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Preface

This book is designed to fill a niche that rarely exists in scientific and
technical publishing. Most books and articles in these fields are either
highly technical and readable only by specialists or rather shallow popu-
larizations., Much of the technical literature is difficult to read, even for
scientists and engineers. Even the best books tend to dwell on the math-
ematical models and don’t give the slightest hint what to do if one is
lucky enough to have some data. '

Qur style of presentation is a discussion with examples and analo-
gies and very deliberately avoids the definition — theorem — proof format.
The emphasis is on exposition and a unifying concept is introduced in the
Hierarchy of Dynamic Systems. The goal is to describe the various mod-
eling tools available and indicate what they can do, and often more
important, what they cannot do.

The book is intended to be read from cover to cover without
extended stops. A number of carefully selected references is given for
those who would like to read the mathematical developments and proofs
that are available. There also are in these references more examples and
specialized techniques, as well as case histories of particular models.
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vili  The At of Mudeiing Dynamic Systems

“"Traditional tsers of dytiamical models inchide astronomers, a few
pure mathematicians, ecologists, demographers, ¢lectrical and mechanical
engineers, social scientists, physicists, and scattered individuals in aimosi
every technical discipline. S0 our presentation is addressed tc a rather
broad community of scientists and engineers and, to a lesser extent, those
faymen who don’t cringe at the mere sight of an eguation.

Modeling is very much an art. This book is intended ic be neither
a recipe book nor a text on organic chemistry. The best analogy is o
book on how to be a great chet. The cuisine in guestion is good mathe-
matical models, ones “that fit the data without 100 many adjustable
parameters and are capable of generating useful forecasts.

Almaost anybody can uwnderstand dynamics, so included is a sort of
book-within-a-book that explains the concepts without recourse to college
mathematics. Becoming a practitioner, however, is quite another matter.
A& mxdcqgtdduate education in science, mathematics, or a quantitative
“social sciénce should provide the bare essentials.

A thumbnail sketch of basic math is presented with the constructiv-
ist rather than formalist assumptions, because this view is the more
appropriate theory for computer models. The section is too brief for
learning the material from scratch, but it provides some novel insights to
those many students who learn quickly by rote and forget even more
quickly, and never appreciate the subject’s value.

The popularization of dynamics has produced a lot of misconcep-
tions, even among technical people. Previously, analytical dynamics had
_been viewed as one of the most difficult specialties. And it was. Using
power series and other tools of analysis, such as special functions, was
demandmg, tedious, and yielded solutions of only the simplest problems.
Numerlcal methods were laborious and error prone, bui became more
practu.al 'Mlh the dwclopmcm of computers.

' Blgger faster, and cheaper computers have not reduced all dynami-
cal prob'ems to routine calculation. An interesting fact is that the solu-
tions of a simple system of ordinary difierential equations (or difference
equuucm) can bLehave in an erratic fashion, kaown as chaos, or even
meet criteria for being called random. This was known by Henri
Poincaré and some of the rescarchers in celestial mechanics who did
numer,cal expl lorations early in the 20th century using the then-new
mechanical calculators. But this arcane knowledge did not spread to the
geperal scientific cummumt/ until rediscovered by the meteorologist,
Ed ward Lorenz.

In some sense, dynamu.al problems have progressed from being
~ difficuit to vittually impossible. Chaotic and random behavior cannot be
analyzed by either traditional mathematical 1ools or even limitless “num-
ber crunching” on supercomputers. Some experts have drawn the
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conclusion that forecasting is a futile activity, even though it is the tradl-
tional test of any scientific theory. This school would turn the physxcal
sciences into gualitative dncrplmes rather than quanmatwe ones w1th a’
few exceptmns for classical subject matter.

The view of this book is exactly the opposite, By the ski Hful apph- ,
uanon of statistical methods, coordinate transformations, and mathemat-
ical analysis, any complex, unpred:ctable dypamic system. can be mapped
into a simpler, predictable one.

