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The Problem of Revolutionary 
Conceptual Change 

ScIENTIFIC knowledge often grows slowly with gradual additions of new 
laws and concepts. But sometimes science undergoes dramatic conceptual 
changes when whole systems of concepts and laws are replaced by new 
ones. By analogy with political upheavals, such changes are called scientific 
revoluJions. 

Although many historians and philosophers of science have stressed the 
importance of scientific revolutions, there has been little detailed explanation 
of such changes. How do conceptual revolutions occur? How can a new con
ceptual system arise and replace an old one? What are these conceptual sys
tems whose transformation is so fundamental to scientific development? Are 
scientific revolutions rational? 

I shall propose answers to these questions from a viewpoint that is psycho
logical and computational. In an earlier boot, I advocated the use of tech
niques derived from artificial intelligence (AI) to understand the Stl'Ucmreand 
growth of scientific knowledge; I called the enterprise computational phi
losophy of science (Thagard 1988). Here I shall show the relevance of ideas 
from the cognitive sciences to the most dramatic phenomena in the history of 
science: scientific revolutions. The theory of revolutionary conceptual change 
developed is germane to central issues in cognitive psychology and artificial 
intelligence, as well as to disputes in the philosophy of science. 

1.1 THE IMPORTANCE OF CONCEPTUAL CHANGE 

In the philosophy and history of science, the question of revolutionary con
ceptUal change became important with the 1962 publication of Kuhn's Struc
tu,. of Scientific Revolutions. For several previous decades, philosophy of 
science had been dominated by the logical empiricist approach. Exemplified 
by such philosophers as Carnap (1950) and Hempel (1965), the logical empir
icists used the techniques of modem formal logic to investigate how scientific 
knowledge could be tied to sense experience. Like the views of Popper 
(1959), the logical empiricists emphasized the logical structure of science 
rather than its psychological and historical development. 

Kuhn, along with other historically inclined philosophers such as Hanson 
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(1958) and Feyerabend (1965), charged the logical empiricists with historical 
irrelevance. Kuhn (1970, 1) wrote: "History, if viewed as a repository for 
more than anecdote or chronology, could produce a decisive transformation in 
the image of science by which we are now possessed." Kuhn's general view 
of scientific revolutions and his accounts of particular scientific episodes must 
be questioned, but his basic claim that the development of scientific knowl
edge includes revolutionary changes can be sustained. 

Kuhn's claims about scientific revolutions have caused great consternation 
among philosophers of science because of their apparent implication of irra
tionality. Kuhn so stressed the dramatic and noncontinuous nature of scien
tific change that transitions in scientific theories or ''paradigms'' took on the 
appearance of cataclysmic, nonrational events. According to Kuhn's early 
statements, later moderated, a scientific revolution involves a complete 
change in standards and methods, so that rational evaluation of competing 
views using external standards appears impossible. He even said that when 
one theory or "paradigm" replaces another, scientists work in a different 
world. 

Although Kuhn's emphasis on revolutionary change was an antidote to the 
simplistic models of the logical empiricists, a finer-grained theory of revolu
tionary change than Kuhn presented need not succumb to irrationalism. To 
develop such a theory, however, we need tools different from both the formal 
ones of the logical empiricists and the vague historical ones of Kuhn. Artifi
cial intelligence otTers the possibility of developing such tools for describing 
the structure of scientific knowledge and the processes that advance it We can 
begin to characterize the sttucture of conceptual systems before, during, and 
after conceptual revolutions; and we can investigate the cognitive mecha
nisms by which conceptual changes occur. 

