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For Carol

Wife of noble character,
Clothed with strength and dignity,
Worth far more than rubies,

Gift of God.
O unaussprechlich siiles Gliick! O unspeakably sweet fortune!
Wer ein holdes Weib errungen, Let him who has won a fair wife
Stimm in unsern Jubel ein! join in our rejoicing!
Nie wird es zu hoch besungen, Our song can never praise too much
Retterin des Gatten sein. the savior of her husband.

Beethoven, Bouilly, & Sonnleithner, Fidelio, Act II Finale
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Preface

This book uses concepts from mechanics to help the reader understand and
formalize theories of mind, with special concentration on understanding and
formalizing notions of rationality and bounded rationality that underlie many
parts of psychology and economics. The book provides evidence that mechani-
cal notions including force and inertia play roles as important in understanding
psychology and economics as they play in physics. Using this evidence, it at-
tempts to clarify the nature of the concepts of motivation, effort, and habit in
psychology and the ideas of rigidity, adaptation, and bounded rationality in
economics. The investigation takes a mathematical approach. The mechanical
interpretations developed to characterize mechanical reasoning and rationality
also speak to other questions about mind, notably questions of dualism and
materialism.

More generally, the exposition sketches the development of psychology and
economics as subfields of mechanics by showing how one might formalize
representative psychological and economic systems in such a way that these
formalized systems satisfy modern axiomatic treatments of mechanics. This
formalization explicates psychological and economic concepts under study by
identifying corresponding properties of certain mechanical systems. Not all
concepts of psychology and economics correspond to mechanical notions, and
among those that do, not all concepts currently popular in psychology and
economics correspond to natural mechanical ones. The concepts studied nev-
ertheless permit natural identifications of familiar psychological or economical
notions as natural mechanical notions, formalizing the memory of an agent as
its mass and internal configuration, and the agent’s motivations as forces that
produce changes in the agent’s momentum by means of changes in its mass
and velocity.

Psychology and economics have endured many attempts at physical anal-
ogy, most perhaps deserving the apparent failure they reaped as a result of

X1



xii Preface

inadequate formal basis, lack of ties to concrete problems, or sheer wrong-
headedness about the phenomena and concepts of physics, psychology, or eco-
nomics. The present effort avoids a similar fate by combining modern mathe-
matical axiomatizations of mechanics developed by Walter Noll (1958, 1963,
1972, 1973) with concrete examples of proven interest from computation and
artificial intelligence. The result shows that at least some minds constitute
actual mechanical systems, not merely participants in occasional mechanical
analogies.

Program

There is no philosophy that is not founded upon knowledge of the phenomena, but to
get any profit from this knowledge it is absolutely necessary to be a mathematician.
Daniel Bernoulli, 1763 letter to John Bernoulli III (Truesdell 1984b, pp. 19-20)

I approach the foundations of psychology and economics dissatisfied with the
analytical and mathematical concepts typically employed to describe these
fields, concepts that, especially in psychology, frequently vex the student, fail
the scholar, and leave the subject needlessly disconnected from the rest of sci-
ence. At the same time, I rejoice in the panoply of concepts and methods cur-
rent mathematics offers for ordering the world, to borrow Jaffe’s (1984) apt
phrase, concepts that have been applied relentlessly to understanding physics
and more recently computation and economics but less so to psychology. The
past century of mathematics has provided astounding progress in understand-
ing logic, computation, meaning, and ideal rationality, but one need not assume
that in coming to a mathematical understanding of mind these contributions
will continue to play the roles current sensibilities might assign them.

The search for better ways of formulating problems and possible solutions
forms the most fundamental activity of any field, and indeed of much of think-
ing and computing. Hamming (1962) wrote that “The purpose of computing
is insight, not numbers,” and Minsky (1974, pp. 78, 56) wrote that “thinking
begins first with suggestive but defective plans and images, that are slowly
(if ever) refined and replaced by better ones,” and that “[t]he primary purpose
in problem solving should be better to understand the problem space, to find
representations within which the problems are easier to solve.”

In searching for better and more appropriate formulations, each field of
thought seizes upon successive sets of fundamental concepts and uses these
conceptual “atoms” as the basis for its views of the problems and theories of
the field. Each set of atoms has its day, with intensive exploration revealing
how well it illuminates the problems and how well it eases their solution. As
its limits become clearer, theorists introduce some new atom or set of atoms to
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provide an even better point of view. The aim of the search is to find the most
appropriate conceptual atoms, those that cleanly divide the phenomena and
problems in powerful ways. As Miller (1986) points out, most conceptualiza-
tions of psychology in the past have focused on sets of atoms inadequate to the
task, “dismembering cognition,” in his vivid phrase, with a set of concepts that
“leaves its object shattered in lumps” rather than a set that “carves a topic at
its joints.” Mathematicians use the terms beauty and depth as terms of appro-
bation for good theories, expressing something of the same theoretical esthetic
as Miller, reviling the logger and applauding the wright. One can observe the
search process especially clearly in mathematics. In the large, one finds alterna-
tive foundations for all of mathematics, foundations based on logic, set theory,
category theory, and intuitionism. In the small, specific mathematical theories
are decomposed into parts (matrix theory into noncommutative algebra and
representations over specific rings) and recast by exchanging conclusions and
axioms (exchanging natural numbers and arithmetic for zero, a successor func-
tion, and an exclusion or comprehension principle).

I use the term rational psychology to name the branch of mathematics aim-
ing to investigate psychology by means of the most fit mathematical concepts,
that is, the mathematical concepts that yield the simplest, most elegant, most
powerful, and most insightful formulation of psychological theories (Doyle
1983f). Rational here refers to conceptual, mathematical analysis, not to any
putative rationality or irrationality of the systems under study. Historically the
term referred to the philosophical study of psychology. My use of the term
follows the model of rational mechanics, which has named the study of the
foundations of mechanics since the time of Newton.

Rational psychology studies mathematically possible organizations for
agents. I call these possible organizations “psychologies” (Doyle 1982a,
1990a). One can thus view rational psychology as seeking to classify all pos-
sible psychologies in the same way that group theory seeks to classify all pos-
sible groups. The special laws of mechanics represent such classificatory de-
vices. Identifying special psychological materials or structures characteristic
of interesting classes of agents represents a central method of the field.

The present effort draws directly on the model of rational mechanics by es-
chewing theories formulated in terms of representations in favor of theories
cast in terms of the behaviors themselves, and by treating the problem of un-
derstanding different types of mental organization and behavior as formaliza-
tion of distinct types of psychological materials, rather than as a search for the
“true” theory of psychology or economics. Each type of psychological mater-
ial obeys not only the general mechanical laws applicable to every material but
also special laws characteristic of the specific material.
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Prerequisites

The ideas presented in this book draw on a broad range of fields, including
mathematics, physics, philosophy, psychology, economics, politics, logic, and
computation. The ideal reader of this book would bring to the reading a solid
grasp of the foundations and development of mathematics, classical and rel-
ativistic rational mechanics, quantum theory, logic, probability, the theory of
computation, psychology, artificial intelligence, and mathematical, psycholog-
ical, and political economics. Undoubtedly a keen appreciation of Aeschylus
and Aristophanes would also help, but even the former list probably rules out
everyone, including the author. Cognizant of the demands of the material, the
book has been written with hopes that readers possessing common college ac-
quaintance with mathematical physics, computation, and artificial intelligence
will find something intelligible and interesting in the book. Familiarity with
(not necessarily mastery of) the mathematical way of thinking, the broad spec-
trum of mathematical ideas, and their basic mechanical applications would be
very valuable; Mac Lane’s (1986) useful survey represents a good model of this
knowledge. The interior survey chapters of Penrose’s (1989) book and Gurtin’s
(1981) introduction to continuum mechanics might offer useful supplements.
Truesdell’s (1968b; 1984c¢) essays and Benvenuto’s (1991) history of mechan-
ics provide valuable perspective on the recency and impermanence of current
interpretations of mechanical concepts. Russell and Norvig’s (2002) textbook
of artificial intelligence employs economic rationality to convey a unified per-
spective of that field in a manner reasonably consonant with the approach taken
here.

Plea

The player who stakes his whole fortune on a single play is a fool, [but the science of
mathematics] merely shows that other players are greater fools.
(Julian Lowell Coolidge 1909, p. 189)

I am fortunate that virtually every element of the development presented here
is known, even well known, in at least one field of scholarly thought. While I
know much about some of these fields, la vida breve frustrates gaining thor-
ough expertise in each. Accordingly, much as I love books that present what
for a generation or two seem the most elegant, general, or final forms of ideas,
completing this book required continuous battle against the urge to perfect.
My aim in writing instead was to develop each component enough to show
its place in the theory and to make the basic ideas formal enough to enable
interested parties to find their proper mathematical form. To reapply another
sentiment earlier expressed by Julian Lowell Coolidge (1940, p. xii), while my
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own inadequacy for such a task has been abundantly evident to me, it did not
seem sufficient reason for not making the attempt.

Although many research monographs provide a chapter outlining future
work, such a chapter would seem a joke here, for one may view the entire
book as outlining a program of future work. I am told that Paul Halmos once
ended a talk by saying words to the effect that “If I stopped now, I’d be stop-
ping before the most important point, but I don’t have anything more to say”
and then walking away. I am sure this book stops before the most important
point, and I hope the reader will press on regardless.

Because of the diversity of the subject matter and background, a careful
reading is likely to require substantial effort, even for a reader familiar with
the technical developments of a relevant field. I know of no short-term remedy
for this difficulty, but I try to provide some repetition of explanation and mo-
tivation appropriate to points at which readers of different interests might take
up the text.

Completing this exposition proved difficult because numerous possible al-
ternative treatments presented themselves at every point of the development,
and at times I despaired of pulling together sensible selections from the great
and bewildering variety of alternative views. At such times, the best hope for
completing any exposition seemed to be to write a collection of interrelated and
potentially competing vignettes of each alternative view of each topic, in the
style of Minsky’s (1986) Society of Mind. Although that approach has some-
thing to recommend it, not least that it may offer the only feasible possibility
for describing systems as complicated as the mind with instruments as simple
as the mind, I rebelled against the approach because mechanics, unlike psy-
chology, possesses an extended and ordered conceptual development. Surely,
thought, a mechanical understanding of mind must admit at least some of this
logical development.

Even if one finds the development presented here compelling or convincing,
one should not assume the main interpretations presented here to be the best
ones, no matter how many interesting and intuitive properties they exhibit.
Although I believe many interpretations presented here lie on the right path,
there might be more than one reasonable mechanical interpretation of some
psychological or economic systems. Sufficiently abstract systems might admit
alternative possible mechanical interpretations. Common computational mod-
els, such as Turing machines (Turing 1936), finite automata (Rabin & Scott
1959), and the random-access stored program machine, or RASP (Elgot &
Robinson 1964), might fall in this class. One can blame some of the difficulty
I experienced in completing this exposition on the interpretational ambiguities
I encountered in analyzing the more structured equilibrium-transition model of
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the Reason Maintenance System, or RMS (Doyle 1983e, 1994), which served
as the primary focus of my formalization efforts for many years.

Dana Scott (1989, p. 5) once wrote that “[y]Jou cannot have a clear con-
science in Mathematics if you do not follow up the possibilities,” and in this re-
spect my conscience is not clear, for I regard the theory presented here merely
as a down payment on a true mechanics of mind. In some ways, the theory that
follows hews much too closely to traditional mechanical formalism, and thus
raises the suspicion that it simplifies too much to capture the true complexities
of the mind. I would love to learn that one loses nothing by these simplifica-
tions and that this traditional mechanical form suffices to characterize even the
most subtle mental phenomena and properties, but I do not expect to live long
enough to see such good news or its refutation. The present volume gives some
indications of developments in the direction of these mental subtleties. I hope
to write another examining even more in further detail.

I thus expect that further examination of these topics will find ways to justify
and perfect the interpretation given here, to identify and justify other interpre-
tations, or both. My own limitations—in knowledge, in competence, in vision,
and in time—require me to leave most such investigations to others.

Past

This book represents part of a larger effort aiming to come to a mathemati-
cal understanding of rationality and, more generally, all of thinking. My
work on mathematical and computational analysis of thinking began in about
1973, yielding the early works A Truth Maintenance System (Doyle 1979),
Explicit Control of Reasoning (de Kleer et al. 1977), Non-Monotonic Logic
I (McDermott & Doyle 1980), and A Model for Deliberation, Action, and
Introspection (Doyle 1980). Those works bear few traces of the mechanical
perspective explored here, apart from a concern with the kinematical, mecha-
nistic approach that underlies most machine computation and modern artificial
intelligence, but they provided the central concrete example of the nonmono-
tonic RMS and the insight used to construct the mechanical interpretation of
thinking presented here.

The present investigation of mechanical treatments of mind began in about
1981 as I sought to understand RMS conservatism in terms of least action
principles and Lagrangian formalism. The first outlines and partial drafts of
this book date from 1982-1983, during which time the importance of inertia
for psychology and economics became clear. In 1984 I completed the first
extended draft, numerous portions of which survive in the present version.
A variety of interruptions delayed completion, so that the present exposition
took form in 1998-1999 and underwent gradual expansion before coming into
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nearly final form in 2003, with brief synopses circulated along the way (Doyle
2001, 2002a).

The prolonged period of completion is misleading, however. Mechanical in-
vestigations provided the direct inspiration for and some technical elements of
numerous ideas presented in earlier monographs, including The Foundations
of Psychology (Doyle 1982a, 1990a), What Is Church’s Thesis? (Doyle 1982b,
2002b), Some Theories of Reasoned Assumptions (Doyle 1983e), Artificial In-
telligence and Rational Self-Government (Doyle 1988a), Rationality and Its
Roles in Reasoning (Doyle 1992a), and Reasoned Assumptions and Rational
Psychology (Doyle 1994). The present book provides numerous references to
these writings, wherein the interested reader might find additional details.
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Outline of the book

This book motivates the mechanical study of intelligence and rationality, re-
views modern mechanics and its historical relations to psychology, adapts me-
chanical axioms to cover hybrid and discrete systems, presents illustrative for-
malizations of representative rational systems in psychology and economics,
and reflects on the character of mechanical laws and theories. My exposition
of these ideas divides the development into several parts.

Part I: Reconciling Natural and Mental Philosophy

Part I introduces the problem, the aims of the project, and some of its back-
ground.

e Chapter | introduces the subject and ideas of the book in the context of
understanding the mind and constructing mechanical persons.

e Chapter 2 discusses the benefits of the mechanical approach, especially in
shedding new light on questions of materialism and new methods for char-
acterizing limits to rationality.

e Chapter 3 explores in greater detail the mechanical viewpoint and its history,
briefly relating the project to past efforts on mechanical interpretations of
psychological and economic phenomena as an aid to understanding better
the subsequent development.

Part II: Reconstructing Rational Mechanics

Part II explains the structure of modern rational mechanics and reformulates
the axiomatic development in a manner appropriate to hybrids of continuous,
discrete, physical, and mental mechanical subsystems.

XiX
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Part III presents mechanical formalizations of key psychological and econom-

Outline of the book

Chapter 4 summarizes the theoretical structure of modern rational mechan-
ics, including the modern conception of physical law and the division of
mechanical laws into general and special laws.

Chapter 5 develops the kinematic axioms of mechanics, generalizing the
usual axioms to accommodate discrete aspects of space, hybrid mechanical
systems, and indeterministic worlds.

Chapter 6 develops the dynamical axioms, which parallel the usual devel-
opments in most respects, evidencing the modesty of the reformation of
mechanics needed to cover psychology and economics.

Chapter 7 reconsiders several characteristics of mechanical systems in light
of the reconstruction of kinematical and dynamical axioms, including de-
terminism, continuity, conservation principles, least action principles, re-
versibility, and locality.

Part I1I: Mechanical Minds

ical notions.

Chapter 8 notes the wide variety of mental organizations presumed or postu-
lated by theorists in many fields, identifies one special class involving plural,
discrete, affective cognition for special examination, and summarizes the
structure of the Reason Maintenance System, or RMS, that illustrates this
class of psychologies.

Chapter 9 uses the mechanical formalism to examine mind—body duality and
the plurality inherent in mental organization and faculties.

Chapter 10 sets out the basic framework of discrete mechanical motion,
mass, and force underlying the analyses of the following chapters.

Chapter 11 takes a detailed look at simple reasoning patterns as exemplify-
ing mechanical forces and then offers speculative relations between these
simple forces and more complex mathematical concepts and mechanical
phenomena.

Chapter 12 analyzes the mechanical nature of rationality and limits on ratio-
nality, including effort, volition, inherent intelligence, and the forces gener-
ated by desire, intention, habit, refraction, and other rational motives.
Chapter 13 characterizes learning in terms of mechanical concepts of mass,
persistent configuration, plastic deformation, and relaxation responses to ap-
plied forces.
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Chapter 14 studies mental uncertainty as a mechanical phenomenon, con-
structing a straightforward theory of measurement that yields structures akin
to subjective probabilities and weakness of will, and then presenting a spec-
ulative subjective measurement structure with connections to concepts of
quantum theory.

Part IV: The Metaphysics of Mechanics

Part IV discusses a number of mainly philosophical characteristics of physical
theories in relation to mechanics.

Chapter 15 discusses implications of the mechanical axioms for traditional
philosophical questions of materialism, especially similarities between the
numerous past broadenings of concepts of materialistic theories and the
present further broadening to the materials of psychology and economics.
Chapter 16 addresses the reducibility of physical law to behaviors of ele-
mentary particles and considers related topics including the possibility of
discovering additional physical laws, the uniformity of physical laws, and
other topics connected with the completeness of physics.

Chapter 17 relates mental mechanics to notions of effective computation,
both to understand computation in mental terms and to understand the rela-
tion of effectiveness to mechanical theory.

Chapter 18 examines issues pertaining to the finiteness or infiniteness of
the universe, especially as these relate to discrete models of mechanics as
developed here.

Part V: Conclusion of the Matter

Chapter 19 summarizes and assesses the work, identifies some additional
issues for future exploration, and reflects on the history of some of the ideas.






Part I
Reconciling Natural and Mental Philosophy






1

Mechanical intelligence

What do you think when someone claims that people are mechanical?