The real world is analog, $O lha' some m.ornatxon .s preserved
even by chaotic and random systems. The amount of mformataon pre-

erved is identicai to s predictability. The rate of !o:s of information -
{emropy rate) is what can be measured or indirectly ;e's;;i'ma‘,xec}: for’_'actual,
systems. '

Mathematical models. however, are h*m:ed in havmg a ﬁmte num-_
ber of variables and a finite arithmetical precision. f chaos or random-
fikz behavior is present in a computer model, the resul tmg truncazxan and
rounding errors make all informasion disappear at a rate e*iccefi ing tha;
of the system being modeled. Making the mode} bggger and mer&: com-
piex usually makes t’fmws worse,

The goal of the modeler must be 10, devxse a system of equauons
that preserves information as well as the real system and thercby provxdes
the best forecasts physically possible. Development costs and computa-
tion burdens also pose an economic limit on the precision of modc,ls and
forecasts. Usuatlly, it is not worth spending ten times as much to get a
forecast that is 5% or 10%, better. . C

Dyn&mxc systems is now the primary growﬁ" area far m«my scxences
and engineering specialtics, Dur ing the 1990s it ;ilmm; cer'_amly wnli take
its place beside mathematics, statistics, and. computer. science as a basxc '
skiil for most technical and many professional people. -

Needless to say, this book was des:gned with the personal 'compufer
in mind. These machines have opened up vast possxbahtaes of self-
education and problem solving for scientists, engineers, busmess anaiysfs. ‘
and the gencral pubkic. At this time there are avaﬂiable many software
packages that allow one to construct sc"h‘sucateu modehng and farecast- .
ing systems rather guickly; some will even choose a melhodology for
vou. In the future we are sure there will be pmgrams that da 4vnam:c
modeling as easily as “spreadsheeis™ do basic busmess caiculaﬂom, The
only trouble with these wonders is that clever programmers .£an sweep
100 much under the carpet.

One long-term goa! of this book 1s to help Lha reader use and
“appreciate such new developments  and st;li remain in. com:rol of his
research or business decisions. This seems. to be thc blggest chanenge in
an age where evcrythmg is run mcreasmgly by microprocessors.
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My introduction to dynamics was self-inflicted at an early age. For
some reason maps and population statistics fascmated me for a brief
period. I looked at growth statistics for various cities, especially my
hometown, Philadelphia. At that remote time the city was third largest
in populauon in the U.S. A, but Los Angeles was catching up fast. |
was not sure wheri L.A. would surpass Philly in size and wondered what
the cnty was doing to hold its own. (Retrospectively, the answers must
have been “soon” and “nothing.”) Then it occurred to me that someday
this growth would have to cease. Somehow the city could not spread to
Harnsburg or Allentown or into Delaware or New Jersey. Building can
80 up only so far. Pulling all ‘this together gave me an outlook on life:
trends are. more rmportant than the present state; look which way you
aré moving and ask what might make you stop. That is the most impor-
tant lesson of dynamics; anybody can understand it without mastering
advanced mathemaucs

‘ My conversion to dynamical thinking happened more than 30 years
ago and many teachers and colleagues have contributed to my intuitive
and technical grasps of the subject. As far as I can recall, none are
responsible for even: part of the particular synthesis presented in this
book, so 1 will not list any individuals to share the credit or blame.
Most ‘of the examp[es used aré classics available fror" many sources,
some of whtch are listed in the references.

~ "A few unusual thmgs are included in the presentation. Ever since
my undergraduate days at Wesleyan University I have been bothered by -
the foundations of mathematics and many of its methods. Only after
starting this book did I learn that others shared my feehng and even
undertook the ‘efforts to make pure mathematics describe computational
possrbllmes The late Errett Bishop founded the new school of construc-
tivist mathematics 'in-about 1967; it now has a notable presence in the
academic world. My interpretations of constructrvrst theory are intended
only to set a proper heuristic background for the mathematics needed.
These. mathematrcal tools are naturally constructive in content, so the
dcvelopments ini a traditional text and one from the Bishop schoo! will -
différ mostly in the more stringent démands upon a proof made by the -
latter. i encourage all modelers and applied mathematicians to lend their
support fo the constructivists and to study and teach computauonally
meaningful mathematics:

This book is wriiten as a sort of field guide rather than the usual
kind of text or scholarly monograph. * The classification schemé offered
by the Hierarchy of Dynamic Systems is an original idea, but few of the
details of the’ modehng techniques presented could be described as origi-
nal resedrch The results of 1. Tolstoy on mapping any system of
diffeféntial equations mto a Hamrltoman one have been expanded and
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interpreted, and these in turn were used to suggest means to check
numerical calculations (Section 14.7). Finding the Hamiltonian form for
the Volterra equations is given as an exercise. Citations are not given in
the text. The references are annotated for the benefit of those who want.
to read mathematical proofs, learn more details about a modeling tech-
nique, or read case studies.