The importance of the problem of conceptual change is not restticted to the 
history and philosophy of science. Conceptual change is of general psycho
logical interest, since people other than scientists also experience it Children 
acquire much knowledge through observation and education, and develop
mental psychologists have recendy been arguing that children's acquisition of 
knowledge is not simply a matter of accretion of new facts. Rather, it involves 
an important restructuring of their conceptual systems. Carey (1985) has sug
gested that children undergo a fundamental restructming of their biological 
ideas between the ages of 4 and 10, and she explicidy compares this resttuc
tming to scientific revolutions. Vosniadou and Brewer (1987, 1990) have 
similar speculations about children's learning of astronomy. McCloskey 
(1983) describes the difficulties of children and some adults in appreciating 
Newtonian physics. Chapter 10 shows that conceptual change in children can 
be understood within the same computational framework that sheds light on 
scientific revolutions, although scientific revolutions involve conceptual 
change that is more radical than what occurs in the CJI'dinary cognitive devel-
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opment of children. Human learning and scientific discovery are continuous 
processes, but scientific revolutions are rare events that involve more dra
matic changes than are experienced in everyday cognition. 

My approach both to the history of science and to developmental psychol
ogy is computational. For many researchers in cognitive science, thinking can 
not only be modeled computationally like the weather and wind resistance: 
thinking is a form of computation. To model mental structures and processes, 
programs are designed with data structures corresponding to the postulated 
mental structures and with procedures corresponding to the postulated mental 
processes. Running the program and doing psychological experiments pr0-

vides a way of judging whether the model corresponds to psychological 
reality. 

Artificial intelligence offers numerous tools for constructing these kinds of 
cognitive models. The AI subfield of knowledge representation is concerned 
with techniques of representing information in a computer for intelligent 
processing. AI work on problem solving and planning is highly relevant to the 
problem solving activities of scientists. Machine leaming is the AI subfield 
concerned with how computational systems can improve their performance 
by acquiring and modifying their structures and procedures. Ideas from 
knowledge representation and machine learning will figure prominently in 
the theoretical developments in later chapters. 

We cannot, however, simply take over existing ideas from these subfields 
of AI. Although much work in machine learning has been done on topics such 
as concept formation, we shall see that available techniques are not adequate 
to account for the origins of many important scientific concepts. Moreover, AI 
researchers have concentrated on cases of learning by accretion of knowledge, 
rather than on cases of revolutionary replacement of complexes of concepts. 
New computational ideas are required to account for this kind ofreplacemenL 
Previous work on scientific discovery (e.g., Langley, Simon, Bradshaw, and 
Zytkow 1987) has neglected conceptual change. Thus the theory of concep
tual change developed here is an extension of research in machine learning, 
not just an application. The problem of conceptual change is open for the field 
of artificial intelligence, as well as for philosophy and history of science. 

1.2 ARE THERE SCIENTIFIC REVOLUTIONS? 

Many critics of Kuhn have challenged whether the concept of ~olution is 
appropriately applied to the development of science (Toulmin 1972). The 
concept of revolution has itself undergone interesting changes, from its origi
Dal application concerning objects such as celestial bodies going round and 
round, to modem usages involving political, Social, and scientific changes 
(Cohen 1985; Gilbert 1973). The old view that a revolution was fundamen-
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tally a return to a previous state has been abandoned, and instead the term 
"revolution" is applied primarily to cases in which major transformations 
have occurred. Cohen (1985) argues that there have indeed been scientific 
revolutions, but his account is purely historical, judging developments in the 
history of science as revolutionary if scientists and historians have so de
scribed them. 

I shall count conceptual changes as revolutionary if they involve the re
placement of a whole system of concepts and rules by a new system. The two 
key words here are "replacement" and "system." Merely adding a new set of 
ideas poses no special problems, and replacement of a single concept or rule 
should be a simple process. What is much harder to understand is how one 
system can be replaced by another. 

If knowledge in science were neady accumulative, fact piling on top of 
fact, there would be no need for a theory of revolutionary conceptual change. 
But there are episodes in the history of science that strongly suggest the im
portance of conceptual revolutions. As principal data for my theory of revolu
tionary conceptual change, I shall take seven histOrical cases that have most 
universally been dubbed revolutions: 

Copernicus' sun-centered system of the planets, which replaced the earth-cen
tered theory of Ptolemy. 