Some people find this claim offensive, as likening their own thoughtful be-
havior to the unthinking behavior of the machine, as in Skinner’s famous apho-
rism “The real question is not whether machines think but whether men do”
(Skinner 1969, p. 288). Even though passing time has changed the prototypical
machine from the pulley in the well to the steam locomotive to the automobile
to the home computer, a comparison to machines represents one common form
of insult (“Dali, pfui. He paints like a machine.”). In this view, depicted in
Figure 1.1, claiming people to be mechanical brings people down to a lower
level.

Students of artificial intelligence seeking to construct intelligent machines
often share the underlying revulsion against comparing people to washing ma-
chines and other “dumb” appliances, but usually take a broader view of ma-
chines that includes ones not yet constructed, and paint a picture in which one

People

.

Machines > Machines

People

Fig. 1.1. Bringing people down to the level of machines.
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People - People

/

Fig. 1.2. Bringing machines up to the level of people.

Machines

Machines

endeavors to raise machines up to the level of humans, in stages of approx-
imation if not all at once, as depicted in Figure 1.2. For example, through-
out history clothes have been washed by people, and it is not demeaning to
compare a person with a person who washes clothes. If only we could make
washing machines as smart and capable and, well, as personable as people, say
students of artificial intelligence, surely comparison to such machines need not
be offensive.

This response does not placate those who view the hypothetical assumption
as an offensive impossibility, or who think people have a character that no
machine, no matter how intelligent, could possess. For example, many think
that people have a spiritual character that sets them apart from merely material
devices like machines, which only contain what their human designers put into
them. Churchill famously advanced such a concern in his own inimitable way:

The destiny of man is not decided by material computation. When great causes are
on the move in the world, stirring all mens’ souls, drawing them from their firesides,
casting aside comfort, amusement, wealth, and the pursuit of happiness, in response to
impulses at once awe-striking and irresistible, then it is that we learn that we are spirits,
not animals, and that something is going on in space and time, and beyond space and
time, which, whether we like it or not, spells duty. (Churchill 1941)

Making this distinction lets one offer complimentary comparisons to machines
(“I can’t believe how much she gets done. She just keeps going like some sort
of machine!”) without diminishing the sense of separation between our kind
and theirs, and without legitimizing claims that people are just complicated
machines.

In the following, I approach this dispute about the nature of people from a
different direction.
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1.1 Mechanical philosophy

Behold the man!
John 19:5 (KJV)

Thoughtful ancients saw mysteries everywhere, in space, in time, in matter,
and in themselves. Some of the greatest puzzles turned on the multiple natures
of things; a beach might look as smooth as the water shaping it, but close in-
spection reveals an array of grains of sand as seemingly numerous as the more
obviously discrete stars in the heavens. The ancients recognized themselves as
providing the greatest of such puzzles: once dead, composed of matter suitable
for the worms of the soil; in life, manifesting both the smooth motions of the
gymnasium and distinct decisions of judge and marketplace, in body bound
to a location changing only a few kilometers a day, in mind free to range un-
bounded through worlds real and fanciful, past, present, and future, all within
minutes, and for many, contemplating a life for the soul unhindered by the
death of the body.

The new sciences developing across the centuries explored evidence that
man’s body exists subject to various regularities or laws of physics, chemistry,
biology, and physiology, with some of these laws explaining much more than
the human body. The array of scientific theories yielded by these explanations
have greatly increased understanding of the world, and have supported power-
ful technologies affecting almost all areas of life: labor, transportation, com-
munication, agriculture, medicine, manufacturing, trade, and war. We share
species with the ancients, but increase in knowledge has transformed the envi-
ronment of life in fundamental ways.

The advance of transformative science proceeded slowly before a dramatic
acceleration in the seventeenth and eighteenth centuries, when discoveries in
mathematics and rational mechanics altered the character of natural philosophy
in fundamental ways.

The term rational mechanics has fallen out of general use, but it remains
the traditional name given to the conceptual or mathematical investigation of
mechanical concepts (Truesdell 1958). The term has persisted from the time of
Newton to the revival of rational mechanics by Truesdell and others in the past
century. Although today the scientific term rational is closely tied to the con-
cept of rational decision and action in much of the literature, the term rational
mechanics itself in no way refers to rational action as studied in psychology
and economics.

Rational mechanics, as developed by Newton, Euler, and others, reworked
natural philosophy into the modern sciences we know today. Earlier nat-
ural philosophy was dominated by informal, largely philosophical debate and
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observation. Rational mechanics, and the mathematical viewpoint more gen-
erally, focused on technical investigation, on explicit models of the evolution
of physical systems in accordance with specific mathematical equations, and
on explicit calculation from specific hypothesized initial conditions to observ-
able and unobservable properties of physical systems. These mathematical
models enabled scientists to refine physical theories, and enabled engineers
to construct complicated physical systems to meet precise specifications. The
advance in understanding changed perspectives so much that Leibniz claimed
sufficiently great calculating abilities and a full description of conditions at
some initial time would permit determination of the entire future of the world
subsequent to the initial time.

1.2 The great divorce

The optimism expressed by the natural philosophers did not bear out in the
contemporaneous early stages of the human sciences of psychology and eco-
nomics. In contrast to the progress seen in understanding the physical world,
understanding the mind has proven very difficult. We understand much today
compared with past centuries, but in honest appraisal this represents compari-
son of infinitesimals.

Why did the advance of science scant mental philosophy even while en-
riching natural philosophy? Part of the explanation might lie in the limited
applicability of the new conceptual tools.

Recall that the seventeenth century also saw Descartes’ promulgation of a
dualistic theory of mind, in which a mental substance of the mind accompa-
nied the physical substance of the body. Discourse at the time also spoke of
forces on minds and bodies, just as it does today. In spite of such conceptions
in which mind and body consisted of substances acted upon by forces, the
mathematical tools of the new mechanics did not apply to Cartesian minds, for
their mental substances lacked physical position, meaning that mental actions
lacked description in terms of the physical motion treated by mechanics. The
new mechanics thus offered no way to apply its developing formal concepts
to understanding the relation of the mind to the body or the nature of forces
acting on minds.

The study of the mind did not stagnate, however, and mathematical theories
of psychology and economics emerged later from nonmechanical theories of
logic, probability, and utility. These theories gave central place to the notion of
rational action, eventually understood as action chosen so as to maximize the
expected utility of action. The principle of rational action provided the study
of the mind with a formal framework for investigation and analysis comparable
with the formal framework that the central mechanical notions of force, mass,
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and motion provided for physics. This difference with respect to mathemati-
cal formalism produced an increasingly wide separation of the mental and the
physical sciences, between those based on the concept of rationality and those
based on the concept of force.

The scientific import of this divorce of mental and physical sciences became
clearer later as psychology began to explore computational characterizations of
reasoning and behavior, and as economics began to cast about for theories that
match human capabilities better than its foundational theory of ideal rational
choice. Computational formalizations of psychological theories involved mo-
tion in “spaces” of mental states that, though very different than physical space,
at least proved susceptible to mathematical formalization. Realistic economists
grew appreciative of the hard work involved in making choices and of the
slowness of the mind to change when subjected to new information or other
influences. Popular discourse still spoke of mental forces, work, and inertia
to reflect these concerns (“I had to force myself to concentrate”), much as in
the days of Descartes and Newton. People also came to use mechanical con-
cepts of inertia, force, energy, and pressure informally in describing economic
markets and behavior (“Market forces are putting increasing pressure on oil
prices”). In spite of the continuing application of seemingly similar concepts,
the divorce of the mental and physical sciences impoverished the mental sci-
ences when compared with the physical sciences by abandoning to the purely
physical realm mechanical concepts of force and inertia that proved fruitful
in analyzing physical behaviors. Study a physical problem, and one has re-
course to physics, chemistry, and biology, as well as differential equations and
mathematical theorems that aid in analysis and prediction. Study a mental sys-
tem, and one lacks almost all of this intellectual heritage, for the traditional
conceptual tools do not apply.

1.3 The awaiting reconciliation

The scientific separation of mental and physical need not stand. In the follow-
ing, I bridge the gap between matter and mind with mechanics, and explore
the possibility that people are indeed mechanical, in both mind and body, but
are not necessarily machines or material machines. I do this, as depicted in
Figure 1.3, by understanding “mechanical” in the sense of the science of me-
chanics, and show how one can rework the traditional mechanics one learns
in high school or college physics classes to cover reasoning and other mental
phenomena in a natural way.

Specifically, I show that the mathematical concepts of modern axiomatic
rational mechanics apply more broadly than generally recognized. The quiet
progress of mechanics in recent years provides formal concepts of force, mass,
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Systems satisfying axioms of mechanics

T

People Machines

AN N

Mind Body Controller Mechanism

Fig. 1.3. Understanding people and machines as mechanical systems. Not all machines
have nontrivial controllers.

momentum, and work that enable one to transform some heretofore metaphor-
ical uses of these terms into meaningful, true or false, nonmetaphorical state-
ments about psychological and economic systems within the axiomatic frame-
work of modern rational mechanics.

In psychology, applying the mechanical perspective to mental inertia and
mental forces helps one understand and formalize the difficulty of changing
one’s mind, of learning, of maintaining a focus of attention in the presence
of distractions, and of overcoming habitual behaviors. Mechanics helps one
understand the different characters of people and types of people.

In economics, nonphysical applications of mechanical axioms provide new
means for characterizing more realistic notions of economic rationality and
limits on reasoning abilities, and translate studies of different types of psycho-
logical and economic agents into studies of new types of mechanical materials.

In artificial intelligence, mechanics provides new concepts for analyzing the
structure of artificial agents, new terms with which to specify desired charac-
teristics of agents, and new paths for implementing agents efficiently.

The mechanical perspective provides these benefits without requiring
one to give up nonmechanical perspectives. It instead provides an additional
perspective offering clearer paths to some familiar apprehensions than those
offered by traditional perspectives.
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The mechanical perspective does not demote people to the level of machines.
One might think of the human body as a machine of magnificent design, or
one might not, for even traditional mechanics appears to transcend standard
conceptions of “machine,” especially the notion crystallized by Turing and
popularized in today’s digital computers. In a similar way, one might think
of the human mind as a machine, or as something more, because mechanics
itself does not say what sorts of forces exist in the world, nor from whence
they issue.



2

Why mechanics?

The mechanical understanding of mind bridges both the gap between the men-
tal and the physical and the gap between the rational and the dynamical. In
addition to seeking a better understanding of the relation of mind to body, one
specific motivation in pursuing this understanding stems from an interest in
finding new means with which to characterize and analyze limits to rationality,
a central interest common to psychology, economics, and artificial intelligence.
Pursuing this motivation requires facing philosophical problems that have puz-
zled people for millennia.

Although science has answered some of these philosophical questions about
nature and mind, it has left others unanswered. For example, one ancient ques-
tion concerns determinism, or more generally, lawfulness. Many views hold
the mind to exhibit essential freedoms not enjoyed by matter; other views hold
the mind subject to various laws of psychology, economics, sociology, and an-
thropology, and argue about the precedence of these competing regulations.
Though scientific progress has inspired some of the competing variants and
the development of quantum theories has complicated the stark alternatives
contemplated by earlier generations, scientific evidence has done less than one
might expect to support or weaken the cases for the fundamental alternatives.
The liberty or lawfulness of the mind remains controversial.

Unresolved questions do not represent failures of science. They represent
the human condition. Given the long lifetime of fundamental questions, one
measures the contribution of science not so much in terms of how many ques-
tions it has answered, but in terms of how many problems it made amenable to
technical and experimental investigation. Truesdell, as usual, states the issue
beautifully:

Now a mathematician has a matchless advantage over general scientists, historians,

politicians, and exponents of other professions: He can be wrong. A fortiori, he can
also be right. (Truesdell 1968b, p. 140)

10
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The quickest way to tire the lay observer is with what appears to be philosoph-
ical debate, for philosophical debate has the reputation, perhaps deserved, of
never resolving anything. The mathematical and theoretical advances of mod-
ern natural science have left some fundamental questions unanswered, but they
have shown how to remove others from the domain of opinion into the domain
of knowledge.

The continuing lack of consensus on fundamental characteristics of mind
illustrates the paucity of progress in converting the questions of mental philos-
ophy into subjects for technical and experimental investigation. Accordingly,
I believe the primary immediate benefit provided by the reconciliation of the
mental and the physical comes not in providing immediate answers to long-
standing questions but in opening some long-standing philosophical problems
to serious mathematical investigation. The more one removes technical limi-
tations that handicap the human sciences relative to the physical sciences, the
more one improves prospects for rich and effective mental sciences.

We cannot yet see all the ramifications of the mechanical perspective. Never-
theless, it seems likely that augmentation of the existing technical conceptions
of logic, economics, and computational intelligence with the formal concepts
of mechanics will permit construction of mechanical theories of the interaction
of mind and body and of limits on ideal economic rationality. These mechan-
ical theories in turn seem likely to offer improvements in techniques used in
engineering artificial agents. The remainder of this chapter sketches elements
of such potential benefits. Later chapters return to the ideas to provide more
details.

2.1 Rethinking materialism

The ancient question of materialism, as regards psychology, asks whether peo-
ple have minds or spirits distinct from their body, or whether these are mere
by-products of brain and body. Philosophers have speculated for centuries
about possible relations between mind and body, with theories ranging from
nonexistence of mind to nonexistence of body, and from complete disconnec-
tion of mind from body to complete correspondence of mind and body.
Although Descartes viewed mind and body as somewhat separate entities
acting on each other, dualistic theories fell into disrepute for at least two rea-
sons. First, proponents of dualistic theories could not supply any formal model
for or rules governing either mental motions or the proposed interactions be-
tween mind and body. Science was just beginning to understand physical
forces in mathematical terms, but not in a way that applied to understanding
interactions of mind and body. Second, even setting aside the lack of a formal
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model for mind-body forces, proponents could not identify measurable forces
of this type. Everyone knew that lifting one’s arm caused one’s arm to rise, but
this apparently causal relation did not seem to fit the mechanical mold because
the mental effort required to lift the arm did not clearly vary with the weight of
things held by the arm.

The demise of dualism and the everyday incredibility of idealism have fa-
cilitated the dominance of the scientific viewpoint by materialism (or more
precisely, physicalism), which today we interpret as the view that everything
in the world consists of the material particles and fields of physics. Mate-
rialism even dominates thinking in psychology, where a tradition of behav-
iorism, computational mechanism, and neurophysiological primacy sidelines
the rather obvious disconnection between the experience of mental life and
the specific circumstances of embodiment. Though many have observed the
tenuous and inessential grounding of commonsense psychological concepts
in the physical, chemical, and neurophysiological bodily base, better under-
standing of the dramatic effects of certain chemicals and bodily trauma on
mental behavior has led others to dismiss ordinary psychological talk about
beliefs, desires, emotions, volition, and the like as hopelessly flawed, even as
an approximation to some supposed neurophysiological truth. This philosoph-
ical attitude has developed along with a shift in emphasis in artificial intel-
ligence away from symbolic models of thought toward models in which nu-
merical pseudoneurological quantities overlay varying kinds of nonnumerical
pseudosynaptic structure.

Economics, in contrast, represents perhaps the last holdout of amaterialist
thinking, even though it epitomizes “materialistic thinking” in an irrelevant
popular sense. Theoretical economics deals mainly with a theory of ideal ra-
tionality based solely on belief, preference, and choice independent of any
materialist grounding. The preferences economists attribute to humans may
derive from complex balances among underlying motivations, emotions, and
sentiments, but these underlying origins do not concern the economist as long
as these origins yield preferences fitting the form demanded by ideal
rationality.

The present work provides both formal means to rehabilitate dualistic psy-
chologies and motivations for doing so. I use the modern axioms of mechan-
ics to characterize the structure of forces exerted by mind on body, by body
on mind, and by mind on mind in exactly the same way that these axioms
characterize forces among physical bodies. Though the early formulations
of mechanics did not cover the Cartesian conception of mental substances,
the mathematically refined axioms developed in the twentieth century provide
the necessary breadth. The resulting mechanical characterization of mental
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substances calls into question the conventional conception of materialism, much
as discoveries in physics have extended the ancient concept of materialism to

include the invisible fields of electromagnetism and various quantum particle

fields unobservable in everyday life, and to include a theory of gravitation in

which energy itself has mass.

2.1.1 Interacting minds and bodies

The formal framework developed later in this book offers the following simple
straightforward technical application to addressing psychological theories of
the interaction of mind and body. The illustration given here uses only two
elements of modern mechanical formalism: the notion of material universes,
which consist of lattices of simple and complex bodies, that is, sets of bodies
ordered by the “part-of” relation, and the notion of systems of forces, which
consist of assignments of force values to pairs of bodies, assigned in a way
that satisfies mechanical principles including the vectoral force-addition (or
parallelogram) law.

The mechanics developed in the following allows us to formalize persons
as mechanical systems composed of hybrids of two component mechanical
systems, one physical, one mental. Let us consider here the body and mind
of a person I call René. Figure 2.1 depicts a division of René into mental
and physical bodies. For the physical part of René we presume a standard
mechanical model, and identify the body of René as a body B,, existing within
a universe B,, of physical bodies. Similarly, for the mental part of René we
identify the mind of René as a body B,,, existing within a distinct universe B,
of mental bodies. We denote the lattice join of bodies B and B’ by B + B’, and
denote the largest, most inclusive, or “universal” body in a material universe by
U. Our simple illustration then uses the hybrid body Br = B, + B, to model
the person René, and the hybrid body &/ = U, + U,,, to model the universal
body.