A number of the developments were tested with programs run on
the Heath-Zenith H-241 personal computer. The Lahey Fortran 77 com-
piler, version 2.22 was used, along with Borland International’s Turbo
Pascal, version 5.0. A few short coding fragments have been given in
Pascal language, but these cases are essentially generic compiler code.

The editor, Walit Brainerd, has made many helpful suggestions for
improving the presentation. Alan Rose of Multisciences, Inc., provided
encouragement and help in some of the technical elements of book crea-
tion. Jeremy Robinson of John Wiley & Sons, Inc., and his staff also
provided assistance along the way.

The Montgomery County, Maryland, library system provided some
invaluable reference work. The National Institute of Standards and
Technology, U.S. Department of Commerce, in opening their extensive
library to me (and other visitors), saved endless hours of searching.

My wife Nancy did much more than suffer on the sidelines like
other spouses of authors. She worked countless hours on word process-
ing, editing stilted prose, and checking equations, derivations, references,
and all other sorts of details. However, 1 still accept all responsibility
for errors of omission, cornmission, and interpretation. '

Foster Morrison

North Potomac, MD 20878
1990 February 21
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" Introduction to Dynamics

Modeling is neither science nor mathematics; it is the craft that builds
bridges between the two. Statistics is already well established in that
role. Dynamics is much older than statistics, but its development and
range of application lay dormant for the first half of the twentieth
century, waiting for the technology required to construct automatic
computers,

The Art of Modeling consists of matching the behavior of computa-
tional processes to that exhibited by series of measurements. Geometry
and other abstractions must be reduced to a constructible series of num-
bers. Reality, such as it is, must be reduced to another series of num-
bers, which now may be compared with those computed from a candi-
date theory. After theory encounters fact, the modelers may revise their
equations and computer programs and the observers, their instruments
and procedures.

Modeling practitioners need to be familiar with a wide variety of
mathematical specialties, computer science, and one or more disciplines
which provide data. This book is intended to give a survey of the basic
core of modeling dynamic systems. A fairly large number of mathemati-
cal tools are described in terms of what they can and cannot do. Simple
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examples are drawn from many fields. A unifying concept, the Hierar-
chy of Dynamic Systems, is used (o provide structure to what has been a
huge but disjoint body of knowledge scattered over much of mathematics
and almost every other discipline.

1.1 Basic Concepts and Definitions

Most American dictionaries do not distinguish between dynamic and
dynamical. There is good reason to do so, however. Dynamic means
changing. Dynaniical is what concerns change. The position ol an
artificial satellite changes rather rapidly by earthbound standards, so it is
very dynamic. The orbital energy of the satellite changes very little—not
at all to a certain level of apprommanon-—so the orbital cnergy is a
dynamical“property.

Analyzing complicated systems need not require great mathematical
sophistication or intellectual brilliance. But it does require clear think-
ing, the kind of thinking that distinguishes sharply between the dynamics
of change and the unchanging dynamical principies needed 1o analvze
change. .

Those with exceptional cerebral endowments do have many advan-
tages in this kind of work. But the history of the subject shows many
brilliant people lured into investigating dead-end techniques that solve a
few problems very nicely, but which cannot be generalized.

These intellectual traps that exist in the abstract landscape of math-
ematical “spaces” are the beantiful symmetries that produce the magical
results of many terms in long equations cancelling out so that a solution
is obtained. This kind of algebraic miracle is usually first encountered in
one’s formal education as trigonometric identities. Later one learns (and
soon forgets) all the tricks for solving ihe differential equations-in the
textbook. 1n physics and other sciences the rabboit that is pulled cut of a
hat is an approximation that clears the decks of clutter and reveals an
slegant result. Times are changing, though. Even in particle physics,
one of the last bastions of the philosophy that the only respectable prob-
lems are those that can be solved in “closed form,” a pew generation is
using perturbation theory and numerical methods to attack systems rnore
complex than the hydrogen atom. »

1.2 The Art of Modeling

Modeling encompasses much more than soiutiqps of differential equa-
tions. - If the equations are already known, the modeler has to calibrate
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them. Parameters and initial conditions must be optimized. For some
systems of nonlinear equations, this may be difficult or impossible.

