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Abstract

We present three distinct concepts of what constitutes a scientific understanding of a dynamical system. The development of
each of these paradigms has resulted in a significant expansion in the kind of system that can be investigated. In particular, the
recently-developed ‘algorithmic modelling paradigm’ has allowed us to enlarge the domain of discourse to include complex
real-world processes that cannot necessarily be described by conventional differential equations. ©1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

What do we mean when we say that we understand a dynamical system? In this essay, we identify three distinct
paradigms for scientific understanding of dynamical systems. These paradigms enediie of knowingf the
title. The introduction of new models of knowing has resulted in a significant expansion in the kinds of systems that
can be investigated scientifically.

The first paradigm, which we shall refer to as the Newtohiawas established in the seventeenth century.
According to this approach, a dynamical system is understood by modeling it with a differential equation and then
solving that equation.

The second paradigm, the geometric theory of differential equations (also known as the qualitative theory),
emerged at the beginning of the twentieth century, largely as a result of the work of Poincaré. It is firmly grounded
in the Newtonian paradigm, in that it begins with differential equations, but it endeavors to provide qualitative
information about system behavior even when formulas to solve the differential equations are not available.

* Corresponding author. Tel.: +1-610-3131156; fax: +1-610-3135753; e-mail: rapp@mcphu.edu.
1We call this the Newtonian model without prejudice as to what Newton’s world view may actually have been. It might be argued that
‘Laplacian’ is a more appropriate term.

0167-2789/99/$ — see front matter ©1999 Elsevier Science B.V. All rights reserved.
PIl: S0167-2789(99)00035-4



134 P.E. Rapp et al./Physica D 132 (1999) 133149

The third and most recent is what we call the algorithmic modeling paradigm. In this approach, there is a
strong emphasis on understanding and automating the process of modeling, usually with the aid of computers. The
dynamical models used are usually maps (discrete-time dynamical systems) rather than differential equations, and
often are best described by algorithms rather than conventional formulas. This paradigm is described in greater
detail later. The main purpose of this essay is to describe the algorithmic modeling paradigm and put it in historical
context.

In our historical discussions, we will restrict attention to ordinary differential equations, ignoring, for example,
partial differential equations, difference equations, and stochastic models. We do this for clarity, and because of
the historical centrality of ordinary differential equations, and also because this is the case with which we are most
familiar. Our main points apply to other kinds of dynamical systems as?well

2. The Newtonian paradigm

In the Newtonian paradigm, change is characterized by a differential equation. The two basic steps to under-
standing a dynamical system are writing down the differential equation and solving it. The Newtonian approach
concentrates more on solving differential equations than on how they are obtained in the first place; we shall return
to this matter in Section 4, but for now, we assume the equation is given.

A simple example of the Newtonian approach is the analysis of harmonic nfot®uppose that a weight of
massm is connected to an ideal spring with a modulus of elastigityVe letx denote the position of the weight
at timer. Position and time are related by the differential equation

We can solve this equation for any initial conditions. For example, if the weight is motionless and at paséton
timer = 0, then

K
x(t) = xpCOS,/ —t.
m

The position of the weight (¢), is completely specified for any value of timerhe Newtonian ideal for dynamical
analysis is achieved because we know both the differential equation and a formula giving its solution.

During the century following Newton’s death in 1727, analytical mechanics and the theory of differential equations
(which remained very closely linked fields) advanced on two fronts. First, more general procedures for constructing
differential equations that describe dynamical systems were established. For example, Joseph-Louis Lagrange
(1737-1813), who was particularly proud of the fact that his treatise on mechanics did not contain a single diagram,
showed how the calculus of variations could be used to determine the differential equations describing mechanical
systems. Second, procedures for solving differential equations were extended. There were many successes; but by
the early 19th century, it was becoming clear that there were serious difficulties, both theoretical and practical,

2 The most general mathematical definition of a deterministic dynamical system is that it is a flow on some space, in other words a function
from® : T x M — M for some ‘time’ spacé (an interval inR or Z) and ‘phase’ spac#. For example, for the flow of an ordinary differential
equation,T is an interval inR and M is usually a smooth manifold; for the solution to a difference equatioR ofiorderk, we havel = Z
andM = R*. In stochastiadynamical systemsb (z, x) is a probability distribution om.

3 The fact that our example deals with a linear system is not particularly relevant here; we have chosen it merely for simplicity.
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in solving differential equatiorfs. To appreciate these difficulties, we need to be clearer about what we mean by
‘solving’. We now outline different kinds of solutions that can be found. We will only consider ordinary (finite-
dimensional) differential equations in this essay. Some of what we say is applicable to partial (infinite-dimensional)
differential equations, but the situation there is even more complex.

2.1. Closed-form solutions

Traditionally, solving a differential equation has meant writing down a formula which satisfies the equation. But
what exactlyis a formula, or if you prefer, whatind of formulas are we interested in?