Let us now consider the total force acting on René at some instant. In the
hybrid mechanical formalism, we write this force as f(Br,U), that is, the
force exerted on Br by the universal body /. The separation of the mental and
physical bodies and the axioms for forces then let us rewrite this force as

f(Br,U) = f(Bp,U) + f(Bm,U). 2.1

Let us look first at f(B,,U), which represents the force on the physical
body. We decompose U/ into separate components

U = By + B = By, + By, + B + B, 2.2)
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Fig. 2.1. Schematic division of a world containing a person Br into mental and phys-
ical bodies (B, and By, ), plus mental and physical exteriors (85, and B5¢), all com-
prising universal mental and physical bodies (U, and U},).

where Bf denotes the environment of Br, obtained as the relative comple-
ment of Br with respect to the hybrid universal body U; where BL¢ denotes
the physical environment of the physical body, obtained as the relative com-
plement of B, with respect to the greatest physical body U,,; and where B¢
denotes the mental environment of the mind, obtained as the relative comple-
ment of 13,,, with respect to the greatest mental body U,,,. With this partition of
the hybrid universal body, we apply the axioms for forces to rewrite the force
on the physical body as

f(Bp,U) = f(By, Byp) + f(Bp, Bin) + f(By, BE) + f(Bp, B ). (2.3)

This just says the total force on the physical body consists of the sum of the
forces exerted on the body by the body itself, by the mind, by the physical
environment, and by the mental environment. From a similar decomposition,
we obtain the force on the mind as

f(Bm,Z/{) = f(BWHBm) + f(BnuBP) + f(Bm; B:;r{,e) + f(Bm, Bge)' (2.4)
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The forces f(B,,U) and f(B,,,U) constitute hybrid forces, containing com-
ponents in both the physical and mental worlds. We can thus decompose them
into components, for example, writing

f(pru) :fp(pru)+fm(pru)a (2.5)

where f,(Bp,U) denotes the component of f (B, ) that lies in physical space,
and f,,(Bp,U) denotes the component of f(B,,U) that lies in mental space.
Either or both of these components might be zero. Deformations or motion of
the physical body and the mind depend only on these respective components
in the hybrid mechanics, so motion of the physical body depends only on

fo(Bp,U) = fp(Bp, Bp) + fp(Bp, Bin) + fp(prgge) + fp(Bp, B©). (2.6)

Thus the physical motion stems from physical forces, but the origin of these
forces might include mental bodies. Similarly, motion of the mind depends
only on

fm(Bnuu) =
fm(Bnu Bp) + fm (Bm; Bm) + fm (Bm; Bge) + fm(Bnu BZ@LG)- 2.7

By providing a rigorous conception of forces between mind and body, the
present work provides new avenues for exploring questions about the exis-
tence, nature, and origin of such forces. For example, Truesdell once posed
a brief query seeking evidence of measurable nonphysical forces on material
objects. The query in its entirety reads:

Can any reader supply examples of magic whose effect is measured? E.g., a magician
whose spells could lift a ten-pound weight, but none heavier. (Truesdell 1956, p. 59)

The query does not spell out whether Truesdell had in mind psychokinetic or
supernatural forces. Possibly he offered the query in jest or ridicule, for Trues-
dell usually mentioned psychology, and artificial intelligence for that matter,
as in the conclusion to (Truesdell 1984a), only to disparage the intellectual
shoddiness of that field in comparison with the rigor attained in mechanics and
other sciences. But publishing in Isis does not bespeak jest, and it seems rea-
sonable to interpret the query as indicating that Truesdell considered mechan-
ics as a broad subject, covering potential interactions between the physical and
the mental as well as interactions among the purely physical. In the current set-
ting, one can read the query as asking whether the cross-terms in (2.6) always
vanish, that is, whether we have in fact

fo(Bp,U) = fp(Bp, Bp) + fp(By, B£6)~ (2.8)



16 Why mechanics?

The formal framework of forces provided by mechanics covers many pos-
sibilities with no presumption that any or all of these exist in our world. It
provides a formalization of interaction in which the mind raises the arm by
forcing communication of information that initiates a physical action, with the
distinction between informational force and physical force resolving the lack
of proportionality between will and lift that puzzled earlier mental philoso-
phers. The formal framework provided here makes sense of the possibility
of telekinesis in the same way that traditional mechanics makes room for all
sorts of possible forces not known to the ancients. The formal framework of-
fered here also retains the traditional modest aspirations of mechanics. Just as
Newton’s mechanics did not presume to identify all types of physical forces,
we make no suppositions regarding telekinesis or other undemonstrated forces
and leave questions about the existence additional forces beyond those com-
monly recognized to future physical and psychological investigation. What we
do show is that such questions have an empirical character, and that mechanics
alone does not restrict the types of conceivable forces.

2.1.2 Correlation

Few have ever thought of mind and body as operating completely indepen-
dently of one another. Someone hit will hurt, and may choose to react by
moving and speaking. Mental and physical events enjoy some degree of cor-
relation. The debate in philosophy over the centuries has concerned the degree
and nature of such correlation. The constitutive assumptions that traditional
mechanics uses to characterize special materials provide models for phrasing
assumptions about the correlation of mental and physical events.

Traditional mechanics characterizes rigid bodies by a constitutive kinematic
assumption, namely the assumption that the relative positions of all body parts
remain constant throughout all motions. One might use similar “kinematic”
assumptions to require that certain physical events always co-occur with cer-
tain mental events in some or all circumstances, as is the content of some
identity theories of mind, and of some idealistic theories that posit unexcep-
tional co-occurrence of mental and physical events. For example, one might
assume that certain stimulations of the visual cortex always correlate with cer-
tain perceptions about surroundings. Such correlations amount to a path of
communication between physical and mental bodies, and open the possibility
that mental events can generate physical forces even without the explicit cross-
terms of (2.6).

At the same time, one might not assume that decisions based on these per-
cepts correlate in any regular way with activity in other portions of the brain.
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Indeed, with a bit of stretching, one might interpret Penrose’s (1989) specula-
tions on the role of quantum gravity in consciousness as suggesting that mental
events might influence certain delicate physical events but otherwise stem di-
rectly from the major flow of physical bodily events. The large range of possi-
bility between no regular co-occurrence and completely regular co-occurrence
offers room for many different theories of mind.

When one does not assume complete correlation between mental and physi-
cal events, one expects divergence between mental and physical states to occur.
We see such divergence in the experience of the disoriented and the insane. The
ordinary sort of disorientation represented by discrepancies between what the
agent thinks about the world and the way it really is poses no philosophical
difficulties. Most people lose this correlation a few times each day, and in rare
cases lose it seriously and permanently, but ordinarily this sort of disorienta-
tion requires only minor, even unconscious or automatic, effort by the sufferer
to correct the discrepancy, by changing mental or physical state to match the
other. People who build robots go to some trouble to prevent such disorien-
tation from crippling their robots by reducing thinking as much as possible to
direct perception or reaction to overt physical states (Rosenschein & Kaelbling
1986; Brooks 1991). Such designs sometimes employ feedback control sys-
tems to imitate mechanical elasticity, in which perturbation from certain states
generates restorative forces to bring the configuration back to the equilibrium
one. The more thinking abstracts from these lower levels to construct plans and
formulate long-term desires, the greater the openings provided for introducing
discrepancies and disorientation.

2.1.3 Mechanical reasoning

As noted in the preceding discussion, Cartesian dualism failed to endow mental
substances with familiar properties of location and mass. The absence of these
notions posed far bigger problems for the theory than a mere lack of ways of
making formal reference to forces involving minds. The present development
addresses this gap in Cartesian theory by using modern mechanics to identify
locations and masses in some of the simple but relatively detailed models of
reasoning agents developed in artificial intelligence.

To illustrate the ideas briefly, I now sketch a mechanical interpretation of
a simple but concrete formal model of reasoning, in which reasoning occurs
through selection, interpretation, and application of explicit rules of reasoning.
The mechanical restatement first identifies the underlying mathematical spaces
characterizing mental motion and mass in the reasoner, and then identifies the
forces generated by reasoning rules.
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2.1.3.1 States of reasoning

In this illustration, let us regard each mental state of the reasoner as reflecting
a set of beliefs, desires, intentions, or other mental attitudes drawn from a
finite or infinite set D (Doyle 1983e, 1994). More generally, we regard D as
comprising all identifiable elements of mental states in the model, including
explicit rules of reasoning.

We regard the possible sets of attitudes and rules in the power set P(D) as
elements of the binary vector space D = (Z2)P over the field Zs, so that each
vector in D represents the characteristic function of a set of attitudes and rules.
We use set and vector notation interchangeably in the following as convenient,
writing 0 to denote the vector of zeros corresponding to § € P(D), and 1
to denote the vector of ones corresponding to D € P(D). We write © =
1 — z to indicate the vector or set D \ « complementary to z. Because Zy has
characteristic 2, we have x = —x for every € D. D also forms a ring under
pointwise binary multiplication.

2.1.3.2 Structure of reasoning

The term reason reflects the appearance of such rules in the Reason Mainte-
nance System, or RMS, also called the Truth Maintenance System, or TMS
(Doyle 1979), in which the growth and change of the set of reasons highlights
the cumulative action of reasoning rules on memory and states of reasoning.

Section 8.4 describes reason maintenance in more detail, but I summarize
the ideas briefly as follows. The RMS and similar reasoning systems record
dependencies or argument or proof steps in long-term memory in service of
a reasoning system external to the RMS. These recorded dependencies repre-
sent propositional nonmonotonic default rules, which here I call reasons. The
RMS uses these reasons to maintain a set of conclusions in working memory.
The RMS constructs the conclusions so as to represent a set that is closed with
respect to consequences of reasons and grounded with respect to the recorded
reasons and starting assumptions. The nonmonotonicity of reasons supports
a form of reasoning in which all changes to conclusions can, if desired, be
effected by means of adding new reasons, which can either generate new con-
clusions or defeat earlier ones. When current conclusions are defeated by new
information, the RMS traces through the reasons supporting consequences of
the defeated conclusion and removes any that do not have some other means
of support. This process becomes complicated when, as commonly happens,
reasons form circular arguments in which different conclusions support each
other. When consequences are changed, the RMS notes the changes and in-
forms the external reasoner.
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Let us divide mental states into two parts. One part reflects mental positions
or points of view that we regard as a space 8 of locations of the agent. The
other part reflects habits of thought or rules that we regard as the mass of the
agent, with values in a set M. Forces acting on the agent can cause spatial
motion, change of mass, or both, with momenta and forces taking values in a
set P. As in traditional mechanics, 8 and P form vector spaces, and M forms a
ring of scalars acting on P, but in the setting of discrete mental attitudes these
vector spaces and ring are discrete.

In the simplest conception, reasoning constitutes change of view or posi-
tion, and learning constitutes change of habits or mass. This fits with common
conceptions in which habits and knowledge persist across episodes of reason-
ing, and in which not all conclusions reached in reasoning lead to long-term
changes.

We use D to represent instantaneous spatial and mass values, with§ =D =
M, and use D to represent the translation spaces (sets of difference vectors)
of these sets as well, thus permitting us to use P = M x § = D? to repre-
sent momentum and force values. For each instant ¢ in an interval of discrete
times, we write x; to denote the position, &, the velocity, Z; the acceleration,
my the mass, 7 the mass flux, and p; the momentum of the reasoner at t.
We assume the set of discrete instants to be enumerated, so that ¢ + 1 denotes
the instant succeeding instant ¢. For present purposes we regard instantaneous
position, mass, and velocity as constituting an instantaneous mechanical state,
denoted by (z¢, my, &) or (x4, p:), the latter form using momentum values
pr = (my, &4) to pair mass and velocity values. We regard histories or trajec-
tories of the reasoner as functions mapping instants in a temporal interval to
the mechanical states occurring at those instants. We write f; to denote the ap-
plied force acting on the reasoner at ¢, and call a history a mechanical process
just in case it satisfies Euler’s equation

f=p (2.9)

at each instant.

In the discrete setting, we interpret &, 11, and p; in terms of discrete differ-
ences. We identify x; as the trailing velocity ; = z; —x¢_1, but identify accel-
eration &; = X441 — &y, mass flux m; = my41 —my, and change of momentum
Pt = pev1 — pe = (M, %) as leading differences. The difference in for-
mal treatment reflects a common design for reasoning systems. In this design,
changes in attitudes trigger application of reasoning rules. Mechanically, this
means the reasoner generates self-forces that depend on current position, mass,
and trailing velocity. Such a reasoner also suffers changes imposed by users or
other portions of their environments on its attitudes and rules. Mechanically,
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we regard such imposed changes as forces applied to the reasoner. These ex-
ternal changes affect or produce future mental states and so represent leading
changes.

2.1.3.3 Reasoned motion

Explicit rules of logical, probabilistic, and heuristic reasoning appear in many
forms in artificial intelligence systems, including production systems, logic
programming languages, semantic networks, conceptual inheritance systems,
Bayesian networks, Boolean computation circuits, and Minsky’s (1980) K-
lines (see Russell & Norvig 2002 for more on most of these). Although each of
these forms exhibits a mechanical character, we focus on reasoning generated
by simple types of nonmonotonic rules, or reasons (Doyle 1983e, 1994), such
as the rule

“Conclude (c) ‘Sasha can fly’ whenever
it is believed that (a) ‘Sasha is a bird,” and
it is not believed that (b) ‘Sasha cannot fly.”” (2.10)

Each reason involves four sets of beliefs, desires, intentions, rules, or other
elements of D, any or all of which might be empty. We denote a reason r with
the notation

r=A,\ Br |- C.\ D, 2.11)

which we read as “A, without B, gives C,. without D,.,” where A,., B,., C}.,
D, C D. We thus might write (2.10) as the reason

{a} \ {0} [ {c} \ 0. (2.12)

We interpret each reason 7 as stating that each element of C,. should be held
and each element of D, should not be held if each element of A, is held and
each element of B, is not held.

One can interpret reasons of the form of (2.11) synchronously, as applying
to instantaneous states of the reasoner, or diachronically, as relating successive
instantaneous states of the reasoner. In a synchronous interpretation, reason
(2.11) expresses the rule that the reasoner’s conclusions contain each element
of C' and no element of D if it contains each element of A and no element of
B. In a diachronic interpretation, reason (2.11) concerns presence or absence
of state characteristics at different times, saying that if A \\ B applies to the
state prior to a change, then C' \\ D should apply to the state after.

In our simple illustration, we assume the reasoner’s environment initiates
episodes of reasoning by changing the reasoner’s memory to include a new
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reason, whereupon the reasoner applies reasons that change position until ei-
ther no reasons remain unapplied or the environment imposes further changes
on memory. This assumption is compatible with simple perception and com-
munication or imposition of new attitudes because reasons of the form @ \\
@ |- C \\ 0 produce conclusions without requiring antecedent or ancillary
conditions. We regard such motion as reflecting the combination of an ex-
ternal force (i, 0) with a self-generated force (0, %) to produce a total force
f=(m, &).

In considering a mechanical state (z;, mq,d;) at instant ¢, we regard ap-
plication of a single reason r = A, \\ B, | C, \\ D, as generating the
acceleration

A D,xi — iy if A, B,z =
fi’t _ { C Tt —+ Tt Ty 1 Z‘t.—|- Tt 0 (213)
Ty otherwise,
which yields the new velocity
. Crl't + Drl't if Arl't + Brl't =0
= 2.14
T+l { 0 otherwise, ( )
and hence the expected new position
A D,z; if A, B,z =
Tor1 = { ze+ Gy + Drwy if Az + Bray =0 (2.15)
Ty otherwise.
2.1.3.4 Reason forces
Define the function U : D — (D — D) by
CrfEt + DrfEt if ArfEt + BrfEt =0
U = 2.16
(r)(@) { 0 otherwise. ( )

This value for U (r)(z) is thus the same product from a reason and position as
was identified in expression (2.14) for the velocity produced in single-reason
motion, so that &; = U(r)(x:) — ©¢+. As we are assuming that application
of rules changes only position and not mass, appearance of reasoned motion
(2.15) in a mechanical process satisfying (2.9) requires us to identify

fr(xt,mt,x't) = (O,U(T)(l't) —i't), (217)

as the force generated by the reason r in the state (x¢, my, Z¢).
To obtain the force fr(xt, m:, &) due to applying a set of reasons R in a
mechanical state (x¢, my, &), we lift U to a function U : P(D) — (D — D)
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by additive superposition

UR)(x) =D U(r)(), (2.18)
réER
following the convention that an empty sum equals 0. Thus if R; denotes the
set of reasons acting at time ¢, we obtain the acceleration

&y = U(Ry)(we) — e, (2.19)
and so define the force generated by R; by
fro (@, mu, @) = (0,U(Ry) () — ). (2.20)

One easily verifies that f,.) (z¢, m4, 2¢) = fr (24, 04, T4).

2.2 Characterizing rationality

Even if mechanics helps provide a better understanding of the interaction of
mind and body in terms of forces and masses, it provides no guidance about
how to understand the specific forces involved. Although one can view human
minds as suffering and generating a variety of forces, as does Shand (1920),
the present effort focuses on using mechanics to understand the forces charac-
teristic of rational thought and action. Used in this way, mechanics provides
a “new” formal language for characterizing limits to rationality, a language in
which mental effort relates to mechanical work, in which attention relates to
directions of resultant forces, and in which dimensionality of communication
channels places bounds on the magnitude of possible forces.

2.2.1 What is rationality?

People use the term rational in many senses. In the terms rational mechanics
and rational psychology, the word means conceptual or mathematical, as op-
posed to speculative or experimental. In everyday life, however, the three main
senses consist of the psychological, logical, and economic, corresponding to
whether the agent reasons according to rules, draws sound and consistent con-
clusions, and makes the best choices possible given the available knowledge.

Of these three everyday senses, the logical and economic have received the
most attention as formal subjects, developing from philosophical roots two
millennia ago and flowering in the development of mathematics in the past
few centuries.

Today, the theory of economic rationality reigns supreme in the social sci-
ences. In the modern formulations of von Neumann and Morgenstern (1953)
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and Savage (1972), which formally characterize rational beliefs and prefer-
ences and how the agent’s beliefs change with the acquisition of new infor-
mation, the economic ideal of rational choice supports a deep mathematical
development unrivaled by any science outside the physical sciences save for
mathematical logic and the mathematical theory of computation. The concep-
tual coherence and power of the theory of economic rationality permit it to
serve as the basis for quite elaborate theoretical developments in the theory of
markets and other topics. As an organizing principle, the theory and its un-
derlying assumptions also undergird much thinking in modern politics, man-
agement, and, increasingly, artificial intelligence, psychology, the theory of
computation, and even biology. Policy analysis now involves explicit decision-
theoretic and game-theoretic analyses; computational agents explicitly repre-
sent and reason with probabilistic and utilitarian information; psychologists
study the probabilistic and preferential reasoning of ordinary people; compu-
tation theorists and algorithm engineers augment notions of worst-case and
average-case complexity with expected utility models; and biologists employ
economic choice models at many levels, ranging from the resource economics
of ecosystems to the more controversial genetic levels.

Despite its preeminence in our current views of sciences and humanities,
however, the theory of economic rationality suffers from many problems.
These are most clearly seen in the broader context of human rationality. To
understand these problems and to see how mechanics provides a path to reme-
dying at least some of them, we examine the several notions of rationality and
irrationality in turn.