‘In many cases there are no scientific “laws” from which to deduce
equations, or these “laws” are too vague to be more than general con-
straits.  The inductive problem is, “Given the solution, what are the
equations?” This is what science is all about, even though most scientific
training is deductive. The modeler has to invent some equations (o
match the data, o

The firsi thing to do is establish an error budget. Some kind of cri-
terion needs to be set to say, “This is ‘signal,” but this other thing is
‘noise.”” In the good old days of “wax and string” physics, this was not
necessary. Instruments were crude and well isolated from the environ-
.ment by being in a laboratory. The signal was a smooth, coatinuous
function, and the noise was so many squiggles. Very often only one
parameter was being determined, so the simplest kind of statistics
sutficed,

Technology has now produced instruments so sensitive that it is
often impossible to isolate them from outside disturbances. Geophysics
usually cannot do its data taking in a laboratory. Economics and the
social sciences produce inherently noxsv data, because real experiments
cannot be performed. 7

A first caveat is not 10 have the expectations of doing prediction as
accurately as celestial mechanics or some of the other physical sciences.
The quality of science or modeling depends on doing it as well as it can
be done, not on the standards that it is possible for some other disci-
plines to meet. Time can be measured to better than one part in 10'°,
but 2 10% forecast in economics is considered too good to be other than
lucky.

If the modeler has to start with little or no theoretical basis, the
best thing to do is begin with a ve ery large error budget and look for a
very simple model. In effect ihis is like going back in time to an era
when things were simpler and cruder,

Mode! building cannot begin without the participation of the
human mind. Aud the mind cannot mmgrehend system of cverything
allecting everything else. There are few if any cases where a scientist {or
any kind of scholar) has just fed a iot of data series into a large
multiple-regression model and cranked out a satisfactory theory.

Even the most brilliant individuais really cannot comprehend any-
ihing more complex than “cause and cffect.” Contemporary systems the-
ory has added “feedback,” which means that the effect, in turn, affects
the cause. As simple as this sounds, it is a breakihrough comparable
with Newton’s physics.” This concept allows the scientific method to be
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applied to just about everything, not just a few curious anomalies like
planetary motion and pendulum clocks.

The great geniuses of classical mathematics, like Karl Friedrich
Gauss (1777 - 1855), had incredible eyes for symmetry and the ability to
reduce these to equations and theorems. But complex systems are devoid
of symmetries. There is a very definite limit to what genius applied in
the traditional way can do with complex systems. What is needed is a
systematic approach that hopefully can be used by average scientists and
engineers who are lucky enough to have computers.

After setting a rather high error budget, the modeler should attempt
to find a few cause-and-effect relationships. Then start looking for some
feedbacks. Build up a model bit by bit; don’t try to have it fully mature
at creation, like the goddess Aphrodite. -In many cases it will be a good
idea to look at short time spans for “cause and effect.” Then try to spot
the places where the feedbacks become significant. (More specific sugges-
tions are given in Chapters 18 and 19.)

A lot of thought should be devoted to the uses to which the model
will be put. What decisions will be made depending on the parameters
or forecasts coming from the model? What is the budget for the model-
ing effort? There are limits to how good a model can be, no matter what
the available resources. Know what they are!

There is usually a choice of modeling tools. Difference equations
may be the most efficient in some cases, purely statistical models in oth-
ers. Implementation may be with solutions in the form of explicit func-
tions of time or numerical techniques. Any analytic derivation should be
checked against a numerical computation, and, correspondingly, numeri-
cal subroutines should be checked against reliable analytic solutions of
classical problems.

Knowing something about the subject matter you are attempting to
model usually is helpful. But sometimes knowing too much is not. A
fresh perspective always is useful. Look into what other disciplines are
doing. Often they have the same modeling problems you do, and they
may have some ideas you can use.

There is a huge amount of material in the scientific literature. The
first problem is finding it. Reading journal articles can be time consum-
ing, and most are highly specialized; literature searches are expensive. So
do not hesitate to “reinvent the wheel,” if it is a small wheel. But if a
specialized technique can save a lot of time and money, do invest the
offort to look for it. In many cases the quickest thing to do is cobble
together something that works, however inefficiently, and then replace
parts of it with better techniques as you find them. This is another argu-
ment for doing computer programming and system design in a highly
modular fashion.