A common answer is: a finite (preferably short) expression built out of rational functions, radital®6ts),
exponentials, logarithmic and trigonometric functions. The solution in the above example is of this form, as are
almost all functions in introductory calculus books. The list of ‘building-block’ functions is commonly expanded
to include all algebraic functiong;,(z), which are those that are solutions to algebraic equations like

an (X" + ap_1()x" "1+ -+ aot) =0

where theg; are polynomials. Functions built out of rational functions and radicals are algebraic, but there are
other algebraic functions that can only be defined implicitly by an equation like that above. A function that can
be built from algebraic, exponential, logarithmic and trigonometric functions, in a finite number of steps, is called
anelementanfunction. An elementary function that is a solution to a differential equation is calletcamentary
solution

Unfortunately, some elementary functions have integrals which are not elemenTarig was proved by Neils
Henrik Abel (1802-1829) and Joseph Liouville (1809-1882), and it had been suspected earlier, for example, by
Marie-Jean Marquis de Condorcet (1743-1794) and Pierre-Simon de Laplace (1749-1827) [3]. A simple example
(and the one Liouville seems to have started with) is the elliptic integral

dr
|
The integral exists, but is not elementary. It is the solution to the differential equation
dx 1
[V

This differential equation is one of the simplest possible, so it is clearly hopeless to restrict attention to equations
with elementary solutions. It has long been known [4] that functions whose integrals can be expressed in terms of
elementary functions are extremely rare.

Even if an integral of an elementary function is not elementary, it can be manipulated mathematically, and its
values approximated, using well-understood techniques. Thus it is advantageous to be able to express solutions to
differential equations as formulas containing integrals. For example, the solution to

dx 2
— 4+ x=0
ar +€ x

4There is also the important theoretical question, do solutions even exist? Powerful existence and uniqueness theorems have been proved for
large classes of differential equations [1], but these are beyond the scope of this essay. We focus here on the process of finding solutions where
they are known, or assumed, to exist.

5Relatively recently, a class of functions slightly larger than the traditional elementary functions has been defined which is closed under
integration [2]. This is of use in computer algebra but does not significantly affect the themes of this paper.
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can be written [5] as
()= Ae-TEw),

Expressing a solution as a formula containing integrals of elementary functions isctggdtion by quadrature
or integration in finite termsand is considered to ‘solve’ the equation. The result is callm@#ion in finite terms
or more commonly, &losed-formsolution. More precisely, we may define the set of closed form functions to be
the closure of the set of algebraic functions under the operation of integration (thus allowing integrals of integrals,
etc.).

Liouville showed that some differential equations cannot be solved even using this expanded definition of what
a solution is. For example,

%;—%xzzzt

is not solvable by quadrature; in fact, no particular solution to this equation can be expressed in closed form [6]. In
other words, though this equation has a solution, that solution cannot be expressed as a formula involving elementary
functions and integration.

Of greater practical significance is the fact that at present we have no satisfactorily general procedure for finding
closed-form solutions when they exist. Texts on differential equations are filled with a variety of special-purpose
methods [5]. These methods have been quite successful in solving the simple differential equations of classical
physics, which examples have largely driven the development of the theory. But even classical physics quickly
gives rise to differential equations whose general solutions are beyond the reach of these methods, for example,
the famous three-body problem [7]; and problems from other fields, such as biology and economics, are generally
much more complicated.

In summary, the traditional goal of finding a closed-form solution to a differential equation is usually very difficult
to achieve, and sometimes impossible.

2.2. Series solutions

When a closed-form solution is not available, a solution in the form of a power series can often be found. For
example, to solve

d?x dx
A, VN YR
dr? tdt 2 =0,

we start by writing
o0
x(t) =ao+art +agt®+ =Y apt".
n=0

We substitute this expression into the original equation and simplify, to get the recursive relationships

2ay
n+2

an+2 =

The coefficientsig anda; are determined by the initial conditions. For example dge 1 anda; = 0, one can
show that

4 6

_ 2 t t _ 2
x(t) =1+t +Z+§+”'_et
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is a solution to the original equation [5]. Newton was aware of this kind of solution. Unfortunately, sometimes the
series constructed by such a method does not converge. Sometimes it converges but one cannot find a formula for
the coefficients, though one may be able to find a recursive algorithm for determining them. If the power series
converges and one can find a formula for the coefficients of the series, the solution is called an analytic solution or
a series solution. These are considered a good second-best to closed-form solutions.

Even if a series solution can be found, it may not prove very helpful. For example, contrary to what is often
supposed, the three-body problem of classical mechanics, which motivated the research of Poincaré that we shall
discuss later, has in fact been solved analytically. Karl Sundman published a series solution for almost all initial
values in a series of papers beginning in 1907 [8-10]. In 1991, Quidong Wang accomplished the same feat for
the generak-body problem [11]. The solution consists of a very slowly converging infinite series which has not
been very helpful for generating insights and understanding, and furthermore, is essentially useless for numerical
approximation of solutions. The history of the series solution of:tf@dy problem is reviewed briefly in [12].

2.3. Numerical methods

There are efficient numerical methods for approximating the solution to nearly any differential equation, given the
initial conditions. One popular such algorithm is the Runge—Kutta method [13,14]. Numerical methods of solution
were at one time considered much less satisfying than formulas because they provide less insight into the nature
of the general solution. This view has changed, however, with the advent of powerful computers, and particularly
of graphics workstations. Often a good numerical approximation can show qualitative features of the solution that
cannot be seen by other methods, or can be seen only after a great deal of effort.