2.2.1.1 Psychological rationality

The psychological sense of rationality means basing beliefs, decisions, and
actions on explicit reasoning and argument about what must true (as in logical
rationality) and about what must be good or what must be done (as in economic
rationality), given one’s assumptions and goals. The picture underlying this
sense depicts thought and action guided by rules and procedures in a way that
permits one to explain the reasons underlying specific actions and attitudes
by articulating the rules and attitudes that constitute the reasons. One can
regard psychological rationality as related to the practical reasoning reflected
in Aristotle’s (1962) practical syllogism “I desire D; action A will achieve D;
therefore I do A,” and to Newell’s (1982) modern restatement in his principle
of rationality.

Many common uses of the psychological sense of rationality contrast “ratio-
nal” with “emotional,” often presupposing that action based on emotion cannot
also be based on reasoning, but as understood here, psychological rationality
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refers only to actions having reasons, not to the emotional or epistemic content
of those reasons. Psychological rationality thus says nothing about the emo-
tional or nonemotional basis of thought and behavior. One can exhibit psycho-
logical rationality and still have major elements of behavior under nonrational
control.

The psychological sense of rationality makes far weaker assumptions about
the nature of the rules involved in reasoning than do the logical and economic
senses. In contrast to the stronger notions, one cannot characterize psycholog-
ical rationality exactly because it denotes an indefinite range of mental char-
acters rather than the singular crisp ideal characters of logical and economic
rationality (see Doyle 1983e, 1994 for an elaboration of some of the varieties).
Instead, one must look to formal frameworks that cover a variety of psycho-
logical organizations, each interpretable as involving some sort of rule-guided
reasoning or action.

Mathematical studies of some varieties in which explicit reasons of the form
shown in (2.11) mediate reasoning states and reasoned state-changes have been
elaborated in some detail in theories of reasoned assumptions (Doyle 1983e,
1994) and nonmonotonic logics (Marek & Truszczyriski 1993), as well as ex-
amined philosophically in Doyle (1982a, 1990a, 1988a). Though simple in
structure, analysis of such reasons reveals a fairly deep structure, with many
connections to philosophy, logic, and economics. Indeed, the logical and eco-
nomic senses of rationality refine this picture by understanding reasoning rules
as rules of logical inference and understanding RMS interpretation of nonmon-
otonic reasons as choosing sets of conclusions that maximize expected utility.

2.2.1.2 Logical rationality

The logical sense of rationality specializes the psychological sense of action
based on reasoning by viewing thought as concerning logical propositions and
logical relations among them, and by requiring that one’s beliefs and intentions
remain free of contradiction and include only their deductive consequences.

The first requirement of logical rationality is that thoughts be interpretable
as statements or propositions in a logical language, or more accurately, as atti-
tudes toward such statements, such as a belief that p, desire that p, or intention
that p. Such interpretations let one then judge logical relations among the
propositions involved in thinking. Formally, logical rationality views a belief
state, for example, as a set (a “proposition”) p of possible ways the world might
be, or alternatively, as a set S of statements expressing the proposition p.

The second requirement of logical rationality is that beliefs, preferences, and
intentions are consistent, regarding these relations as semantic ones holding
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between the meanings of thoughts. Thus the logically rational agent cannot
believe simultaneously, as did Carroll’s Red Queen, eight impossible things,
whether before, during, or after breakfast. Formally, and with respect to be-
liefs, this amounts to the requirement that the proposition p characterizing be-
liefs is nonempty, p # (), and in particular, that any set of statements .S express-
ing p does not contain an explicit contradiction; that is, there is no statement ¢
such that S contains both ¢ and —q.

The third requirement of logical rationality is that beliefs, preferences, and
intentions are closed under entailment. This means that the agent must believe
every consequence of its beliefs, prefer every consequence of its preferences,
and intend every consequence of its intentions. Formally, and again with re-
spect to belief, this means that if the proposition p characterizes the agent’s
beliefs and p is contained in g, then the agent also believes ¢, or alternatively,
that if S expresses p, then S is its own deductive closure, S = Th(S).

The fourth requirement of logical rationality is that reasoning only adds de-
ductive consequences of current beliefs, and that only perception and action
make other additions or subtractions. This means that each new conclusion
reached by thinking or reasoning must follow by deductive inference from
current conclusions, so that beliefs change only by means of perception and
action. Thus the third requirement of deductive closure captures all conse-
quences of reasoning.

Logical rationality requires only a propositional character of beliefs, as this
semantic character suffices to identify notions of consistency and closure. In
mental organizations that employ sentential or other syntactic representations
of semantic propositions, logical rationality carries over to deductive consis-
tency and closure requirements.

Although the pure notion of logical rationality involves only propositional
character, consistency, and deductive closure and character, some regard the
notion as also requiring that reasoning reflect deduction and that revision main-
tains information content as the agent accommodates new information and
takes action (Gardenfors 1988). In particular, when new information conflicts
with existing beliefs, this strengthened notion of logical rationality requires
that any accommodation of the new information retain as many of the existing
beliefs as possible, for example, by moving to a maximal consistent subset of
the union of existing beliefs with the new information. I regard such strength-
enings as extralogical, embodying value information in addition to mere logic;
in particular, such strengthenings imply that all information is intrinsically
valuable, and that information is more valuable than lack of information (Doyle
1991).
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2.2.1.3 Economic rationality

The economic sense of rationality means acting optimally with coherent be-
liefs and preferences or utility judgments. The notion of coherence employed
in the economic sense of rationality includes the logical notions of consistency
and deductive closure, so it is fair to say that the economic sense of rationality
subsumes the pure notion of logical rationality. More importantly, the eco-
nomic notion has received extensive axiomatic and mathematical study as a
theory of ideal agents, in contrast to the notions of argument and logic, which
though studied extensively, have not been understood as theories of agents until
recently.

More specifically, ideal economic rationality means acting to maximize ex-
pected utility. The theory views agents as facing a set of alternatives or ac-
tions, each of which has many different possible consequences or outcomes.
The theory assumes the agent assigns probabilities to these outcomes given the
actions, and that the agent has some way of ordering all outcomes by degree of
desirability, such that degrees of desirability can be represented by a numerical
utility function over outcomes. The theory then defines the expected utility of
an alternative as the average utility of its outcomes, with the utility of each
individual outcome weighted by its probability. The theory calls the agent
rational if the agent always acts to choose alternatives of maximal expected
utility.

The axioms for rational economic agents start by characterizing a notion of
preference-based choice among alternative actions (von Neumann & Morgen-
stern 1953). The theory begins with aset A = {41, As, ...} of alternatives and
a binary choice relation 3 4 = = of weak preference over A, where A 3 B
means that the agent weakly prefers B to A in that it finds B at least as desir-
able as A. The theory defines two additional relations in terms of weak pref-
erence. The theory defines indifference among alternatives, written A ~ B, so
that A < B and B 3 A, meaning that the agent finds that whatever differences
exist between the alternatives leave them equally desirable. The theory defines
strict preference, written A < B, so that A = B but A Z B, meaning the
agent finds B more desirable than A.

Three axioms characterize the notion of ideal preference by requiring that
weak preference constitute a complete preorder, that is, a complete reflexive
and transitive relation. These requirements entail that strict preference is tran-
sitive and asymmetric, and that indifference is an equivalence relation. A
fourth axiom then requires that the agent choose alternatives maximal with
respect to the ordering of weak preference. The axioms on preferences ensure
that every finite set of alternatives offers at least one rational choice. Infinite
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sets of alternatives can lack any rational choice without constraints on the na-
ture of the preferences and the structure of alternatives.

The subjective Bayesian theory of rational decision adds the notion of a set
Q) of decision outcomes, meaning states or futures that can result from actions
and in which the agent takes action. It posits another preference order ¢ over
these outcomes that compares desirability of outcomes rather than actions. It
posits a belief function pr, : Q@ — R for each action A € A that assigns to
each outcome the agent’s degree of belief that the outcome results from A.

Three axioms require 3¢ to constitute a complete preorder, just as with = 4.
These axioms imply the existence of numerical utility functions u : Q — R
that represent < in the sense that A Zq B iff u(A) < u(B). Another axiom
requires that the belief functions representing beliefs about the consequences
of choices constitute probability measures over outcomes. One can develop
this probabilistic axiom in turn from further axioms about belief comparisons
(Savage 1972).

The theory combines the numerical utility and probability functions into an
expected utility function @ : A — R such that 4(A) = [, pra(w)u(w). A
fourth axiom then makes preferences among actions correspond to compar-
isons of expected utility by requiring that A 3 4 B iff 4(A) < a(B).

The theory of multiattribute decision making extends the concepts of sub-
jective Bayesian decision theory by decomposing utility functions over out-
comes into functions over properties or characteristics of those outcomes. The
set of properties of interest induces a multidimensional representation of the
set of outcomes. The theory then studies utility functions over the multidi-
mensional representation that can take the form of functional compositions of
“subutility” functions over lesser-dimensional subspaces of the multiattribute
representation.

Recent approaches to machine computation of rational decisions augment
multidimensional decompositions of preference and utility information with
multidimensional decompositions of probability measures, for example, us-
ing Bayesian networks to express probability distributions relatively succinctly
in terms of causal relations among propositions holding true in different out-
comes (Pearl 1988; Boutilier, Dean, & Hanks 1999).

Finally, the theory of rational group decisions extends the theory of rational
individual decisions just summarized by setting requirements on choices made
by a group of rational individuals (Arrow 1963). The theory of rational group
decisions consists of three axioms characterizing the group preference order
=g in terms of member preference orders =; for each member 7 of the group
G. The first axiom of collective rationality requires that the group preferences
derive from a function over all possible rational preference relations of the
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individuals. The second axiom, of Pareto optimality or unanimity, insists that
the group preferences agree with the individual preferences for alternatives on
which the individuals agree. The third axiom, of “independence of irrelevant
alternatives,” requires that the ranking of two alternatives in the global order
depends only on how the individual orders rank those two alternatives, inde-
pendent of how they rank other alternatives relative to the given two.

Social fairness concerns in human decision making suggest adding a fourth
axiom of nondictatorship that ensures none of the group members acts as a
“dictator” whose preferences automatically determine the group’s, indepen-
dent of the other individual orderings. Arrow (1963) proved this requirement
conflicts with the first three. Some theories of group rationality abandon or
modify some of the first three in order to adopt this fourth restriction.

Markets represent a familiar context for group decisions. The competing
individual preferences determine demand functions. Markets provide auctions
in which these group demand functions combine with supply levels to produce
equilibrium prices or exchange ratios for sets of goods.

2.2.2 Human rationality

People sometimes seem to reason and can give explanations of how they ar-
rived at conclusions or came to decisions. People sometimes change their be-
liefs to avoid contradiction, and sometimes seek to determine consequences of
their beliefs. People sometimes make decisions by assessing utility and prob-
ability and comparing the expected utility of different alternatives. This lets
one say people are sometimes rational, but much evidence exists to show that
people do not fully meet the standards of the logical and economic ideals.

2.2.2.1 Humane logical rationality

First consider rationality in the logical sense. The sad law of unexpected con-
sequences testifies to the difficulty people have of seeing consequences, even
in cases in which explanations after the fact involve no facts not already known
before the event. Grand masters of chess might see that the capture KP x OB
will lead unavoidably to losing the game, but the rest of us remain blind to that
consequence. Indeed, the P = NP? problem in the theory of computation
reflects this asymmetry between the difficulty of finding an argument and the
difficulty of following an argument.

Logical consistency also is problematic, for everyone knows the ease with
which one can detect inconsistencies in the beliefs of one’s opponents com-
pared with the difficulty one has in detecting inconsistencies in one’s own
beliefs. In some cases, these inconsistencies reflect the incompleteness or lack
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of deductive closure of beliefs, as real people remain ignorant of many of the
consequences of their own beliefs, including consequences that would high-
light inconsistencies. In other cases, people hold inconsistent beliefs due to
strong motivations or principles. In the most benign case, someone holds two
conflicting beliefs indefinitely while seeking out or awaiting ways of reconcil-
ing the two.

Itis also easy to observe that much commonsense reasoning is not deductive,
but presumptive, as people make defeasible assumptions left and right that
stand until overridden by new information or until the consequences of prior
knowledge become clear.

2.2.2.2 Humane economic rationality

People are notorious for making poor choices that indicate a degree of eco-
nomic irrationality. The serious study of the human form of economic ratio-
nality came to prominence in the work of Simon (1955, 1956), who presented
one of the first critiques of the ideal conception of economic rationality in his
theory of bounded rationality, in which he sought to take into account the limits
on ratiocination, information, and consistency common to people.

Simon pointed out that although people enjoy seemingly endless possibil-
ities for action at every instant, they can comprehend only a few samples or
dimensions of variation in these possibilities. Embodying the ideal theory in
a world as complex as ours apparently requires fairly complete probabilistic
and preferential information about truly vast or even infinite numbers of possi-
ble circumstances and events. Economic rationality encompasses large action
spaces without difficulty, but one simply does not see this sort of synoptic
awareness in people, who routinely find themselves or others ignorant of the
consequences of their actions, and find making decisions overwhelming when
faced with the myriad possibilities and ramifications of even simple decisions.
For instance, medical practice these days tends to distress people in part be-
cause clinics routinely ask patients to sign consent forms that list death as a
possible outcome, even for such minor procedures as removing an ingrown toe-
nail. Few people think of dying when contemplating toenail removal, though
making rational decisions about the procedure must take that possibility into
account, even if only to dismiss it because of its improbability. Death, how-
ever, is only the most easily foreseen unlikely possibility, and people pass over
infinitely many other possibilities without ever thinking about them.

Similarly, an person unable to comprehend sufficient quantities of informa-
tion will experience difficulty observing the inconsistency of separate pieces of
information, even if the person can easily see the inconsistency when the pieces
are presented together. Decision making based on inconsistent preference
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information can result in failure to find any rational choice when inconsistent
preferences rule each alternative strictly worse than others.

Economics shows how with special effort one can hide some of the com-
plexity of real circumstances of choice by circumscribing the scope of each
decision to a carefully constructed “small world” (Savage 1972). In spite of
such practices, the issue of the quantity of information required by rational
agents becomes inescapable in subjective Bayesian decision theory, which re-
quires agents to employ Bayesian conditionalization to update beliefs to reflect
new information. Conditionalization implies that the beliefs of the agent at any
instant suffice to determine the appropriate updates for every possible sequence
of future information updates. In a world with an unbounded continuum of fu-
ture times, this leads quickly to the need for belief states that represent infinite
quantities of information.

Although economics posits beliefs and preferences that exhibit unbounded
degrees of accuracy, completeness, and consistency at each instant of acting,
humans find thinking difficult. As noted earlier, they have trouble seeing the
consequences of their beliefs and preferences for the decisions that economics
supposes they rationally make. But beyond these failures of awareness, people
also suffer failures of agility, for when confronted with new information, they
often fail to adjust their expectations in the comprehensive way prescribed by
economics, or can take a long time to do so. This slowness to update does
not fit the economic ideal, which is a theory of specified results and behavior,
not of incremental and accumulating change. When an agent receives a new
piece of information, the ideal theory says it changes its beliefs by condition-
alizing the old on the basis of the truth of the new. While the ideal theory
does not specify how long this process takes, it does formulate sequential ac-
tion by presuming that the updates take place prior to decisions about the next
action, so as a practical matter one must view the ideal theory as requiring
the updates to take place arbitrarily quickly. Worse still, the new informa-
tion may change the belief state completely, so there need be no proportion-
ality between the new information and change of state. The ideal concep-
tion of rationality thus involves changing beliefs arbitrarily much arbitrarily
quickly.

Rational economic agents do not exhibit weakness of will because they have
no goals or intentions against which to measure success, but instead only have
instantaneous choices that can change with their beliefs and preferences. Yet
people do not seem to have the ability to assess expected utilities in the co-
herent way demanded by economic rationality, for even when people come
to rational decisions, impulsive desires or persistent habits can interfere and
cause them to act against their own rational judgments.
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2.2.2.3 Humane psychological rationality

Finally, it is also clear that although psychological rationality does not consti-
tute a rationalistic ideal in the way that logical and economic rationality do,
many aspects of human behavior have little to do with overt ratiocination, but
instead have much to do with the functioning of the human body. Most peo-
ple have personal experience with how pure physiological responses to med-
ications, intoxicants, and illnesses can produce or undercut beliefs and desires
without any involvement of recognizable reasoning processes. More generally,
people do numerous things seemingly without reason that they cannot explain.

Although it is true that we have no strong evidence to say that all of these
stem from the operation of unidentified rules of reasoning, failures of intro-
spection do not in themselves count as evidence against psychological ratio-
nality. Neurophysiology has revealed portions of the brain that not only play
large but subconscious roles in perception and motor control, but also appear to
provide related functions in the course of thinking. Such structure-sharing sug-
gests that a person might be conscious of some reasoning in some settings and
unconscious of the same reasoning in other settings. In addition, we can con-
struct reason-based interpretations of a wide range of behaviors (Doyle 1994).
Although we might thus regard organs of perceptual and motor activity as ef-
fecting a very complicated sort of reasoning, we might instead regard it as
more straightforward to view these mental changes as nonrational elements of
thought, more akin to the trained muscular reflexes of an athlete than to the
trained inference of a physician.

2.2.2.4 Do the differences matter?

One might excuse departures from logical and economic rationality to some
extent by noting that these senses of rationality represent ideals, not practical
observations, and that individuals can achieve greater rationality by expending
greater effort toward that end. Indeed, economists tend to think that large num-
bers of people acting in markets generally do produce rational decisions, with
the flaws of one person canceling out the flaws of another and with the correct
judgments of each reinforcing each other. Of course, no one expects reality
to fit the ideal perfectly, but even granting such claims, observed individual
behavior approximates the ideal conception of rationality only poorly. Some
consider the departures from the ideal severe enough and common enough to
call into question the suitability of the ideal as the standard by which to judge
rationality.

In practical terms, the perfection and strength of the economic concept of
rationality means that only agents of extreme simplicity, such as thermostats
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and toasters, can satisfy its strict requirements under suitable imputations of
beliefs and preferences. Realistic agents of even moderate complexity, to say
nothing of the great complexity of the human mind, suffer various physical,
computational, and informational limitations that generally prevent action in
accord with the ideal.

