C . RM*7% < ... < M*C_LM*C R <
MYC L RM*C_LM < -« < MC . RM*C_LM*! <
C.RM*C_LM* < RM*C_LM*C,.

Therefore, the Markov partition is constituted by the intervals

Iy

J

ceey

ceey

|lLm*c rm*C_ ,HC_LM"QRM"‘ ] ,
lc_Lamtc, ru|, )MC,LM’<C+RM’H 1,
M 1c_Lmkc. rm ,HM"C_LM"QR 1,
|ImM*c_Lmc.r ,))MkC+RMkC_L‘ ] ,
||mM*c, rRM*C_L ,HM’HQRM"QLM |,
\mc. rvtc_ i ,HQRM"QLM" 1,
|l rRM*c_Lm* ,HRM"C_LM"Q‘ ] ,

The transitions can be explicitly computed, to obtain A, through the semiconjugation of f; with the

shift map:
folm) = ||lLMtc,rM*c_ ,HMkQRMkC,LH] [ UL ey U---UL Ul
follmer) = ||lLM*C.RM*C_ ,HC_LM"C+RM’<—1M’H 1,
) = ||lM—2c_Lmtc. rm? ,"Mk_'C_LMkC+RM)] 1,
) = [|Mc_mtc rm ,‘Mk_1C+RMkC,LMH_ — 1 UL UI
Hm) = |[|[m'c.rmtc_m ,(M"*ZQRM"QLMZH s
follm1) = [|lc.rRM*c_LM* ,HRM"C_LM"C+H] —1,
£l = ||Mrc_Lm*c,r ,“RMkC_LMkC+“] — IyULU---Ul, 1Ul,

Note the reversed order in this intervals I_,,, and [, since f; has negative derivative in those intervals.
The polynomial is obtained using the expansion of the determinant of A, — Al on the line m + 1,

associated with the state 0.
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Example 5. Let us consider the case described in the Theorem with k = 2. In this case the kneading
invariant is K, = ((LM2C+RM2C_)°°, (RM2C_LM2C+)°°) and the Markov alphabet is
{-3,-2,—1,0,1,2,3}. The parameter is approximately b = —0.880138. The correspondence with
admissible words are

34— L —2+— ML —1+— M?L,0+— M>1+— MR,
2 +— MF2R,..m—1+— MR, m < R.

The orbit of the critical point c_ (and also of c) is, approximately
—0.568093 — —1. — 0.0867566 > 0.227293 — 0.568123 — 1. — —0.0867566 — —0.568093
Reordered
—1. < —0.568093 < —0.227292 < —0.0867566 < 0.0867566 < 0.227293 < 0.568093 < 1

The intervals

I3 = [—1,-0.568093]

I, = [-0.568093,—0.227292]
I, = [-0.227292,—0.0867566]
Iy = [~0.0867566,0.0867566]
I, = [0.0867566,0.227292]
L = [0.227292,0.568093]

L = [0.568093,1].

These are the possible lengths for each Markov state. This means for example, if we have sy € 1>
then sy € [—0.568093, —0.227292] and since the only transition possible is to —1 we know that the
next step must be in [—0.227292, —0.0867566.

6. Prescribed behavior in the space

In this section we illustrate the possible application of the model to movement in three dimension.
The application of the model in 3D considers the same assumptions as the motion in the plane, in
particular that the movement is composed of patches of linear motions, through the space, intertwined
by changes of direction. Moreover, the characterization of the trajectory is accomplished by the
parameter b or the kneading invariant ., = (K_, K ), and the parameter € > 0 which gives the scale.
The lengths and the directions of each patch are determined, in the Cartesian coordinates, by the
iteration of the map

Fye:R3x[-1,1]°
Fb,e (x7y7Z7SX7sy7SZ> = (X+8Sx,y+8Sy,Z+SSZ,fb (Sx) 7fb (Sy) 7fb (SZ)) .

In an explicit way,
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Xk+1 = Xg + ESx k

Vk+1 =Yk T ESyk

Zk+1 = Zk T €Sk

Sek1 = fo (Sxk) kel
Syk1 = S (Syx)

\ Szk+1 = fb (Sz,k)

Let us consider a representative set of parameters, in the table below, considered also in examples
and results in the two dimensional case. Note that the topological entropy refers to the corresponding
interval map f;, and characterizes both the 2D and 3D trajectories, for fixed b. Note also that the

kneading sequence K is determined from K_ by symmetry. See the Figures 9—14, for examples of 3D
trajectories for each case.

b

. topological entropy
1 (R)™ log3 ~ 1.098
-1 (LR)” log3 ~ 1.098
—0.880  (LMMMRM..))” ~0.721
0.8560  (RMMMRL...) ~ 0.675
—0.869 (LMMMMR...) ~ 0.694
—0.86603 (LMMMMM...)~ ~ 0.690

Figure 9. Example of a complex trajectory in space, with random initial conditions, and
parameter b = 1 (full shift case).
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Figure 10. Example of a complex trajectory in space, with random initial conditions, and

parameter b = —1 (full shift case).

Figure 11. Example of a complex trajectory in space, with random initial conditions, and

parameter b = —0.88 .
Volume 16, Issue 5, 5464-5489.
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Figure 12. Example of a complex trajectory in space, with random initial conditions, and

parameter b = 0.856025.

Figure 13. Example of a complex trajectory in space, with random initial conditions, and

parameter b = —0.869.
Volume 16, Issue 5, 5464-5489.
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Figure 14. Example of a complex trajectory in space, with random initial conditions, and
parameter b = —0.866029.
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