2.4. Summary

We have described a variety of approaches used to solve differential equations. For a more detailed historical
outline, see [15] or [16]. Much progress has been made in this field, and much interesting mathematics has been
created in the process. Nevertheless, there remain great practical difficulties in solving differential equations, and
in some cases, the conventionally most satisfying types of solution can be shown not to exist. Other less restrictive
definitions of ‘solution’ have been invented, which enlarge the domain of solvable equations, but these kinds of
solution, even if they can be found, are not always as informative.

Itis clear that the Newtonian paradigm, while of immense historical, mathematical and scientific importance, has
serious limitations, both theoretical and practical. A quite different approach is outlined in the next section.

3. The qualitative theory of differential equations

Much can be learned about the solutions to a differential equation without finding formulas for them. For exam-
ple, consider the equatiqux/dr) = f(x). We can find equilibrium points by finding zeréof f. We can often
determine their stability by examining the eigenvalues of the derivatifecd when this fails, we can still often
determine stability by looking at the effects of nonlinear terms. We can ask other qualitative questions about the
solutions. For example, are there periodic solutions? Are they stable? How does the system respond to parameter
changes? In the Newtonian paradigm, questions like these are addressed by attempting to solve the equation com-
pletely and then analyze the solution. However, as we have seen, closed-form solutions may not exist, and series
solutions, when they can be found, may be difficult to analyze and understand. So it is useful to be able to answer
qualitative questions by using differential equations directly, without requiring a formula for the solution.
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Fig. 1. Numerical solution of the Van der Pol equation for the specific cage-o2 and several initial conditions.

The first person to carry out a major investigation along these lines was Henri Poincaré (1854-1912). The study
of dynamical systems expanded greatly with his publication of four major papers from 1881 to 1886 in which
he emphasized the geometrical and topological nature of differential equations [17—20] (reviewed in [21]). This
emphasis was so successful that the qualitative theory of differential equations is often referred to as the geometrical
theory.

3.1. The geometrical viewpoint

Any ordinary differential equation of order greater than one can be reduced to a system of first order equations
on a higher-dimensional space. As an example of iiiction of order consider the Van der Pol equation, a

differential equation that describes an electronic circuit. The original form of the equation is
d?y
dr2

By defining the new state to he= (y, y), we see that original equation is equivalent to

d
—u«(l—yz)d—f+y=0.

dxq dxo 2
o e u(l—x7)x2 — x1.

The two-dimensionat plane is called thphase spaceThe system of first-order equations defines a ‘velocity’
vector at each point in phase space, the collection of which is callegttar field This is just another way of
thinking of the differential equations, but in a geometric setting. A particular solution to the differential equation is
a parameterized curve in phase space, callgdjectory, that is always a tangent to the vector field given by the
equation. Fig. 1 shows a few numerically-calculated trajectories for the Van der Pol example.

The set of all trajectories is called tfilew; it corresponds to the general solution of the equation. Poincaré’s
program was to study the general properties of the flow so that it was possible to describe the behavior of infinitely
many trajectories in qualitative terms. In some cases, as in Fig. 1, trajectories converge onto periodic solutions.
In other cases, trajectories originating from a large region of phase space converge onto a single fixed point.
Convergence onto more complex structures that are neither fixed points nor periodic solutions can also occur, and
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the realization that such structures exist and may be common is the motivation for the study of chaotic dynamics.
During the past century many new methods have been developed to extend our understanding of the qualitative
properties of differential equations, including the classification of fixed points, the method of isoclines, stability
analysis, bifurcation theory, various indices, and existence theorems for structures including periodic orbits and
strange attractors [22-27].

3.2. The goals of dynamical systems analysis

Instead of deriving a formula for the solution, the Poincaré program directly addresses questions that a formula
could be hoped to answer. Having a formula for the solution mainly allows us to do two things: accurately compute
a particular solution for a given initial condition; and make qualitative statements about the system’s behavior
(We might call these goals prediction and insight, though the two cannot be separated quite so neatly.). When a
formula for the solution is not available, the first goal can usually still be met by computing a particular solution
with a numerical algorithm, as mentioned in the previous section. The second goal is addressed by the qualitative
geometrical theory. Thus the development of qualitative methods allows the goals of dynamical analysis to be met
without ever giving a formula for the solution to the differential equation.

The development of the qualitative theory resulted in an enormous expansion of the range of systems that could
be investigated. This is particularly true for the analysis of biological systems: much of the present activity in
mathematical biology followed from the introduction of geometrical methods in the 1970s [28]. Most differential
equations studied today by scientists do not have known analytical solutions, so they are studied with qualitative
methods.

3.3. Difficulties in finding closed-form models

Though the gualitative theory does not require a formula forstilationto an equation, it does, as originally
conceived, require a formula for the differential equation itself; that isytwtor fieldin phase space must be
expressed in closed form. There are some theoretical and practical difficulties with finding systems of closed-form
differential equations to model phenomena of interest.

To start with, there exist smooth vector fields that cannot be described explicitly in closed-form. For example,
we know from Section 3.1, that there are smooth functions that cannot be expressed in closed form and we can take
such a function as a vector field (i.e. the right hand side of a differential equation).

We could always expand our notion of closed-form functions to include functions particularly appropriate to the
problems in which we are interested; this is a classical approach, which has lead to a variety of useful ‘special
functions’. But this is clearly an endless task, and an approach that quickly loses usefulness as the bag of ‘special
functions’ grows.