Yet one should not abandon the economic ideals too hastily, nor in all appli-
cations. Acting rationally means taking into account one’s limitations, includ-
ing limitations on one’s own rationality. In particular, mitigating the effects of
limitations on rationality requires recognizing and exploiting the limitations.
Recognizing limitations allows the agent to allocate its scarce resources to ob-
tain better results than those resulting from haphazard or uniform allocation to
all deliberative tasks. Exploiting limitations allows conservation of resources
by removing some possibilities from consideration in the first place, lessen-
ing the complexity of the deliberative task to be faced at future times to more
manageable levels. I use the terms rational self-government (Doyle 1988a) or
rational self-management (Doyle 1980) to describe methods for recognizing
and exploiting one’s own limitations.

2.2.3 Mechanical rationality

Recognizing the mismatch between the strong theoretical ideal of economic
rationality and the sometimes appalling reality of decision making by humans
of limited mental capacity and rationality, thoughtful economists have sought
theories of more realistic conceptions of rationality for some time. They have
explored a fair number of ways of trying to weaken the ideal theory, with some
conceptual successes in theories of consumer and organizational behavior. Un-
fortunately, none of the weakenings explored to date serve well the standing
needs of economics. As Truesdell and Noll (1992, p. 4) remark, “[t]he task
of the theorist is to bring order into the chaos of the phenomena of nature, to
invent a language by which a class of these phenomena can be described ef-
ficiently and simply,” but the weakenings explored to date all seem too weak
or too complex to serve as starting points for a realistic reconstruction of the
theory of markets and other economic subtheories.

The search for a realistic theory of rationality has met with only modest
success because developing a characterization of realistic rationality implies
development of a serviceable mathematical model of human or human-like
thinking. Economics should find such a model in psychology, but psychology
has no such model to provide. Neurophysiological models exist in mathemat-
ical form, but the mathematical concepts they involve say nothing about the
properties of interest to the economist.
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In the following chapters, I interpret aspects of psychological limitations
in terms of mechanical characteristics of mass, force, and effort in hopes of
transferring at least some of the theoretical conclusions available in traditional
mechanics to psychology and economics as part of an analytical and predic-
tive theory of mechanical rationality. To wit, some psychological limitations
involving update reflect the role of mental mass; some limitations involving
habit and character reflect constitutional properties of the psychological ma-
terial in question; some limitations of attention reflect the additivity of forces
and energetic properties; and some limitations of consistency reflect multiple
bodies as well as the additivity of forces. Roughly speaking, one can find
masses in memory, intention, habits, skills, and other forms of human capital;
forces in motivations, desires, sensation, and attention; energy in effort; and
constitution in character. The hope in seeking such a transfer of mechanical
concepts to psychology is that a mathematical basis of mechanics may provide
more realistic foundations for economics, foundations that help reconstruct the
standard theoretical economic superstructures in more useful ways.

We find evidence of the possibility of such transfer in psychological truisms.
Numerous truisms attest to the limits of economic formalism and point to a so-
lution. Everybody knows from self-help books that one has to force oneself
to change, and the bigger the desired change, the more one has to work at it.
Everybody knows that the more one knows about some question the harder
it is to change one’s position. Everybody knows that getting going on tack-
ling a task is often the hardest problem faced in carrying out the task, and that
once one overcomes this initial inertia, progress generates its own momentum
that keeps one going. Everybody knows that maintaining direction or focus
requires forcing oneself to ignore distractions. We can speculate that people
express and use such truisms because people have well-developed abilities for
predicting the motions of physical objects in such terms and because everyone
gains some understanding by applying the same terms and abilities to men-
tal behavior, even after acknowledging the unpredictable ways minds can act
compared to inanimate objects.

Science, when confronted by things “everybody knows,” can seek to con-
firm, disprove, refine, or correct the claims experimentally or theoretically.
Doing any of these requires making the claims precise, preferably in mea-
surable ways. This was done in natural philosophy at the time of Newton.
“Everyone knew” many things about the behavior of ordinary objects. New-
ton captured some of these in his three laws of mechanics—and arguably his
law of inertia was something almost everyone thought false. Finding sensible
mathematical formalizations of Newton’s laws posed major difficulties in the
century following their statement.
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In the same way, finding appropriate formalizations of psychological tru-
isms in mechanical form poses a major difficulty for developing a theory of
realistic rationality, whether the appropriate formalism involves mechanics or
not. If scientists judge they can never make the claims precise, they may dis-
miss them as nonsense or misunderstandings. Scientists have regarded many
psychological truisms as nonsense for centuries because the mathematical for-
malism developed in physics has not applied in clear ways to mental forces or
inertia, even though truisms about these make sense in everyday life and seem
consonant with physical intuition. This creates an uncomfortable conflict for
the humble and reflective scientist, since everyday living involves applying
terms one disbelieves intellectually.

The mechanics developed in subsequent chapters points a way to reducing
these conflicts. The formalizations that follow identify notions of psychologi-
cal and economic force, mass, and momentum as precise as the familiar phys-
ical ones and obeying essentially the same laws and interrelations. This lets
us transform some truisms and common beliefs about psychology into sensi-
ble formal statements of mechanics, statements that we might then endeavor to
show true or false. We certainly do not yet know how to make all such truisms
and beliefs sensible, and some might remain formally uninterpretable forever,
but some truisms do appear to correspond to true formal statements, justifying
their persistence despite centuries of scientific censure.

2.2.3.1 Mental inertia

From the mechanical point of view, motion corresponding to ideal rationality,
in which new information produces arbitrarily high velocities, requires either
infinite forces or massless bodies, neither of which characterizes human bodies
or minds. Instead, as noted previously, people take time to adjust their beliefs
and expectations after acquiring new information. One fits this delay into the
ideal of economic rationality only by distinguishing receipt from acquisition
of information, and saying that one has “acquired” new information only once
one has assimilated all the implications of the new information. This termi-
nological dodge does not really solve the problem, of course, especially as it
means that people never acquire new information, because they never fully
comprehend all the consequences.

In contrast to the economic ideal, the mechanical view of learning and rea-
soning explicitly recognizes that effecting change takes time, and that the con-
cept of inertia represents a key element of describing the resistance to or slow-
ness of change, with forces producing changes in momentum. The sketch of
mechanical reasoning in Section 2.1.3 illustrated this in part by characteriz-
ing reasoning states in terms of both position—the current conclusions—and
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momentum—treason memory and current changes or velocity. As illustrated
in the reason forces identified earlier, reasoning rules change the conclusions a
few at a time, with each reason adding or subtracting some set of conclusions,
and so change the velocity of the reasoner.

In the case of RMS and similar reasoning systems, some learning consists
of corresponding changes to the set of reasoning rules used to conduct reason-
ing. In reasoners employing memory structures other than sets of reasoning
rules, one finds related mechanical interpretations. For example, in kernel-
based learning methods (Miiller et al. 2001), such as support-vector machines
(Burges 1998), learning corresponds to the notion of deformation that under-
lies much of continuum mechanics. To separate two disjoint subsets X and
Y of a set Z of data points expressed using a space A of data-attribute tuples,
kernel-based methods aim to construct a nonlinear mapping ® : A — A’ from
the given space A of data-attribute tuples to a space A’ of higher dimensional-
ity such that X and Y are separable by hyperplanes in the enlarged space. The
nonlinear mapping is defined in terms of a kernel function. A kernel function &k
is a positive-definite symmetric function of pairs of points in the original data
space; that is, k(x,y) > 0 and k(z,y) = k(y,z) for each z,y € A. Such
kernels can be viewed as representing inner products in the transformed space.
The Gram matrix of the full data set Z = {z1,..., 2, } consists of the square
matrix with entries k(z;, z;). The Gram matrix has a natural interpretation in
mechanics as the spatial configuration of the data points, that is, as the matrix
of distances between points in Z. The process of constructing a set of distances
that separates the two classes corresponds to identification of a deformation of
the original configuration of the data that exhibits the desired separation of the
body part inhabiting the points X from the body part inhabiting Y.

2.2.3.2 Mental effort

Identifying mechanical forces and masses in psychology and economics pro-
vides a new formal vocabulary for characterizing limits on rationality. In tra-
ditional settings, mechanics expresses some limitations on behavior in terms
of summary measures of mass, distance, speed, and energy that characterize
gross characteristics of bodies and motions without reference to the fine de-
tails. Many limitations on mechanical systems translate into limitations on
these summary characteristics, providing the basis for familiar back-of-the-
envelope calculations. Limitations on speed, whether maximum stable speeds
of an aircraft or relativistic restrictions to the speed of light, provide lower
bounds on the times needed to traverse specific distances. Mass itself limits
the average speed of travel, assuming bounded forces. Limits on forces arise in
turn in considering the actions of finite bodies on each other and in considering
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transmission of forces through limited linkages between bodies. Knowledge of
the magnitudes of possible forces, or relative size of masses, thus allows one
to rule out some conceivable motions as mechanically impossible.

Mechanical expressions of limits offer a similar promise in the psycholog-
ical setting, with mechanical concepts of mass and force used to express lim-
its on the speed with which agents can change mental state and direction in
accommodating new information and in reasoning and deliberation. The me-
chanical notions of force, momentum, and work also play roles in constructing
measures of psychological effort or ratiocinative complexity.

Physics textbooks use calculations of work performed or energy expended
to answer a variety of questions. We find reflections of the physical notion
in self-help truisms like “bigger changes require more work™ that apparently
concern not physical work but instead a common reckoning of effort of reason-
ing or will. In fact, the mechanical interpretation of reasoning provides some
justification to such truisms.

For example, we can calculate the mechanical work performed in reasoning
by building on the mechanical reasoning interpretation of Section 2.1.3. In the
case examined earlier of pure reasoning without any learning, the formalization
obtained a force f; = (0, ;) resulting from applying the reasons R; according
to (2.20). Applying the elementary rule that work equals force applied times
distance moved, we obtain the work expended in the motion as

wy = (0, ‘;E.tftt+1). (221)

This product combines acceleration at ¢ with velocity at ¢ + 1 because we
have defined the velocity ;4 as a trailing difference in the formalization, so
that acceleration at one instant acts across the same temporal interval as the
velocity at the next instant. The contribution to work of the mass component
of reasoning is zero. Because &; = %41 — &+, we can write the contribution
to work from the spatial component of force and distance as

(j:t—}—l - xf) : j:t-l—l = j:t-l—l : j:t-l—l - j:t : j:t—}—l- (222)

If we now recall the meaning of the forces identified in (2.20), we see that the
first term 2441 - 441 represents a count of the number of changes made by the
reasons operating at instant ¢, which is certainly one natural measure of work
performed in reasoning. If we consider only motion in which the reasoner does
not immediately reverse conclusions made or removals performed at the pre-
ceding step, the second term of this expression vanishes. If we do not restrict
attention in this way, the measure assigns no effort to immediate changes of
mind. Indeed, we shall see later that repetitive reversals correspond to inertial
motion, which, as expected, does no work.
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This same calculation extends to multistep reasoning episodes by summing
the work performed at each instant, with the total work representing the num-
ber of changes made to spatial attributes throughout the episode.

We obtain one simple overestimate of this measure of reasoning by multi-
plying the number of temporal steps by the total number of spatial attributes
changed across the reasoning episode. This overestimate has some similarity
to time—space products sometimes used as measures of computational effort.
One of the founding students of computational complexity, Juris Hartmanis,
started his career as a physicist, and reports that physical analogy played an
important role in his identification and study of computational measures (Hart-
manis 1973). More fundamentally, bounded changes of memory in computa-
tional systems capture an essential ingredient of Turing’s concept of mechani-
cal computation.

I note in passing that the analysis of mental effort in mechanical terms takes
place at a much finer level of detail than that typical in the standard theory
of computational complexity, in which most of the focus rests on complexity
classes defined by functional properties of fixed sets of inference rules, such
as whether the time or space they require for convergence on a closed set of
conclusions grows polynomially or exponentially with the number of the ini-
tial hypotheses. The focus in mechanical measures of mental work rests not
on placement of some problem in the complexity hierarchy but on comparison
of the fruits of particular resource allocations. Cobham’s (1966) celebrated
analysis of time—space trade-offs in recognizing palindromes provides an early
model here. Roughly stated, Cobham proved that the lower bounds for recog-
nizing palindromes of length n satisfies Time(n)-Space(n) = O(n?). Standard
separation theorems of complexity theory then imply one can split the factors
pretty much any way one wants, from time n and space n, with each reduction
in space increasing the time needed. More prosaic forms of such trade-offs
play a role in the economics of computational resource allocation in the work
of Horvitz (1987) and others.

Bounded forces play a key role in artificial intelligence. Many approaches
to automatic reasoning seek to exhibit psychological rationality and use ex-
plicit rules as the basis for conscious reasoning. Even though one can conceive
of individual rules conditional on enormous numbers of beliefs and produc-
ing enormous numbers of changes, conscious human reasoning appears to in-
volve only finite steps conditioned on and changing only fairly small numbers
of mental attitudes. This limitation arises in part because practical reasoning
rules act as a form of communication, either in the reasoner telling itself some
consequences of what it knows in order to get it to change its state, or of the
reasoner explaining to others how it arrived at some conclusion. This role in
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communication means that useful reasons must be individually intelligible. If
some large change is needed, the inference must be broken down into smaller
steps. This means that practical psychology places upper bounds on the size
of reasons, and because reasons serve as the generators of forces in reasoning
systems, practical psychology involves bounded forces operating on bodies of
Nnonzero mass.

We also find bounded forces in other aspects of the structure of reasoners,
as the dimensionality of communication channels within agents imposes limits
on contact forces in ways related to the limits on communication rates devel-
oped in Shannon’s (1948) information theory. Indeed, we might regard the
limits on reason sizes as having a similar origin as bounds on the amount of in-
formation the reasoner can pass through its own consciousness. For example,
if consciousness depends on having representations in short-term or working
memory, then the size of this memory imposes the indicated limits.

2.2.3.3 Self-control

The preceding discussion of mental inertia and mental effort touched on pre-
dictions of limitations based on comparing the magnitude of force available
with the magnitude of forces needed. But force has both magnitude and direc-
tion, and similar limitations can be predicted by comparing the directions of
available and needed forces. In psychology, these directional questions come
to the fore in analyzing the maintenance of focus of attention in the presence
of competing motivations.

Section 2.1.3 identified reason forces that can combine the contributions of
several reasons by additive superposition, as made explicit in (2.18). Additive
superposition of forces forms the standard combination seen in physics, and is
reflected in the mechanical axioms for forces. When one looks at common de-
signs for reasoners, however, one does not usually see obvious superpositions,
but instead sees a variety of methods for resolving conflicts among reasoning
rules. The additive combinations of rule conclusions used here presumes that
any “conflict resolution” method used by the reasoner comes into play in deter-
mining the set R; of reasons applicable at instant ¢, prior to combining the con-
clusions of these reasons. Reasoners employing different conflict-resolution
methods constitute different mental materials exhibiting different responses to
stress.

Put another way, the mechanical centrality of additive superposition of forces
gives rise to the common psychological notion of focus of attention. As in
everyday mechanics, if one wants to move a body from here to there, one must
apply forces that not only push the body in the desired direction, but that also
counteract gravity or any other forces that might act during the motion to push
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the body so as to miss the target location. The same considerations apply in
human reasoning and action, in which reasoning unrelated to achieving the
goal can distract one into irrelevancies, and in which habits can cause failure
through weakness of will when action is based merely on easily changed posi-
tion rather than on enforced intentions. In general, work on one goal requires
application of forces to counteract distractions of all sorts, whether from irrel-
evant reasoning rules or other habits.

To plan effective reasoning strategies, the reasoner must have some judg-
ment about the possibility of distractions and the availability of forces able to
boost itself into the right position. If there are forces that can push in directions
other than the desired one, the reasoner must look to apply opposing forces in
those directions. In the simple context of the reasoner formalized in Section
2.1.3, one can regard reasons as the only generator of forces, and so look to the
conclusions of reasons to find those that can directly influence the desired path
of reasoning. In practice, the problem is more complicated because chaining of
reasoning rules requires one to consider more than the immediate influences.

One can use mechanical notions akin to elasticity to analyze habitual and
refractory behavior, in which movement away from ordinary positions or path-
ways produces forces directed so as to restore motion to the usual pattern. Me-
chanical notions of force can also be used to view some equilibrium notions
of economics in terms of static balance of forces and relaxed or equilibrium
states of materials.

2.2.3.4 Self-consciousness

The first step in counteracting distracting events and habits is to recognize or
perceive them. More generally, exercising the self-control needed to succeed
in the face of limitations on available mental effort requires knowledge of one’s
own limitations.

As noted earlier, however, realistic agents cannot exhibit the consequential
omniscience characteristic of logical rationality, so the question shifts to what
knowledge about the reasoner’s limitations can be available to the reasoner.

A first step toward a more realistic conception of the self-awareness un-
derlying economic rationality is to use measures of mental effort to separate
conscious self-perception from potential but unconscious self-perception. The
obvious candidate is to characterize limits of rationality in terms of resource
volumes, namely the sets of conclusions or degrees of rationality in action that
can be achieved without exceeding specified limits on reasoning effort. For ex-
ample, treatments of “feasible inference” or “obvious” inference (Davis 1981)
have studied concepts such as conclusions derivable by means of a fixed or
expected number of applications of inference rules, such as “all conclusions
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within 40 applications of Modus Ponens to the axioms,” or by means of clo-
sure with respect to a fixed set of finite inference rules that are guaranteed to
reach a definite conclusion quickly. These notions all aim to capture the au-
tomatic or habitual inference that people perform with no apparent effort or
intention.

Unfortunately, circumscribing self-awareness in terms of resource limits
does not yield very clear characterizations of the extent of a reasoner’s knowl-
edge. Instead of some simply checked criterion for feasible implications, one
instead has a complicated volume in a space of irregular topology. For illustra-
tion, consider the motion of Simon’s (1981) ant on the beach or the shape of a
chess search tree as developed by a modern search algorithm. In both exam-
ples, the shape of the conclusions—the positions reached—in a fixed number
of steps may exhibit a very complex structure, depending on the environment
represented by the beach detrius or the initial chess board position.

One might seek to obtain more intelligible characterizations of the accessi-
ble volumes resulting from resource allocations by approximating the surfaces,
smoothing over the bumps and holes to achieve larger and simpler surfaces,
since the volumes themselves represent the superficial descriptions of great-
est detail. If done in a principled way, for example using an appropriate ma-
chine learning method (Russell & Norvig 2002), one might regard the resulting
smoothing as an approximately correct characterization of the reasoner’s con-
scious mental state. Unfortunately, even if one can smooth such volumetric
characterizations of limits to rationality, such characterizations do not neces-
sarily address one other source of complexity, namely the starting set from
which conclusions proceed. Even if one finds a simple resource measure ac-
cording to which the conclusions inhabit a bubble-like, easily characterizable
volume about each starting point (such as 40 applications of Modus Ponens), a
complex set of initial hypotheses or axioms that form the centers of the bubbles
can appear in a complex overall pattern. Aggregating all these bubbles into one
large volume might yield a hopelessly inaccurate approximation to the actual
volume, including many more things not in the volume than conclusions ac-
tually in the volume. One can certainly group together various shadings of
“yes” as the bubble of positive responses, and the various shadings of “no” as
the negative responses, but trying to smooth the description of these two to-
gether may yield a volume including everything, including all the shadings of
“maybe.”

However, nothing guarantees that ordinary intelligence is easily intelligi-
ble. In particular, nothing guarantees the existence of approximations smooth
enough to aid understanding yet accurate enough to avoid gross misrepresen-
tations. Though people generally seem capable of identifying and predicting
many elements of someone else’s thinking, decisions and other behavior that
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rely on balancing many factors against each other often prove difficult to pre-
dict with confidence, since the outcome depends on details elided by smooth
approximations. Indeed, artificial intelligence experience with formalizing
knowledge of practical matters has shown repeatedly the pervasiveness of spe-
cial cases and exceptions, all of which prevent the capture of many subjects in
a few easily comprehended and delimited axioms. Important parts of artificial
intelligence treat the problem of how to capture these irregularities in regular
ways, notably by using nonmonotonic logics and by following practical guide-
lines for their use that provide a form of approximation by exception. Some
view the irregularity of knowledge as indicating the futility of some concep-
tions of artificial intelligence, but this fear seems as baseless as a fear that our
inability to predict the weather more than a few days hence renders planning
of long-term activities impossible or useless.

Even if resource-bound characterizations of inferential limitations do not
serve to provide the desired self-understanding, one need not be discouraged,
for other paths might lead to this goal. In particular, one can use sets of reasons
both to describe the limits to reasoning and to compare degrees of rational-
ity (Doyle 1988a, Chapter 5). Reasons serve these purposes because reasons
admit natural logical and economic interpretations. The sets of conclusions
derived from sets of reasons exhibit a natural equilibrium structure akin to ra-
tional equilibrium notions from market theory, and constitute direct means for
characterizing the limits to rationality inherent in reasoned self-government
(Doyle 1983e, 1994). In particular, reasons themselves bear a natural interpre-
tation as expressions of preferences over agent states, such that the states de-
rived from reasons correspond to Pareto optimal choices (Doyle 1985b), that is,
selections which satisfy maximal sets of these preferences. This sort of distrib-
uted self-construction raises standard social-choice issues (Doyle & Wellman
1991) and offers possibilities for addressing reasoned state construction using
the analytical tools of general equilibrium theory. In addition to expressing
preferences themselves, reasons embody decisions or policies, and oftentimes
may be interpreted directly as reasoning policies adopted rationally in response
to economic decisions about the value of different habits of reasoning (see
Doyle 1980, 1983e). Because of these close connections between reasons and
rational decision making, one may view reasoned self-government as a compu-
tationally tractable (or hopefully tractable) approximation to or mechanism for
rational self-government. In particular, the economic interpretation of reasons
permits one to use reasoned states themselves as an accurate characterization of
limits to rational reasoning.

As with attempts to characterize limits to reasoning in terms of resource-
bounded inference, characterizations of degrees of rationality in terms of sets
of reasons also need not always be very intelligible, again necessitating some
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sort of summary characterizations. But some such summaries take the form of
reasons themselves, as in approaches to learning based on chunking (Laird,
Newell, & Rosenbloom 1987), derivational analogy (Carbonell 1986), and
explanation-based learning (Mitchell, Keller, & Kedar-Cabelli 1986).

2.3 Designing minds

Progress toward achieving the scientific aims of psychology and economics
promises to aid in furthering the engineering aims of artificial intelligence
and economics. Scientific progress aids most noticeably in providing meth-
ods for specifying the desired characteristics of objects or systems, methods
for predicting whether specific designs will achieve the stated specifications,
and knowledge that points the way to improvements to known solutions or
compromises.

2.3.1 Design specifications

Rationality constitutes just one notable characteristic of humans. The eco-
nomic conception of rationality abstracts from the many sources of belief and
preference in the underlying psychology. Some of these underlying sources
vary from person to person and from time to time, but others characterize dif-
ferent personalities or psychological types. The mechanical perspective offers
additional insight in understanding such classifications of minds through the
notion of distinct mechanical materials.

The problem at issue is that psychological engineering at present has rel-
atively few formal concepts for specifying designs of minds. Some come
from various areas of the theory of computation, such as liveness, fairness,
and availability; some come from control theory, such as controllability and
reachability; some come from psychology and philosophy, such as knowledge,
belief, desire, intention, plan, reasoning, and memory; and some come from
economics and philosophy, such as rationality and justice.

The mechanical concepts of mass, force, and the like provide an additional
“new” theoretical language of terms with which to specify desired behaviors,
initial conditions, and the material laws embodied in designs. One might ex-
pect conformance of system behavior with human predictions based on infor-
mal mechanical truisms to represent one of the more important uses of these
concepts. Such uses aim not to facilitate predictions by the design engineer,
but to improve the accuracy of predictions made by the users of the designed
system.
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The language of mechanical specification includes the variety of ideal ma-
terials as well as general terms like mass and force. One can expect a similar
role for ideal materials in psychology and economics. Some of these might
correspond to ideal types familiar in traditional mechanics. For example, one
way of looking at reasons makes reasoning agents have the character of elastic
materials. Other ideal types in psychology and economics will reflect instead
the standard types of minds and markets studied in those fields.

People differ with respect to several underlying native mental competences,
motivations, and proclivities that do not correspond to any known properties
of neurons or even assemblages of neurons, but do correspond in fairly di-
rect ways to material characterizations familiar in mechanics. Some important
components of native competence find reflection in kinematic assumptions that
restrict mental states to ones exhibiting certain degrees of local consistency
and completeness in the same way that rigidity assumptions restrict material
states to ones exhibiting certain relationships among distances between por-
tions of bodies. Similarly, important characterizations of inherent motivations
and reasoning processes, such as common human drives and variations in the
deliberativeness, wantonness, and conservatism exhibited in different person-
ality types, in turn find reflection in assumptions about the forces generated by
and acting in different types of persons and their behaviors. The mechanical
interpretation developed here treats personality types and more refined classifi-
cations of human character on a par with mechanical identifications of elastic,
electromagnetic, and gravitational materials.

2.3.2 Predicting performance

Truesdell and Noll (1992, pp. 2-3) observe that “the aim of theoretical physics
is to construct mathematical models such as to enable us, from the use of
knowledge gathered in a few observations, to predict by logical processes the
outcomes in many other circumstances.” Although mechanics seeks to enable
people to make predictions in this way, nothing in the character of mechanics
ensures that making predictions must be easy. The same holds true in psychol-
ogy, economics, and artificial intelligence. In each of these areas, the specific
aim of theory is to substitute logic for simulation in obtaining predictions.
Traditional applications of mechanics use mechanical laws to make predic-
tions by two means: by applying theorems that yield conclusions about future
behavior from specific facts about past and present behavior, and by detailed
numerical calculation or simulation of behavior. In practice, scientists and en-
gineers address most problems of prediction with numerical calculation, some-
times because of ignorance of or impatience with theoretical conclusions, but
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more commonly because theoretical methods do not seem to provide a solu-
tion. In fact, people often turn to simulation because not all predictions prove
amenable to analytic solution, even in traditional mechanical applications. If
one cannot predict the behavior or underlying structure of a system analyti-
cally from its axioms, at least one can try to simulate the temporal evolution
and look to see what happens.

In most of science and engineering this simulation consists of solving differ-
ential equations numerically. Such simulation suffers from two main problems:
numerical inaccuracy engendered by floating-point numerical computation and
computational difficulty that increases with the temporal distance of the pre-
diction from the present. The field of numerical analysis seeks to minimize
the numerical inaccuracies, but even when minimized, such errors call for hes-
itation in believing numeric results (Truesdell 1984a). As Hamming (1962)
put it, “the purpose of computing is insight, not numbers.” The “arithmetic
mechanics” of Donald Greenspan (Greenspan 1972; LaBudde & Greenspan
1974) represents an attempt to avoid these inaccuracies in mechanical compu-
tations, not by proving theorems, but instead by reformulating standard me-
chanical computations in terms of exact rational-number formulas that can be
performed using roundoff-free integer operations. More recent work along
these lines recasts variational techniques in discrete terms to produce accurate
integration methods for dynamical systems (e.g., Wendlandt & Marsden 1997;
Guo & Wu 2003).

The discrete character of much of the structure of psychological and eco-
nomic behavior removes many prediction problems from the realm of applica-
bility of traditional differential equations and numerical calculation. This does
not make the notion of simulation less important. In the discrete realm of
psychology, simulation amounts to application of discrete rules or transition
systems, such as application of argument steps to obtain conclusions or rea-
soned changes of mental state. This sort of simulation is exactly that practiced
in artificial intelligence and cognitive simulation, in which one writes a pro-
gram to describe (rather than compute) the desired behavior and then runs the
program to observe the resulting behavior (Doyle 1985a). Though different
in the operations performed, symbolic or reasoned calculation corresponds di-
rectly to ordinary numerical integration, which one may view as a method for
discrete simulation of continuous flows.

Mathematical development of the mechanical perspective on psychology
presented in the following may lead eventually to a practice of artificial in-
telligence less reliant on simulation. As one illustration, the cornerstone of
understanding rigid body motion is that for many purposes the shape and mass



2.3 Designing minds 45

distribution of the body, however complex, are irrelevant except insofar as they
determine three directions called the Euler axes and their associated principal
moments of inertia. Knowledge of the conservation of these moments of in-
ertia permits straightforward calculation of many behaviors, even if the bodily
shape and mass distribution resist simple or even finite characterization. In a
similar way, we may view reasons of the form considered in Section 2.1.3 as
representing “invariant” properties of or integrity conditions on bodies: simple
properties that must be satisfied by the body no matter how complex the rest
of the configuration becomes. Knowledge of the reasons shaping the motion
of a reasoner thus might permit straightforward calculation of some properties
of mental states, even for infinite and incompletely understood models.

We can view reasons as invariants mainly because we regard the reasoner
as satisfying constitutive kinematic conditions concerned with the stability or
closure and grounding of conclusions in reasons. In a similar way, kinematic
assumptions about limited logical consistency and closure might provide addi-
tional bases for efficient prediction. Such conditions have the same character
as familiar mechanical assumptions about kinematic structure, such as rigidity
of certain bodies or incompressibility of certain fluids.

In the short term, however, the primitive state of mathematics appropriate to
psychology and economics promises to slow progress, because the ability to
make powerful theoretical predictions that short circuit or simplify simulations
depends critically on the power of the available mathematics to formalize and
analyze the central structures under study.

Even if simulation remains the rule, one can expect mental mechanics to
provide an increase in the degree of clarity and intelligibility of the designs
proposed and examined by artificial intelligence. Natural sciences seeking
to understand some phenomenon must work with the situation they find, but
engineers of artificial systems can choose designs to facilitate prediction and
analysis as well as to minimize cost or to facilitate manufacture. This abil-
ity to choose the target can render the limitations of theoretical prediction less
onerous in engineering than in science.

2.3.3 Achieving efficiency

Many common conceptions of reasoning, like some clockworks and the the-
ory of computation more generally, focus on reasoners that act in limited
steps, do not proceed further without instruction, and thus exhibit velocity-
dependent forces of the kind represented by (2.20) that traditional mechanics
would regard as frictional. The mechanical view of reasoning need not stop
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with characterization of these familiar reasoning forces, but instead might con-
tinue on and look for ways of implementing reasoning that achieve greater
efficiency by avoiding the frictional component —z; in reason forces. In par-
ticular, one might investigate the design of artificial agents that, like other fa-
miliar mechanical systems, exhibit free inertial motion between application of
impulsive forces. The primary investigation to date examines the notion of
conservative or reversible logic systems (Fredkin & Toffoli 1982).
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Why mechanics now?

Mechanics has enjoyed some four centuries of sustained development with-
out producing results in psychology or economics. The mental sciences have
enjoyed a couple centuries of sustained development without requiring me-
chanical intervention. To use the standard economic argument, if there was a
connection worth pursuing, would not one have already been made?

In fact, people have made numerous attempts at connecting mechanics and
mind. Although those attempts at establishing such connections have failed,
there are identifiable changes in scientific circumstances that explain why a
mechanical approach to psychology and economics should prove more fruitful
now.

To see the reasons for the lack of successful connections in the past, this
chapter examines some of the difficulties prevailing at earlier times and how
they have undercut historical attempts at connecting physics and psychology.
Readers wishing to proceed to mechanics proper can skip ahead to Chapter 4
or Chapter 5 without loss of understanding.

3.1 Impediments to understanding

Why have the mental sciences lagged the physical so markedly? The answer
could involve social factors, such as the stimulus to physical discovery made
by war and trade, but one might expect that discoveries about the mind might
benefit these activities to some extent as well, as was assumed by Joseph
Gobbels and is known by advertising agencies today. The answer could in-
volve philosophical considerations, such as those regarding free will that led
Herbart (1891) to deny the possibility of psychological experimentation, but
these apparently seemed as unconvincing to his contemporaries as they do to
many today. For deeper answers, we must look elsewhere.

47
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3.1.1 Phenomenal complexity

Even if one deems the mind subject to laws just like those governing matter,
as have many in the past century, the sheer complexity of mental phenomena
poses a barrier to understanding.

It is worth recognizing that the mind, even in routine operation and behav-
ior, seems quite exotic and complex compared to the simple mechanical sys-
tems on which traditional mechanics cut its teeth, such as flying cannon balls,
falling objects, pendulums, and planets moving in space. Ballistics, for exam-
ple, advanced its development by discovery that many characteristics of ballis-
tic motion depend little on the composition of the projectile, with the motion
determined to a reasonable approximation by three quantities: the weight of
the projectile, and its speed and direction upon exit from the hand, sling, bow,
or barrel. Though these observable properties did not suffice to determine the
motion, it was not hard to identify the most common additional influences,
such as gusts of wind or accidental or intended collisions with men, wildlife,
or other objects, and the most obvious exceptions, such as throwing feathers or
substituting balloons for the archer’s arrows.

In contrast, the inscrutability of human motivations has provided the mater-
ial for legend, epic, story, and novel. Even when one knows something of the
motivations of a person, even when one has observed the person acting in a
regular, habitual manner in the past, one cannot rule out unknown and perhaps
unobservable factors influencing the person’s actions that might divert him or
her from what one expects on the basis of the known motivations. The best one
can hope to achieve is to find explanations of the actions actually taken when
these differ from the expected ones.

To find psychological or computational systems of apparent complexity sim-
ilar to the simple systems of textbook physics, one must diminish aspirations
to simple operations such as computing the factorial function, as does Her-
mann (1990), following the example of Abelson and Sussman (1985). Even
the RMS (Doyle 1979), a simple device for tracking the grounded conclusions
of a nonmonotonic reasoner, proves vastly more complicated than the factorial
computation, even though it represents one of the simplest systems that both
exhibits characteristics akin to those of the mind and admits concrete and un-
ambiguous formalization. The unadorned RMS is in turn a pale reflection of
the complexity of the human mind. One should thus expect psychological laws
to be looser, behavior wilder, and discovery harder. If chaotic physics had been
the rule of observable nature instead of the periphery, with most of experience
more like the turbulence of rapids than the flow of smooth streams, or more
like the flight of leaves in a thunderstorm than the flight of an arrow in calm
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weather, one can expect that physics would have been much slower to develop
as well.

3.1.2 Inadequate mathematics

A lack of mathematical tools appropriate to analyzing mental phenomena has
aggravated the difficulty of understanding the mind.

Recall that natural philosophy grew and flourished in concert with mathe-
matical analysis, with the concepts of calculus invented to formalize mechan-
ics, and with physical problems posing ever more demanding challenges to
mathematical invention. Most of the mathematics that give physics its cur-
rent power—differential calculus, integration techniques, power series, matrix
algebra, Fourier expansions, partial differential equations, manifolds—was de-
veloped long after Newton (1687) propounded his “laws,” which were infor-
mal statements that resisted mathematical formalization of any generality for
many decades after their informal statement in the Principia. Even the familiar
equation f = ma was not available as a general equation of mechanics until
its identification as such by Euler in 1750.

The mathematical analysis developed to understand physical systems con-
centrated on continuous processes, with characterizations exemplified by dif-
ferential equations and continuous algebraic transformations. This wonderful
body of continuous mathematics offered little help in understanding discrete
processes, such as the discrete transitions between discrete states characteris-
tic of sequential reasoning, deliberation, and modern-day digital computers.
Enjoying a scientific understanding of the mind comparable with the present
scientific understanding of the physical world calls for development of a body
of mathematics of comparable power.

One need look no further than mechanics itself to see the direct dependence
of scientific progress on mathematical progress. For long stretches, mechanics
endured relative stagnation awaiting development of mathematical concepts
and techniques adequate to formulating and solving the problems mechanics
posed. It is not hard to see the reason why, for if one lacks mathematics ade-
quate to make competing alternatives precise enough to distinguish them, one
likely cannot test them either and so determine the appropriate course of in-
vestigation. In this way, limits on mathematical understanding have limited
progress in physical thought.

To date, mathematical progress has come only because individual people
have worked to gain better understandings of problems and then to communi-
cate these understandings to others. Reliance on this developmental pathway
has meant that progress in mathematics is slow and difficult. No individual can
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comprehend more than a small fraction of the field, so progress relies on some
individual’s seeking out and comprehending the right fraction needed to see
the next step. No one has yet found a way of speeding up this process other
than by producing more mathematicians.

If it takes Euler and the Bernoullis decades to move from Newton’s informal
laws to the equation f = ma, slow progress on developing the mathematics
needed to support mental mechanics should not surprise anyone.