It might be thought that, from a practical viewpoint, one is unlikely to encounter a vector field that cannot be
described in closed form. But we will suggest a way in which one might appear in the investigation of a system
defined in closed form. Suppose that, contrary to what is expected, we have somehow obtained an ‘equation of the
universe’, or at least a differential equation that describes a significantly large system as accurately as we could wish.
In general, the system’s phase space will have very large dimension, and we have little hope of solving the equations
in any of the senses described earlier: analytically, numerically, or qualitatively. To have any hope of gaining insight
or performing calculations, we must simplify. This means extracting some dynamical or physical subsystem. By a
dynamical subsystem, we mean an attractor of lower dimension than that of the phase space, preferably much lower.
A biological example is provided by Michaelis—Menten enzyme kinetics [29] where the dimension of the original
dynamical model is reduced by assuming that the concentration of the enzyme-substrate complex is always at its
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equilibrium value. As a simpler example that occurs even in linear systems, when analyzing an electronic circuit we
can usually ignore stray capacitances and inductances: it is easy to show that they correspond to fast motions onto
a lower-dimensional manifold on which the conventional circuit equations are defined. This concept of a so-called
inertial manifold® can be seen as central to application of the theory of differential equations to modeling the
world. It would be surprising for all inertial manifolds to have closed-form descriptions, and even more so, for the
restriction of the differential equations to the inertial manifold to have a closed-form descfiption

The existence of smooth vector fields that cannot be expressed in closed form need not worry us too much, as
long as we are content witlpproximations For example, the Stone—Weierstrass Theorem [31] tells us that, on
a compact subset ", we can uniformly approximate any continuous vector field to any desired accuracy with
polynomials. Unfortunately, unless our vector field is already a polynomial, we will have to accept that, the better
the desired accuracy, the larger the formula.

The same kind of problem arises in approximationdny class of functions. Consider some ‘nice’ class of
functions, for example, polynomials, elementary functions, or those that can be expressed in closed form, or maybe
a larger group, including some special functions; and assume that we have some agreed system for writing them
down. If we define a ‘manageable formula’ to be one which is at most, say, 6 ft long, then nice functions with
manageable formulas comprise a negligible subset of the set of all continuous (or smooth) vector fields. In fact, it is
easy to show that vector fields without manageable formulas are open dense in the set of, say, all continuous vector
fields onR*. This remains true even if we allow infinite-precision paramétef&his means that, not only will we
have to be content with approximations, but there exist systems that we cannot approximate as accurately as we
would want with formulas small enough to be useful to us.

Recognition of the problem of vector fields without manageable formulas is by no means new. We can do no
better than quote one of the masters:

Insofar as the weather may be due to an unlimited assemblage of local instabilities, it may not be amenable to a

finite scheme of law at all.

(James Clerk Maxwell, Matter and Motion, 1877.)
There are also practical difficulties in finding a good formula to model a system of interest, even supposing that
such a formula exists. In the early days of the mathematical study of dynamical systems, the systems under study
were generally from physics, and they were comparatively simple: it may have taken much insight and cleverness
to model a situation, but the model could usually be developed from simple physical laws. Today, we are more
often in the position of modeling an incompletely understood and very complex system from, for example, biology;,
economics, meteorology or the social sciences. While we may know, or have theories about, some of the underlying
laws, we must depend in part on observing features of the system that do not yet have a theoretical basis. We search
for models that approximate experimental data well, while being consistent with available theories. This is a much
different and more complex kind of modeling process than Newton and his immediate followers faced.

6 An invariant and exponentially attracting manifold is called an inertial manifold.

7 To investigate this further, we would need to expand our definitioclaed-formto manifolds. One obvious way to do this is to require
that the manifold be covered by local coordinate charts, in each of which that vector field can be expressed in closed-form, using our previous
definition. But this definition is too flexible. Indeed, at any non-equilibrium point, it is possible to find some coordinate system in which the
vector field is trivial (see the ‘straightening out theorem’ in [30]). But that coordinate system may be very hard to find. It may also be difficult
to work with, for example it may not be expressible in closed form with respect to the original coordinate axes. It would be more interesting
to define some class of ‘natural’ coordinate systems for a submanifold with respect to the space in which it is embedded; but the choice of an
appropriate class might depend strongly on the scientific context.

8 Assuming a finite set of typographical symbols, there are only a finite number of formulas shorter than a given maximum length. Even if we
allow arbitrary real-valued parameters, the set of manageable formulas is still finite-dimensional. The set of continuous vectakfiédmon
infinite-dimensional vector space, so the complement of the set of functions with manageable formulas in the set of continuous vector fields is
open dense.
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Nonetheless, most mathematical modeling today still uses conventional differential equations, derived more from
theories of the underlying system than directly from experimental data. It is accepted that it is very rare to be able
to do systemdentification that is, to get a good fit between the model and the real-world system, but it is argued
that the model in some way captures the essence of the system’s behavior. In the hands of gifted practitioners,
this does indeed seem to be the case, as long as the domain of discourse is suitably limited, but even in physics
and engineering there are notoriously many systems which have not been satisfactorily modeled in this way, and
outside these areas the majority of systems do not seem to yield to this approach. There has been some work on
systematizing the process of differential equation modeling [32], but much remains to be done.

When faced with an extremely complex system, a common approach is to focus attention on isolated subsystems
or otherwise simplified systems. This allows the introduction of rigor into the analysis, and brings the hope that
models of simplified systems can shed light on the behavior of the original system, and perhaps provide enough
insight to allow one to build more comprehensive models. But there is also the risk of becoming entangled in
the details of the reduced systems and losing sight of the original compelling problem. While studying simplified
systems it is often very useful, and would clearly also be desirable to study the original dynamical system in some
way that does not require one to first describe it with a differential equation.

To summarize, there are serious theoretical and practical difficulties in modeling the world with conventional
differential equations. We must at least think more carefully about the process of modeling complex systems from
experimental data. The remainder of this essay discusses the modeling process, and also explores the use of models
other than conventional differential equations. We claim that the new approach gives us the ability to model a far
larger class of systems.

4. Algorithmic modeling

This section describes a new paradigm for understanding dynamical systems, developed largely in the last two
decades and still immature, with roots in statistics, signal processing and computer science as well as traditional
dynamical systems theory. The focus is on understanding the process of producing models from experimental data.
We accept the arguments made above and do not necessarily assume theishgreple formulas to accurately
describe our data. Our response is two-fold: allow more complex and non-traditional models, and accept that we
are looking for approximations. The types of models described here are quite varied, ranging from conventional
formulas to complex models most easily described by algorithms such as computer programs. We will call models
of the latter kindalgorithmicmodels, without defining this term precisely. The approach we describe here is often
calledreconstructionWe are calling it th@lgorithmic modelingparadigm, emphasizing the importance of modeling
process, and the algorithmic nature of many of the models produced. A number of investigators have contributed to
the development of the concepts presented in this section. Notable in this regard is the work of Abarbanel [33]; the
account on pages 112-114 of his monograph is particularly pertinent.

In general, algorithmic modeling begins with experimental data, possibly augmented by existing knowledge or
theories (for example, symmetries, boundaries or conservation laws). We will concentrate on the experimental data.
We will touch on the important problem of incorporating theoretical knowledge, but much less has been done in
this area.

We will assume that the experimental data consists of,/sagal variables sampled at regular time intervals,
in other wordsx1, ... , xny, where eachx; is ak-vector. Discrete variables are often encountered, but we will
concentrate on real variables for simplicity. Sometimes data is gathered at irregular time intervals, which poses
more difficulties, but we will not consider this here.rAodelfor this data consists of a dynamical system and a
relationship between its phase space and the observed variables.
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We will concentrate mostly on deterministic models with finite-dimensional manifolds as phase spaces. Note
that it is possible that our system is inherently stochastic or infinite-dimensional, or too complex to be accurately
represented by any model small enough for our computers to hanknetheless, we will begin lgssumingur
system is deterministic, finite-dimensional, and relatively simple, remembering that it will be important to question
these assumptions if our resulting model is not very good.

In the real world, most dynamical systems change state continuously (at least, as far as we can observe), so it
makes sense to consider continuous-time models, such as conventional differential equations. But since the data are
sampled at regular time intervals, it is also reasonable to cordiglrete-timenodels. These are simply functions
¥ : A — A from the phase space to itséff, for any initial statex, the state of the system aftetime steps is
¥i(x) (therth iterate ofy). This is the approach that has received most attention in the development of algorithmic
modeling.

One of the first problems we encounter is the choice of phase space for our model.

4.1. Constructing a phase space

We want to model the data with a map (a continuous functipn) — M for some phase spadé. If we are
beginning with experimental data and little theoretical understanding, we probably do not know a priori what the
phase space of our model should be, and how it relates to the observable variables. If there are many observable
variables and we have reason to suppose that the system is quite simple, we might assume that the values of the
observables completely determine the state of the system. In that case, if W€ headevariables, our phase space
can beR", or some subset @&", and the observables can be just the standard coordinaks.df the system is
complex and we have only one observable variable or only a few, the situation is less clear.

Here is a commonly used procedure for constructing a phase space from observations of a single real variable
(A similar procedure can be used with multiple variables.). Beginning withxdata. , x5, choose a phase space
dimensionn (more about this later) and construct the following point®fh

2= (X, Xj41, .o s Xjrm—1),

forallapplicablej, thatis 1< j < N—m+1. Wetake as our phase space some sub&t abntaining the trajectory
71,22, .- - » ZN—m+1- This construction is called an-dimensional embeddin§ince the word ‘embedding’ already
has a standard definition in topology, we suggest Sauer'sdetay embeddin{4].

This simple procedure is justified by the Takens—Mafié embedding theorem [34-37], which we will now state.
Assume that the true dynamical system consists of iterations of a diffeomorphigm M — M on a compact
phase spac#/ of dimensiond, and that the observations are related to the true statgsof the system by a
smooth mag : M — R such thate(y;) = x; for all i. For any integem > 2d, define thedelay coordinate map
®:M — R" by

D(y) = (c(), cW ), cW2)), ..., cW™L(y)).

9 Distinguishing between stochastic systems and extremely complex deterministic ones is impossible in practice. Whether there really exist
two different categories, stochastic and deterministic, is an interesting philosophical question, but not very relevant to the present discussion
10Thjs is the definition of amutonomousliscrete-time dynamical system. A non-autonomous system is a fungtidh x A — A, in other
words the dynamics are time-dependent. But the distinction is academic, as we can always consider the new pHAasd spétteautonomous
dynamicW (¢, x) = (r + 1, ¥ (¢, x)).