3.1.3 Piecemeal models

The additional initial complexity of mental phenomena noted in the preced-
ing paragraphs compounds the inadequacy of mathematics for psychology in
comparison with physics.

The mental sciences struggled first to find ways of applying existing mathe-
matics to psychological problems, and then to invent appropriate mathematics
where the existing concepts failed. These efforts toward what we can now view
as a mathematical psychology produced probability theory first, followed by
mathematical logics, utility theory, game theory, information theory, automata
theory, denotational semantics, and various special logics including modal,
dynamic, and nonmonotonic logics. The growth of mathematical tools and un-
derstanding has permitted continuing attempts to reapply concepts from other
parts of mathematics, especially several classes of variational methods (see,
e.g., Ackley, Hinton, & Sejnowski 1985; Hermann 1990, 1991).

Although physics has no lack of variety in theoretical concepts ranging from
mechanics, to electrodynamics, to gravitation, to quantum theory and beyond,
the variety seen in the history of physics is much greater than that seen today.
Euler’s law f = ma, for example, served to unify a large number of more
special analyses, as did Cauchy’s theory of stress. As these examples illustrate,
physicists have continually sought out more comprehensive formulations of
physical law, and in so doing, increase the comprehensibility of the whole
field.

Mathematical psychology today continues to produce a large number of
analyses of specific systems and problems, just as in the history of mathemat-
ical physics. Some of these yield mathematical formalizations of large ideas,
such as ideal economic rationality. Others formalize individual ideas, such as
theories of measurement (Krantz et al. 1971; Roberts 1979). Still others iden-
tify parametric statistical models to which one can seek to fit a set of experi-
mental data. The pattern of these contributions to a mathematical psychology
departs from the pattern seen in the history of mathematical physics mainly
in a lack of connection between many of the essentially isolated analyses.
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Although the theory of rational decisions provides some glue to hold together
some studies involving decision making, many of the more statistical models
have little to connect them to anything else besides the underlying statistical
methodology. In mechanical terms, many such studies provide at best a kine-
matical or behavioral description of mental processes, and lack the conceptual
connections provided by mechanical characterizations that relate underlying
forces to behavior.

3.1.4 Simplistic models

The complexity of everyday mental phenomena has also promoted an unin-
tended concentration in the mental sciences on systems even more idealized
than those of textbook physics.

In the mental sciences, as in any field, people tend to study problems for
which technical formulations already exist, rather than problems, however im-
portant, that lack adequate formalizations. For example, recurrent complaints
accuse mathematical economics of adopting many assumptions about the na-
ture of economic systems, not because these assumptions capture an obvious
reality, but because the idealizations and extreme simplifications represented
by the assumptions seem necessary in order to reduce the behavioral equations
to mathematical forms one can solve using standard mathematical tools.

Now economics hardly stands alone in receiving such accusations. All sci-
entific fields use idealizations and simplifications to get traction on difficult
problems. The issue is how conscientiously people in the field recall that these
formulations are idealizations and simplifications, and how vigorously they
work to move formalizations closer to reality. Economics argues that these
idealizations still yield correct predictions in many important cases, and these
arguments have substantial merit, at least in some cases. The arguments nev-
ertheless rub some observers the wrong way because economics sometimes
seems to take the arguments as a license to stick with its idealizations and
simplifications even when the assumptions strike most outsiders as obviously
suspect.

If economics were not the queen of the mathematical mental sciences, such
devotion to idealizations and simplifications might not matter much. But as
the primary exemplar of the use of advanced mathematics in support of a uni-
fying theory of behavior, this devotion might strike many observers as reason
to suspect all unifying mathematical concepts as means for the mathematically
sophisticated to hold reality at arm’s length. Yet who but noneconomists would
be prone to insist on discussing the phenomena rather than the simplification?
By concentrating analysis on these tractable special cases while waiting for
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someone else to address the problem of developing conceptual tools for the
unidealized problems, mathematical economics risks stranding itself in psy-
chological backwaters.

3.1.5 Repugnant formalisms

Formal mathematical exploration of psychology may suffer guilt by associ-
ation, for if a sound mathematical psychology must resemble mathematical
economics, some might expect the wicked to stay and the righteous to flee.

Numerous sciences meet and battle on the field of psychology, which grounds
the theory of personal interactions in the theory of personal action. The battles
arise because not all social theories employ the same conception of psychology
and human nature. Economics, of course, thinks of people as rational agents;
sociology views people as nonrational rule followers; anthropology takes ei-
ther view as convenient; and history tends to describe people in rational, moral,
or Freudian terms.

Most of these sciences come lightly armed in mathematical terms, and fear
the giant of mathematical economics, which wields strong, strange, and to
some, sinister mathematics. In earlier centuries, economics bore the burden
of association with human greed and utilitarianism, long despised in much of
western thought; in recent times, it gained popularity by shedding this burden
for a more neutral amorality, though observers differ on whether the popular-
ity stems from an appreciation for its analytical utility or from a degradation
of popular morals to the moral vacuity of modern economics. To many, no
doubt, economics still represents reduction of human, social, moral, and theo-
logical values to the currency of the hustler. To many, no doubt, mathematics—
especially apparently aggressively esoteric mathematics—recalls schoolroom
perplexities and schoolyard bullies. One can expect such associations to foster
a resistance to exploring psychology using the conceptual tools of mathemat-
ical economics. Since rapid scientific progress requires making conceptual
issues formal enough to pose well-defined experiments and to perform mathe-
matical analysis, an avoidance of mathematical studies of psychological theo-
ries may well impede the advance of the science.

3.2 Vital analogy

Students of mind have applied one analogy after another in seeking, as peo-
ple do, to make sense of their observations, attempting to use human success
at reasoning in other areas as a way of understanding or reproducing human
success—such as it is—at reasoning about human behavior and thinking. The
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years have seen attempts to understand the mind by making analogies to biol-
ogy, anthropology, theology, and physics. Let us examine these in turn.

3.2.1 Biological analogy

Biological analogies have a long history. Life abounds around us, and the
marvelous complexity of organisms remains unmatched by anything made by
humans. People, as self-aware living beings, naturally developed biological
analogies to understand the mind.

Many organisms exhibit obvious structural decomposition into distinct or-
gans and organ systems. Organic or physiological structure thus provides a
basis for several biological views of mind. Such include the now discred-
ited cardiovascular and pulmonary pictures of mind, in which the mind pumps
around thoughts or vital spirits as a sort of heart, as well as the informal or-
ganic or systemic functional theories, including various philosophical theories
of mental organs (reason, perception, etc.).

Organic structure also offers support to popular neurological views of mind,
in which the structure of thinking is closely identified with the structure of
neurophysiological systems. Although direct correspondences between neu-
rons and thoughts have not held up under philosophical scrutiny, modern neu-
rophysiology has revealed areas of correspondence between identifiable struc-
tures in the brain and some common patterns of commonsense thought and
action (Lakoff & Nuifiez 2000). Such correspondences shed some light on in-
nate patterns of thought, but offer little help in understanding the structure of
thinking shaped by experience and education. Environmental and deliberate
influences on how one thinks can develop modes of cognition bearing little
resemblance to the innate structures. For example, mathematicians who study
complex analysis reportedly learn ways of visualizing such functions, even the
simplest of which involves four ordinary dimensions.

Artificial neural networks and related formalisms provide further evidence
of the essential independence of patterns of thought from neural structure. Al-
though human brains develop common structures, standard approaches to arti-
ficial neural networks employ an essentially formless starting point unlike the
innate structures of the brain. With enough patience, these artificial neural
networks can be trained well enough to serve as useful solutions to some
practical decision problems. Supplying “innate” structure can help speed the
training process in some cases, and one can sometimes trim the resulting net-
work to leave a more structured subnetwork providing about the same perfor-
mance. But in the end, the relative independence of network performance from
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network structure argues that theories of neural organs have limited prospects
for explaining the richness and power of educated thought.

Beyond such direct analogies to biological structure, theorists have also
attempted to view the mind in terms of biological processes. Such app-
roaches also offer some attractions, but have proven very limited in scope
because, apart from an essentially economic theory of ecology, biology pro-
vides little in the way of a theory other than idealized theories of genetics and
evolution.

Pursuing a genetic analogy, the field of artificial intelligence has worked
out moderately successful formal computer programs describing the evolution
of some types of thought in an individual agent. Methods of genetic algo-
rithms appealing directly to theories of genetic combination provide means
for generating new candidates during search, with random genetic mutation
and recombination introducing a stochastic element into the search. However,
most of the appeal of genetic algorithms to date stems more from the genetic
analogy than to any technical contribution. Other search techniques introduce
stochastic elements in more controlled and comprehensible ways than do many
genetic algorithms. Many of the original genetic algorithms also relied heavily
on bit-level representations of genotypes that shed little light on the structure
or representation of information, despite the strong and well-known influence
that representation has on the efficacy of thinking and learning. More gener-
ally, the silence of genetic analogies on the organization of thoughts and of
thinking has provided little evidence of efficacy except when these systems are
set to work in carefully constructed situations, as in genetic engineering and
market innovation.

Numerous authors make an evolutionary analogy, viewing the operation of
the mind in terms of interdependent selection processes filtering a stream of
small changes in the available information. The economist Marshall (1949)
used biological as well as mechanical terminology in his treatise, and viewed
the notion of gradual adaptive evolution as central to economics. His suc-
cessors have made serious, attractive attempts at working out the evolutionary
theories of economics in formal detail. Schumpeter (1934) shared this perspec-
tive, and it has been pursued vigorously in recent years by Elster (1979) and
Nelson and Winter (1982). Nelson’s and Winter’s approach also has some-
thing in common with that of Simon (1982), for whom learning and rea-
soning are best viewed as gradual adaptive search processes generally lack-
ing long-term controls, and Minsky (1963, 1965, 1967, 1986), for whom the
point of reasoning is to increase the applicability of ideas to the problems at
hand.
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3.2.2 Anthropological analogy

People socialize and accomplish many things in groups, and theories based on
anthropological analogies relate mental structure and function to the organiza-
tion and behavior of human groups. The most direct of these theories posits
social structures in the mind, in many ways close kin to the organic structures
of some biological analogies. Minsky’s (1986) society of mind theory provides
an example, as do earlier theories of mental functional differentiation and di-
vision of labor, especially common artificial intelligence views of the mind
in terms of large software systems organized along bureaucratic lines. Earlier
still, Le Bon (1895) and later theorists of “collective” minds claimed similar-
ities between the behavior of mobs and other unorganized assemblies and the
behavior of certain kinds of minds.

All aspects of human group behavior have found a role in such theories,
including politics, especially the theory of conflict and group choice in soci-
ety of mind theories (Doyle & Wellman 1991); economics, viewing the mind
as a market in ideas and tasks; law, the common rule-guided view of much
of thinking (Loui 1998); and culture, with many theories of common sense
(Geertz 1983) and some tribal aspects of society of mind theories. The diffi-
culty for some of these views has been tying them down to concrete formal
interpretations adequate to making or computing predictions. Formal theories
are sparse in most of the social sciences save economics, and without a pre-
cise target, most theories based on anthropological analogy depend on ad hoc
application to specific situations.

3.2.3 Theological analogy

Theological analogies for understanding the mind have been proposed as well,
though here some resulting theories have been even more informal than in the
analogies derived from social sciences. The least distinguished theological
analogies view thinking in terms of a war between good and evil, or between
competing deities attempting to work their way in a person’s behavior. Little
distinguishes most of such portrayals from political battles between mental
homunculi in a society of mind. The most fruitful theological studies have
attempted to understand the characteristics of human minds by understanding
and then degrading divine characteristics. The best known of these studies
stem from the western monotheisms, and especially from the Judaic tradition
in which God creates man as imago Dei, the “image” of God. Most of the
early works in modal and philosophical logics began as theological studies
of concepts of divine goodness, omniscience, law, and license, though these
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theological origins play little or no role in the modern technical sequelae. More
generally, one can view any ideal theory, even one infeasible or impossible to
implement in this world, as a theory of divine thought, as in Bram’s (1980,
1983) game-theoretic analyses of theological issues and biblical events.

% % k

While biological, anthropological, and theological analogies have offered
some insight, search techniques, and important modal logics, they mainly
served to provide evidence for common abstractions used in understanding
experience across many fields, and mainly failed to produce a science of mind
exhibiting the rigor and formality of the physical sciences. The identification
of common abstractions aids current work on formalizing human knowledge
but must certainly count as a disappointment to the grander aspirations of sci-
entific psychology.

3.3 Physical analogy

Some of the most technically successful analogies for understanding the mind
have drawn on physics and chemistry, representing hopes that the success of
those fields would rub off on the application to psychology. Other physical
analogies, however, evoke the poignancy of a child’s imitation of a more ma-
ture brother or sister.

3.3.1 Chemical analogy

Chemistry provides notions of atomic structures and of specific rules governing
the combination of atomic structures. Thinking about the nature of thought has
drawn on analogies reflecting both of these aspects of chemical theory.
Syllogisms and other logical rules have been known from ancient times, and
so have interest that is independent of any chemical analogy. Nevertheless,
the numerous specific qualitative and quantitative rules expressing chemical
reactions have engendered additional efforts at viewing thinking in chemical
terms, comparing the way in which logical rules produce specific conclusions
from specific antecedents with the way in which chemical rules produce spe-
cific molecules from other molecules exhibiting specific valences. Such mole-
cular comparisons entered into some thinking about associations, a mainstay
of Enlightenment philosophers of mind and one that, in the hands of Wundt,
developed into the first quantitative theories of psychophysical measurements.
The notion of chemical atoms or molecular primitives has had immense in-
fluence as an exemplar in conceptual theories. The notion of conceptual or
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theoretical atoms underlies many ideas in empiricism and philosophy of sci-
ence, notably the ideas of Ernst Mach and the logical positivists, and more
recently formed the basis of theories of conceptual primitives proposed by
Schank (1982) and others.

Despite the analogical attractions of the atomic concept, none of the theo-
ries of conceptual atoms have intimated any specific connection between the
chemical properties of matter and the structure of thinking. Indeed, the most
interesting connection was made by Turing (1952), who originated one of the
first chemical theories seeking to bridge the chemical and biological or infor-
mational levels. Turing’s theory of morphogenesis has remained of fundamen-
tal importance in biochemistry, though it still leaves the chemical level itself
having little implication for the mental levels.

3.3.2 Dynamical analogy

Physical analogy has included mechanical analogies to forces, energetics, and
thermodynamics.

As noted earlier, dynamical analogies occur routinely in ordinary speech
to describe the behavior of minds and economies, as in “It will take a lot of
pressure to force him to change his position,” “She felt the weight of his ar-
gument holding her back,” “Falling oil prices exerted downward pressure on
refinery shares today,” or “Economic forces tilted the election in favor of the
challenger.” Tolstoy even used theoretical mechanical analogies explicitly in
War and Peace:

At Borodino the armies meet. Neither army is destroyed, but the Russian army, im-
mediately after the conflict, retreats as inevitably as a ball rebounds after contact with
another ball flying with greater impetus to meet it. And just as inevitably (though part-
ing with its force in the contact) the ball of the invading army is carried for a space
further by the energy, not yet fully spent, within it. (Tolstoy 1869, Pt. 11, Ch. 2)

An innumerable collection of freely acting forces (and nowhere is a man freer than
on the field of battle, where it is a question of life and death) influence the direction
taken by a battle, and that can never be known beforehand and never corresponds with
the direction of any one force.

If many forces are acting simultaneously in different directions on any body, the
direction of its motion will not correspond with any one of the forces, but will always
follow a middle course, the summary of them, what is expressed in mechanics by the
diagonal of the parallelogram of forces. (Tolstoy 1869, Pt. 13, Ch. 7)

Secondly, it was impossible [to cut off the retreat of Napoleon’s army], because to
paralyze the force of inertia with which Napoleon’s army was rebounding back along
its track, incomparably greater forces were needed than those the Russians had at their
command. (Tolstoy 1869, Pt. 14, Ch. 19)

What is the force that moves nations? (Tolstoy 1869, Epilogue, Pt. 2, Ch. 2)
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Herbart (1891) made much of the forces conflicting concepts exert on each
other, and devised a numerical scheme for calculating the magnitudes of these
forces. He gave no formal mechanical basis within which to interpret these
quantities—no bodies, no space, no motions—so the entire scheme moved
only slightly away from mere suggestive analogy toward a quantitative the-
ory of strength of belief. Subsequent psychologists dropped the mechanical
conceptualization but modified the numerical schemes into theories of psy-
chophysical measurement that formed the basis for the emerging experimental
psychology: an outcome of no little irony, seeing how Herbart explicitly denied
the very possibility of psychological experimentation.

A century later, Shand also used an explicit mechanical terminology of
forces and characteristic properties in discussing motivation, emotion, and
character.

The processes of perception and thought, of feeling and will, have been detached from
the forces of character at their base. We have what purports to be a science of these
processes; while that which alone directs and organises them is left out of account
as if it had no importance. Yet we find in the text-books a small and subordinate place
allotted to the emotions which, rightly conceived, are among these forces; but too often,
as William James complained in his time, they are treated in such a way as to deprive
them of the living interest which they have in the drama and the novel.

If we are to have a complete science of the mind, this will include a science of
character as the most important part of it; and if we are to make any approach to such
a science, it would seem that we must begin by a study of the fundamental emotions
and of the instincts connected with them. But we have to conceive of the problem as
essentially dynamical. The emotions are forces, and we have to study them as such.
(Shand 1920, p. 1)

We have then first to investigate the forces at the base of character, and the part they
play in the general economy of mind.

The solution of this problem presupposes that we can profitably study the emotions
dynamically, and that for this purpose we can sufficiently isolate them from one another
and from the character as a whole. ... In a strict sense we can never isolate the emotions.
Each is bound up with others. Each subsists and works in a mental environment in
which it is liable to be interfered with by the rest. Nor do these forces keep themselves,
like human beings in the social environment, always distinct. On the contrary, they
frequently become blended together, and often what we feel is a confused emotion
which we cannot identify. (Shand 1920, p. 2)

Shand provided no formalism comparable to standard mechanics or to Herbart’s
quantification of forces, but presented detailed discussions of the roles differ-
ent emotions and sentiments play in generating forces. Each of these emotions
generated characteristic dynamics, in his view, acting to increase the order ex-
hibited in mental states.
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We also find dynamical analogies provided in more recent works. For ex-
ample, Burges and Scholkopf sketch the following mechanical interpretation of
the Lagrangian optimization methods used in support-vector machine methods
to construct the separating Gram matrix in terms of a set of “support vectors”
drawn from the data set.