11 A diffeomorphisnis a differentiable function with a differentiable inverse.
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Fig. 2. Reconstruction of a circular phase space from data. Consider a constant-speed motion around a circle. (a) The true phase space; (b)
observations at regular time intervals; (c) a reconstruction of the phase space.

The Takens—Marié theorem says that, for almost eyeapdc, the mapd is an embedding, in other words|
is diffeomorphic to its imag&® . This means that if we had an infinite amount of data, from states that formed a
dense subset of the phase space, and we chose the dimension of the delay embedding to be greatietn#mne2
closure of the set of embedded poifts} would (with probability one) be diffeomorphic to the phase space. (We
call this thereconstructed phase spaf€&urther, the continuous extension of the map»> z;+1 would correspond
(under the diffeomorphism) to the original mép Fig. 2 shows how the delay embedding method could be used in
practice to reconstruct a circular phase space from observations of a single Varidble

While the ideal of infinite amounts of noise-free data from a set of states dense in the phase space can never
be met in practice, the procedure can give useful information about the topological dynamics of the system that
generated the data.

There are many practical details to be considered in applying the delay embedding method. One important issue
is that the embedding theorem requires that the dimensiohthe delay embedding satisfy > 2d, whered is
the dimension of the true phase space, but of course, in the experimental setting, we do ndekmbevi. Simply
choosing huge: values is unsatisfactory, because that leads to a very sparsely populated phase space. Another issue
is the choice of the sampling interval, that is, the time interval between observations. (For example, note that the
reconstructed phase space in Fig. 2(c) is elliptical; for some sampling intervals, the reconstruction gives an ellipse
so elongated that the data points appear to be on a line segment along the diagonal.) Criteria for making these
selections are reviewed in several papers [39,40] and in Abarbanel’s monograph [33].

With appropriate selection of embedding dimension and sampling interval, the delay embedding method can
be a very useful starting point in the modeling process. It is used in most applications of the methods we will be
discussing. Indeed, the delay embedding by itself, perhaps followed by a singular value decomposition to identify
the dimensions with highest variance, can give useful pictures of the dynamics. Some researchers have used the
delay-embedded trajectory to directly assess evidence for a low-dimensional model, without making an explicit
model [41].

12 our statement of the theorem incorporates extensions given in [34,37]. In particular, the original theorem praiéslahatmbedding for

all ¥ andc in an open dense set. The proof &dmost every/ andc, for an appropriate extension of the idea of Lebesgue measure to spaces of
smooth maps, is due to Sauer, Yorke and Casdagli [34].

13The central idea of the delay embedding method is that the state of the system is largely determined by thespabsenstions, an idea

which appears, for example, in the AR method in statistics. But AR models are always linear: one could describe them in the present context
as delay embedding followed by linear regression. In algorithmic modeling, the delay embedding can be follawgthbgleling technique.
Moreover, recent work in embedding [38] has tended to move away from the idea of a global embedding, using notions which only make sense
in the nonlinear context.

14 Note the similarity between the delay embedding technique and the reduction of order of a differential equation, discussed in Section 3. Given
annth order differential equation oR, we can reduce the system to a first order equatioR’arwhich we call phase space. The coordinates

of R" correspond to the first derivatives of the single coordinate, calkitof the original spac®. The firstn derivatives ofr can be estimated

fromn + 1 data pointsy;, . .. , x;+,, Which are the coordinates of the delay embedding spaace fern + 1.
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4.2. Modeling the dynamics

Once we have chosen a phase space, and have a sequence of data points in this space, we want to find a map
on the phase space that agrees well with the data (For any given point in the phase space, this map will give an
approximation of the point’'s new position one time step into the future.). One basic question which arises is, how
is this approximation to be described? A simple formula in closed form would be helpful, but is usually impossible
to find. The arguments made in the previous section about vector fields apply equally well to maps: most maps
can not be expressed by simple formulas in closed form, and even when it is theoretically possible, there is no
general method known for finding such a formula. One response to this problem is to allow more complex models,
so complex in some cases as be impractical to manipulate without a computer.

A related response is to allow non-traditional maps that are best expressed as algorithms rather than formulas. In
particular, we allow computer programs that take as input a point in the phase space, and output the value of the map
at that point. Any mathematical formula can be encoded in such an algorithm, but not all algorithms correspond
to conventional formula®. Even if an algorithm does correspond to an acceptable mathematical formula, the
algorithm may be just as useful and natural a description as the formula. Of course, there is a great body of
mathematical knowledge available to us if we work with formulas, some of which we lose access to if we work
with general algorithms instedfl. But we believe that the benefits outweigh the losses.

We now mention some specific methods for finding a mgdielr the dynamics on the reconstructed phase space,
corresponding to the true dynamical map M — M.

The simplest algorithmic model is naive proximity: for any test peiimt phase space, find the closest data point
zi, and setf (z) = z;+1. Another simple model is linear interpolation, using the nearest 1 data points (in an
m-dimensional phase space). Due to experimental error, it is often preferable to use matetlasata points to
fit a local linear or local polynomial model [43] (the entire modeis piecewise linear or polynomial).

The methods mentioned so far doeal, in that data points far from our test pontlo not affect our prediction
f(2). By contrastglobalmethods use all data points. The simplest global model is linear regression, or AR modeling.
As an extension of this idea, we can fit global polynomials, or linear combinations of other basis functions. Global
nonlinear approximations which have been successfully applied to the reconstruction problem include radial basis
functions [44—47] and neural nets [48,49]. Methods based on tesselations and triangulations have some global and
some local character [50,51].

One argument for global models is that using more data points can lessen the effects of noise. On the other hand,
one needs a larger class of potential models in order to model global behaviour accurately; for example, a piecewise
linear model can often succeed for a non-linear system where a global linear model is almost useless.

These approximation methods all have their advantages and disadvantages: even for a single dataset, there may be
more than one ‘best’ model, depending on the criteria employed. The principal disadvantage that all of these methods
shareis that at presentthere is no really satisfactory theory of functional approximation in higher dimensional spaces.
We regard this as a temporary limitation and a challenge to future research rather than a fundamental flaw in the

15This is true if ‘conventional’ means closed form. But there is a long tradition of encoding logic in mathematical formulas, for example,

z, if f(z) =0,
o) =1 2z, ifg(zx) =h(z) and f(z) =4,
—4z, otherwise

If we added some sort of looping construct (based on mathematical recursion), and allowed nested logic, we could conceivably encode any
algorithm in a formula. But we would very soon approach a level of complexity at which the algorithm is the clearer description.

16 But we lose less than we might expect: for example, it is possible [42] to differentiateatgotithmsin the sense that application of simple

rules to successive lines of a program that retyt(s) yields a program that returns the derivativg Q).
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approach. The beginnings of such a theory can be seen in the work by Jones [52], Barron [49] and others, who in
effect divide a broad class of functional approximation methods into what we shall call weak methods, which require
exponentially rapidly increasing model size as dimension increases, and strong methods, for which the model size
grows much less rapidly. Weak methods include global linear and global polynomial fits, while strong methods
include neural nets, radial basis functions, wavelets, and triangulations. Work such as this is essential in overcoming
the limitations and in reducing the risks of applying an inadequately understood approximation method.

We conclude by outlining features that a good model should have, and indicating how these considerations fit
into the context of algorithmic modeling. We hope that these issues will receive more theoretical attention in the
future.

In general terms, a ‘good’ model for a certain dataset should satisfy the following criteria:

it fits the data well,

it is consistent with prior knowledge about the system from which the data was produced,

it is simple, and

itis in a form that we can use to answer our questions about the system.

The problem, of course, is how to define these criteria precisely. We will discuss each of these in the following
sections.

4.3. Fitting the data well

The question of how well a model fits the data is addressed by standard statistical methods. In general, one wants
to do something like choosing parameters of the model to maximize the likelihood of the given data. Note that,
from this point of view, the assumed error or noise distribution of the model is as important as the deterministic
part, something that is not always made clear in the dynamical systems literature.

For example, for every embedded data pajn{except the last one), we can compare our model’s predicted
f(zx) with the actual data valug.,1. We can compute the sum of the squared distances between these predicted
and actual values, and consider that the model fits the data best when this is smallest. This is equivalent to assuming
that the model errors are independent identically distributed realizations of a Gaussian distribution.

More broadly, we might consider that the model fits the data well if model and data share certain dynamical
properties of interest to us. But it is often difficult to describe properties of the data without first making a model
of it. For example, assuming the dataset is non-constant (which has to be for meaningful analysis), we know that
none of the data points is an equilibrium point of the system. So any statement regarding the position and nature
of equilibrium points must be based on some model of the dynamics of the system at points other than the data
points.

4.4. Incorporating prior knowledge

We can incorporate prior knowledge or theories about the system in our choice of approximation method. For
example, we usually believe that the time-step map is continuous. In this case, we should prefer continuous models.
Of the models mentioned above, naive proximity models or local linear models are not usually continuous, whereas
triangulations, radial basis functions and neural nets are continuous. Another example is the symmetry properties
that many physical systems have; these can be incorporated explicitly into the approximation process. A more
interesting kind of prior knowledge would involve qualitative or geometrical features of the sort mentioned in the
previous section. For example, we might believe that the system has a stable periodic orbit in or near a certain
position. We are not aware of modeling methods that explicitly try to incorporate this kind of prior knowledge,
though often a model is evaluated post-facto on these grounds. It should be understood that using algorithmic
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modeling methods does not mean we carningirinciple exploit our physical knowledge, even if the current state
of the art is somewhat lacking in this area.

4.5. Simplicity

Any data sequence IR can be fitteagxactlywith a polynomial with high enough order, by Lagrange interpolation.

Yet this model is practically useless to us, because our data are noisy: fitting the noise exactly distorts our model
severely. Ideally, we would like to fit the ‘true’ dynamics and ignore the noise, but in practice, we can not tell the two
apart very well. There are many useful techniques for filtering noise [53,54], using fairly mild assumptions which
are all variations on the idea that the true system is simpler (eg, smoother, or lower order) than accurate modeling
of the noisy data would suggest. But many of these methods have, as yet, incomplete theoretical justification.