The structure of the optimization problem closely resembles those that typically arise
in Lagrange’s formulation of mechanics. (Scholkopf 2000, p. 8)

If we assume that each support vector §; exerts a perpendicular force of size a; and
sign y; on a solid plane sheet lying across the hyperplane ¥ -X+b = (ko + k1)/2, then
the solution satisfies the requirements of mechanical stability. At the solution, the o;
can be shown to satisfy Z;\fjl a;y; = 0, which translates into the forces on the sheet
summing to zero; and Equation (4) implies that the torques also sum to zero. (Burges
& Scholkopf 1997, p. 377)

As we shall see, similarity to Lagrangian formulations of mechanics has less
import than one might think. Nevertheless, the suggestion illustrates that op-
portunities for mechanical analysis of mental phenomena are not hard to find.

I digress briefly before proceeding to point out some potentially mislead-
ing mathematical terminology. The word dynamics comes from §0vaun, the
Greek word for force, and the discussion in this book attempts to use it primar-
ily in connection with the notion of force. In mathematics, however, the term
dynamical system today refers to a conceptual method for describing differ-
ential equations. Dynamical systems in mathematics have no connection with
force or other physical content, any more than general differential equations
do. Dynamical systems serve only as a useful framework for describing any
sort of mathematical function, whether it be the orbit of the Moon, the mul-
tiplication of bacteria in vitro, or the growth of the number of prime factors
of integers. Indeed, as Rubel’s (1981) universal differential equation suggests,
even a single differential equation might satisfy almost every purpose. The
recent claim of van Gelder (1998) that the mind is a dynamical system thus
means little more than the mind changes.

The primary concern of a mathematical scientific theory of mind is not the
mathematical method or form used in describing the mind, but rather the con-
tent of the description. My interest in this book is to indicate the value of
concepts of force and mass in analyzing the mind. Dynamical analogy thus
refers to analogies to the notion of force, not to description based solely on the
fact of change.

3.3.3 Energetical analogy

Psychology has produced numerous theories based on analogies to mechanical
energy and to motion determined by fields of potential energy. Freud (1895)
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proposed an early theory involving energy flows between id, ego, and super-
ego, but this theory was always purely informal and suggestive, never re-
spectable. Similar insubstantiality appears in Zipf’s (1949) work in linguistics,
metaphorically connecting the structure of language to least action principles
in physics. Though this work proved premature as an application of physics to
language, “Zipf’s Law” relating word length and word frequency in language
use represents an anticipation of important notions in information theory and
statistics. Lewin’s (1951) topological theory of psychology cast mental dy-
namics in terms of potential field theory. Unfortunately, there was never any
real substance to his theory: like Freud’s, it relied mainly on purely suggestive
terminology, but unlike Freud’s, in a presentation laced with a few unsupported
mathematical symbols to lend an air of mathematical rigor and meaning. The
well-publicized catastrophe theory of Thom (1975) and Zeeman (1977) drew
on respectable mathematical structures and represented talk by mathematicians
who knew whereof they spoke mathematically, but conveyed only suggestive
psychological concepts. With the mathematical structures providing no guid-
ance to the applier, other than to choose the application so as to obtain the
desired answer, catastrophe theory provided no more specifically psychologi-
cal conclusions than did number theory (cf. Truesdell 1984d).

In economics, which stands on a much more extensive and fruitful mathe-
matical basis than psychology, people have proposed both mechanical analo-
gies and formal theories regularly for many years, to the point where Samuel-
son (1971) complained of the flow of such “crank” papers onto his desk. With-
out having seen Samuelson’s crank papers, one might suspect many rely on
vacuous energetic analogies. Some nonphysicists see physicists using Hamil-
tonian equations throughout classical and quantum mechanics, note how physi-
cists explain these equations in terms of energy functions, infer that the notion
of energy suffices to construct a physical theory, and conclude that the no-
tion of energy therefore suffices to construct a physical theory of minds, of
economies, or of what have you.

What nonphysicists (and perhaps even some physicists) do not see as clearly
is that physicists’ use of Hamiltonian and other energetic equations assumes
one already has a detailed physical theory of how mechanics, electrodynamics,
gravitation, and the like play out in the system under analysis. Physicists use
these overtly physical concepts to construct Hamiltonian functions represent-
ing real or abstract notions of energy that encode all the underlying physical
laws. Outsiders say “Assume a Hamiltonian™ and think the rest follows for
free, when in fact nothing in science comes for free; without an underlying
theory justifying the construction of specific Hamiltonians, the outsiders get
only an unspecified Hamiltonian to which they attribute talismanic powers.
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Energetic analogies that rely only on an abstract notion of energy and vari-
ational or Hamiltonian formalisms exhibit a theoretical vacuity reflecting the
physical vacuity of the underlying variational theories. One can fit almost any
theory of anything into a variational theory over abstract potential functions,
whether the theory is correct or not. Indeed, Feynman motivated variational
theories in terms of an “unworldliness” function U, defined essentially to be
the square of the difference between a conceivable system behavior and the
“legal” behaviors of interest. Vacuous energetic theories lack even the sugges-
tion of properly mechanical notions like mass and force. One encounters only
potential fields and dynamical systems, general mathematical structures for de-
scribing almost any changing system as long as one can encode all the laws of
the system, physical or otherwise, into the Lagrangian function (cf. Sussman &
Wisdom 2001). This psychological and mechanical vacuity reduces these the-
ories, when formal, to merely another way of writing systems of differential or
difference equations. Although rewriting equations characterizing economic
dynamics in terms of conjugate pairs of variables (symplectic structures) can
offer computational advantages (Cass & Shell 1976), Hamiltonian methods
cannot create laws where none existed. “Physical” theories of mind relying
only on conceptually impoverished imitations of variational mechanical meth-
ods do little to illuminate relations between mechanics and economics, and
bring disrepute upon the enterprise (Mirowski 1989).

In fact, the mechanical perspective on mind developed in the following
might offer some insight into Samuelson’s crank papers. It may well be that
all of those papers were hopelessly flawed, justifying Samuelson’s judgments
of them. The ideal rational agent studied by economists lacks the important
mechanical property of inertia. Inertia, as resistance to change, entails limita-
tions on abilities that constitute some of the most obvious differences between
the imaginary species homo economicus and the actual species homo sapi-
ens sapiens. Thus looking back at discussions of mechanics by economists,
one can say that Marshall (1949) was justified in his mildly apologetic use of
mechanical analogies, for he talked of people. Knight (1956) was also jus-
tified in his criticism of Marshall’s analogies, for Knight talked of an ideal.
In both cases, the focus was properly not on purely mathematical variational
methods but on the underlying properties and characteristic laws of economic
systems.

3.3.4 Thermodynamical analogy

Thermal theories and theories based on statistical mechanics may have not
inspired any overall psychological theories, though they regularly figure in
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macroeconomic reporting, as in “economic competition heats up as the
economy contracts and cools as it expands.” The primary formal application
of these concepts has appeared in application of methods of statistical me-
chanics to search and learning problems in which statistical techniques serve
to introduce a measure of randomizing noise into the search, noise introduced
to avoid the local minima that capture and stall standard gradient-following
search methods. Search algorithms, however, say little about mental organi-
zation and the structure of thinking. The behaviors of the algorithms instead
derive their most important properties from those nonsearch characteristics of
mind concerned with how one poses and designs the search problem.

3.4 Machine analogy

The preceding analogies to chemistry, mechanical forces, energetics, and ther-
modynamics represent the failures, not the successes, of physical analogy.
From the perspective of the mechanical understanding of psychology and eco-
nomics developed in the following chapters, one can say that failures occurred
for three main reasons.

First, many of these physically inspired analogies were presented to illus-
trate imprecise and informal psychological theories. The analogies thus bore
the complete burden of providing a formalization. Without any independent
verification of the psychological plausibility of the formalizations so produced,
the analogies failed to provide the desired understanding and prediction.
Putting vague ideas into otherwise meaningless symbols benefits neither the
vague ideas nor the pathetic symbols.

Second, some physically inspired theories lacked much in the way of psy-
chological theories altogether. The theorist using the analogy was supposed to
provide the missing laws prior to making the analogy. This constitutes science
by appropriation rather than science by investigation.

Third, some attempts at physical analogy required no small suspension of
belief, as they required ignoring the mismatch between the continuous mod-
els of physical behavior and the partially continuous but undeniably discrete
nature of thought. No one disputes the importance of chemical dynamics
and thermomechanics in baking a cake, but expressing the baker’s recipe in
differential equations—or even expecting such expression to convey under-
standing—is ludicrous.

However, if the preceding chemical, dynamic, energetic, and thermody-
namic analogies represent failures of physical analogy, then computational
analogy to machines, based on purely kinematical concepts akin to clockwork
gears, has delivered the major success of mechanical analogy to date.



3.4 Machine analogy 63

The idea of creating artificial intelligences or persons has a long history,
tracing backward through the stories of Dr. Frankenstein’s monster and the
Golem to early Greek and Chinese automata and perhaps even the god-creation
implicit in the construction of Mesopotamian idols.

The philosophers of the Enlightenment believed animals to be automata,
merely complicated biological machines, but believed humans to have free
souls controlling their bodies that, were the soul to depart, would exhibit only
innate automatic behavior. The development of the Church—Turing theses of
mechanizability of a wide range of procedures began to push back the bound-
ary between mechanism and mind, to the point where Turing’s (1950) spec-
ulations on the mechanization of thought, capping two decades of cascading
conceptual and technical advances by Turing, von Neumann, Wiener, McCul-
loch, and others, gave rise to the modern field of artificial intelligence, typically
viewed as dating from the famed Dartmouth meeting of 1956.

The decades of investigation subsequent to the Dartmouth meeting have not
proven Turing’s conjecture that one can reduce all intelligence to computa-
tion. Much experience suggests that many of the formal tasks one learns to do
through formal education admit approximate mechanizations, with no appar-
ent limit on how far one can improve the approximations through refining the
underlying formalized knowledge and methods. Capturing all this knowledge
requires much human work, even with the development of some techniques for
automation of learning. In the most advanced investigations to date, the com-
plexity of the body of mechanized knowledge makes it difficult to distinguish
an automaton basing its conclusions and actions on that knowledge from a hu-
man performer, at least as long as one restricts the attempts to distinguish the
two to viewing task performance in isolation, forbidding free-ranging ques-
tioning of the sort envisaged by Turing (1950) in his imitation game. No tech-
nical advance has yet resolved the fundamental questions posed by Turing’s
conjecture. Some argue we will replicate human intelligence by formalizing
commonsense knowledge and reasoning and adding in vast stores of specific
expertise; others object that common sense and consciousness require some-
thing beyond Turing’s notion of mechanical computation, be it some form
of hypercomputation (Copeland 2002) or even esoteric physical notions like
quantum gravity (Penrose 1989).

3.4.1 Examples and exceptions

Whether or not one can automate thinking, and regardless of the technologi-
cal value of artificial intelligence systems, modern automata theory has pro-
vided mathematical tools for analyzing and understanding far more complex
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kinematic mechanisms than ever before conceived. Work on artificial intelli-
gence has exploited this capability to produce precise formal models of think-
ing far more concrete and complex than any prior psychological system. These
models capture at least some aspects of human thought. Sometimes the models
capture only superficial aspects, and sometimes not. In either case, the models
do something to aid psychological analysis by providing a serviceable toehold
for the mathematical analysis of thinking. In particular, many of the compu-
tational models embody structural hypotheses that serve as complements and
alternatives to statistical models developed in mathematical psychology.

Development of such models changes the landscape of psychological in-
vestigation. Making precise mathematical models of vagueness and nonsense
hardly seems worth the effort, but without a sound theory of mental structure
and behavior suitable for formalization, earlier attempts to make mathemat-
ical or mechanical theories of psychology were bound to founder. Artificial
intelligence and computational cognitive simulations altered this situation by
providing the large yet precise models of a number of complex psychological
phenomena so conspicuously lacking in earlier efforts. It matters little whether
these particular models prove correct. Their value for psychological investiga-
tion derives not from their correctness but instead from their visible structure,
formal character, and amenability to experimentation. These qualities offer
far easier material for technical investigation and analysis than human minds.
As long as these models exhibit some plausibly mental behavior, their eas-
ier access and testability may outweigh concerns about some differences from
humans.

Despite technological advances flowing from the machine analogy, one might
judge the conceptual perspective of current artificial intelligence a failure. Ar-
tificial intelligence, at base, instructs one to understand thinking by viewing
mental behavior as computation, whether the steps be digital or neural. On
its face, this is preposterous. People demonstrate reasonable powers of under-
standing of human behavior, including moderate abilities to predict what they
themselves and others will do. People also have little difficulty understanding
plans consisting of a sequence of simple steps. These abilities notwithstand-
ing, any introductory programming instructor can testify how students struggle
to comprehend the nature of even simple computations. Even when the flow
of control involves only simple sequences and loops, compositions of compo-
sitions and nontrivial mappings between intuitive concepts and the machine
states identified in test steps move programs beyond easily understood levels
of complexity.

Although a focus on computation certainly aids construction of useful cogni-
tive processes in artificial intelligence, this focus does little to exploit the power
of concepts that have proven useful in understanding behavior in other realms
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of worldly events. People use many concepts transcending the computational
in understanding human behavior, viewing individuals and groups through the
prism of multiple analogies and metaphors, including but not limited to the
biological, anthropological, theological, and machine analogies discussed ear-
lier. To gain added powers of understanding in psychology, we cannot rest
content with only the concepts of machines. The present investigation thus
seeks to move beyond the machine metaphor toward understanding thinking in
mechanical terms at the level of intentional or rational agents, or, in Newell’s
(1982) phrase, at the knowledge level.

3.4.2 Machines without mechanics

Artificial intelligence seeks to use computational ideas to help explain and
understand the structures of realistic psychologies and the nature of limited
rationality, but the pallid kinematic picture provided by automata theory pro-
vides little help in this effort. Pursuing a richer conception of the mechanical
analogy requires facing up to two central problems: developing a mechanics
appropriate to both continuous and discrete motion, and transferring mechani-
cal concepts of force and mass to the mental realm.

As noted earlier, some attempts to bring the mind under the analysis of phys-
ical law have foundered on the apparent discreteness exhibited by reasoning
and deliberation. Most of the success of physical theory relies on mathemat-
ics developed for the analysis of smooth motions, mathematics inapplicable,
at least in direct approaches, to analysis of discrete thought. The superficial
discreteness of mind might, of course, prove illusory, with physiological the-
ories of neural function providing smooth mechanisms for mental operation.
Even supposing such a theory to hold, however, neurophysiological smooth-
ness seems to miss the point, as the existence of discontinuous phenomena,
in both ordinary physics and in the mental realm, requires a theory at the dis-
crete level. Some of the apparent constraints on behavior relate to constraints
between the discrete states of reasoning, not on any constraints visible in mi-
croscopic smooth motion between the discrete states. Little compares with the
change one observes as one makes a decision and then finds the need to defend
it, fixing the decision in an essentially discrete operation. Indeed, the need for
a discrete theory arises in many mechanical situations. Consider the pendulum
clock. Its pendulum provides a literal textbook example of smooth motion,
while its discrete gear motions provide prime examples of discrete motion. No
wonder some automata derived from the clockmakers.

Recent work on hybrid system models has provided mathematical tools
for describing systems exhibiting both discrete and continuous behaviors
(Alur et al. 1993; Branicky 1995; Davoren 1998). The simplest such models
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characterize the system motion in terms of the product of a finite automaton
and a space of smooth motions. Each state of the automaton corresponds to a
different regime of smooth motion, a regime with its own acceptable operating
region in the continuous portion of the state space. Smooth motions that move
outside the acceptable region trigger transitions between the discrete states and
corresponding transitions between operating regimes of smooth motion. The
nature of the triggering conditions and the automaton structure guide the ac-
tual discrete state transitions. The smooth motion continues under the regime
imposed by the new discrete state.

The pendulum clock, for example, corresponds to a fairly trivial system in
which the smooth dynamics remain the same in all discrete states, but in which
movement of the pendulum to certain angles triggers transitions from one gear
state to the next, with groups of these gear states representing the times dis-
played by the clock through its second, minute, and hour hand positions.

These hybrid models, though useful in providing conceptual tools for an-
alyzing complex systems, do not in themselves restrict system structure or
behavior in any way. The hybrid models themselves can involve any possi-
ble discrete and continuous structures, whether or not these structures appear
in physical law. In particular, extant hybrid models by themselves provide no
means for reconciling rather than merely juxtaposing rational psychological
and economic behavior with physical law.

To date, most works in philosophy and artificial intelligence that consider
hybrid models have been content to adopt the restrictions on smooth dynamics
identified in standard physical theories, viewing the body as a massy electro-
chemical-neural system subject to the usual laws. Indeed, many such works
regard the physical system as the determining element, viewing the behavior
of the mind as something akin to the behavior of the gears in the pendulum
clock: mediated by the body but shaped by the arrangement of the discrete
computer instructions.

3.4.3 The costs of division

Artificial intelligence has benefited greatly from the separation or isolation
of the discrete level of mental behavior from the continuous level of physi-
cal behavior because this separation provides freedom to ignore the underly-
ing physics and concentrate on studying the organization of knowledge and
thought. Just as the written word permits one to understand thoughts across
space and time regardless of details of lingual motions and communication me-
dia, a focus on the structure of reasoning, independent of the physical origin,
representation, or maintenance of thoughts, has supported much progress in
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understanding how to organize thoughts into conceptual representations, how
to reason about situations, decisions, and plans, and how to interpret and learn
from experience.

Separating mental and physical behavior provides benefits familiar in all
traditional methods of analysis, which aim to divide problems into parts that
can be solved separately for later reconstitution into solutions to the original
problem. Separation of the mental from the physical has not been without
costs, however. Much has been written about the danger of taking the separa-
tion of levels as license to view thinkers as divorced from their bodies, which
can lead to loss of correlation between what the agent thinks about the world
and the way the world really is. Proper agent design seems to avoid the worst
problems.

The most serious cost, however, has not been practical, but intellectual. By
separating the mental from the physical, we have abandoned to the purely
physical realm concepts that have proven fruit