The simplicity principle, known as Occam’s razor, asserts that when two models seem equally good, the simpler
one is more likely to be correct. This can be seen as just another form of prior knowledge or theory about a dynamical
system, but it deserves special attention. It may seem paradoxical that we emphasize simplicity at this stage, since
we began our consideration of algorithmic modeling by explicitly allowing more complex models than has been
conventional. But what we are advocating is an understanding of the trade-offs between simplicity and accuracy,
and a systematic incorporation of simplicity into modeling methods.

Bayesian statistics provides one starting point f85]We will explain the basic idea by contrasting it with
maximum likelihood estimation. Suppose we have a class of possible maddgigeach of which include error
distributions), and experimental dafa To apply the maximum likelihood method, we choose the madethat
gives the greatest conditional probability dengiyD|M;) (called thelikelihood); in other words, we choose the
model that would make the observed data most likely. In Bayesian statistics, we modify the method by assigning a
priori probability distribution to the modelg,(M;), and then choosing the model which gives the greatest combined
probability densityp(M; andD) = p(M;) p(D|M;).

The interesting problem is then to come up with the a priori probability distribution on the class of models. Two
similar, independently developed answers, with theoretical justifications, are the Schwarz Information Criterion
[56] and the Akaike Information Criterion [57]. In each method, we assume each model in the class is determined
by a finite number of parameters (for example, polynomials of ordee determined by coefficients). We assign
the probability density” to models withn parameter&®. The choice ofr is where the methods differ; in all cases,
it depends on the number of data points.

These can be seen as attempts to quantify Occam’s razor. The most thorough of such an attempt is Rissanen’s
minimum description lengtfs8], which is in effect a way to try to approximate the (incomputable) Kolmogorov
complexity of the data [59]. The minimum description length criterion looks at the total number of bits required to
describe the model, the parameters and the errors, and considers such matters as the accuracy required of individual
parameters. The number of bits to describe the errors turns out to be proportional to the log likelihood, and this is
why there is an asymptotic equivalence between the description length and the Schwarz criterion.

These methods have been successfully applied to reconstruction of dynamics using several model classes
[47].

17Bayesian statistics could incorporate any type of theoretical knowledge about the dynamical system to be modeled, if that theory could be
specified as a probability distribution on the model space. But we have not seen this approach used for prior theoretical knowledge other than
simplicity.

18 Actually, this is only arelative probability density, since we have not normalized it, and we have not even specified a measure on the space
of models; but relative probability is all that is required to apply the Bayesian method.
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4.6. How the models can be used

Our models should be in a form that allow us to answer our questions about the underlying systems. It is in
this area that most criticisms of the reconstruction approach have been made. We accept this concern as partially
valid. After all, there are centuries of mathematics available to us if we work with conventional formulas, so it is
unsurprising if newer methods are less sophisticated. Here, we discuss the extent to which algorithmic models can
be used to understand dynamical systems. As we did in the previous section, we will roughly categorize the goals
of dynamical analysis as prediction and insight.

In many instances effective prediction can be based on the algorithmic models we have discussed above
[43,44-48,50,51]. In fact, while the predictions are not always successful, our experience shows that algorith-
mic models tend to be better than traditional models for this purpose. In some cases, accurate prediction is pre-
cluded by the complexity of the system, the quality of the data, or defects in our ability to build good models.
When this occurs, algorithmic methods may still be useful in assessing the degree of predictability, and hence
whether there appears to be modelable deterministic dynamics even if the models we have available are clearly
inadequate.

Perhaps the most misunderstood point is how insight is obtained. Insight is obtained in essentially the same ways
as for more traditional system representations: recall from our earlier discussion that algorithmic models are not
fundamentally different from formulas, though they are often non-traditional and more complex. To understand either
a formula or an algorithm, one does various standard things such as finding attractors, such as fixed points, and tries
to estimate their basins of attraction; we may choose to calculate various averages such as Lyapunov exponents, and
we may conduct a mixture of numerical simulation and geometrical study to try to provide a qualitative description.

In practice, algorithmic models are about as well suited to such studies as are formulas: we can find, for example,
fixed points and derivatives with equal ease (or difficulty) in the two cases. For a case where an algorithmic model
may be superior to a formulaic description, see [60] which shows how tafirile fixed points up to any order,

and their stability properties, for a triangulation reconstruction. One apparent advantage of conventional formulas is
that we can more often finekactanswers to qualitative questions. But, when modeling the real world, our formulas
will be approximations anyway, so the value of having exact answers is unclear.

We remark that given either a conventional or an algorithmic model, one would like to be able to say something
like ‘the dynamics takes this volume of phase space, folds it up thus, and maps it back onto itself' g8ante#ric
description is seldom achieved using any method; for an approach that works in low dimensions with either old or
new fashioned models, see [61].

5. Conclusions

We have outlined three distinct ways of mathematically analyzing a dynamical system: the Newtonian paradigm
(find formulas for both the vector field and the solution); an approach based on the geometrical theory of differential
equations (find a formula for the vector field, but if solutions are required, approximate them using numerical algo-
rithms); and algorithmic modeling (both the dynamical system and its solution are approximated algorithmically).

While there is still much to learn, we are confident in predicting that algorithmic modeling of dynamical systems,
based on observational data and conducted without the requirement of a conventional formula for the map or
differential equation, will be recognized as an essential and inevitable step in the maturation of dynamical analysis.
Just as the introduction of geometrical methods greatly broadened the range of problems that could be treated,
investigations based on algorithmic reconstruction will have a similarly liberating effect.
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