Newtonian mechanics, which, in addition to synthesizing celestial and earth
bound physics, replaced the cosmological views of Descartes. 

Lavoisier's oxygen theory, which replaced the phlogiston theory of Stahl. 
Darwin's theory of evolution by natural selection, which replaced the prevailing 

view of divine creation of species. 
Einstein's theory of relativity, which replaced and absorbed Newtonian physics. 
Quantum theory, which replaced and absorbed Newtonian physics. 
The geological theory of plate tectonics that established the existence of conti-

nental drift. 

Examination of these cases in the light of the new cognitive theory of concep
tual change will display, from a cognitive perspective, what is revolutionary 
about them. I am eager not to adulterate the overused term "revolution"; the 
importance of conceptual revolutions is so great in part because they are so 
rare. Science does not make revolutionary leaps very frequendy, but when it 
does the epistemic consequences are enormous. 

1.3 THESES ON CONCEPTUAL REVOLUTIONS 

To introduce the theory of conceptual revolutions developed in later chapters, 
I now advance six theses that sketch my major claims. Pint, it is necessary to 
characterize scientific revolutions from a cognitive perspective. 1be concept 
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of revolution was originally applied to scientific developments by analogy 
with political and social developments. Political revolutions involve major 
transformations in political sttuCtures; in the American Revolution, for exam
ple, power was 1raDSferred from the British monarchs and their representa
tives to American citizens. Social revolutions involve major 1raDSformations 
in social sttucture, with some social classes wresting wealth and power from 
other social classes, for example during the Chinese revolution of 1949 
(Skocpol 1979). Similarly, to understand scientific revolutions, we need to 
have an understanding of the kinds of sttuctures undergoing transformation. 
Thesis 1 8CCQ1'dingly states: 

1. Scientijic Jr!VOlutiolll involve major transj'01"llllJtlo1ll in 
conceptual tmd propositional systems. 

But how are concepts organized? Since the pioneering work of Quillian 
(1968), it has been common in AI systems to have much of the organization 
provided by kind or 18-0. hierarchies. For example, Tweety is a canary, which 
is a kind ofbird, which is a kind of animal, which is a kind of thing. Similarly, 
psycho linguists have noticed the importance of kind-hierarchies for organiz
ing the menta1lexicon (Miller and Jobnson-Laird 1976), and in addition have 
emphasized the role that part-whole hierarchies play. Part-hierarchies have 
different inferential properties from kind-hierarchies: because canaries are a 
kind of bird and birds have feathers, you can generally infer that canaries have 
feathers, but you cannot infer that beats have feathers because beaks are parts 
of birds. Part-hierarchies have not received nearly as much attention in AI, 
although Darden and Rada (1988) show their importance in the development 
of the notion of a gene. Nevertheless, part-hierarchies are important for ol.'JJan
izing concepts because they provide orderings such as: a toe is part of a foot, 
which is part of a leg, which is part of a body. I therefore conjecture: 

2. Conceptual systems are primtJrlly strrlCI'Ured via 
kind-hierarchies tmd part-hierarchies. 

Chapter 2 discusses the nature of concepts and the hierarchies that OI.'JJanize 
them. It also argues that there is more to conceptual change than mere revision 
of beliefs. 

From theses 1 and 2 follows the conjecture that all scientific revolutions 
involve transformations in kind-relations and/or part-relations. We shall see 
in later chapters that this conjecture is true. A thorough analysis of the chem
ical revolution displays major changes in both kind-relatioDl and part-re1a
tions (Chapter 3). Darwin not only proposed a major teOrganization of kind
hierarchies by reclassifying hUIIUUIS from being a special kind of creature to 
being a kind of animal, he also transformed the meaning of kind by substitut
ing a hi.storicaJ. conception based on common descent for a notion of kind 
based on superficial similarity (Chapter 6). In the geological revolution, plate 
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tectonics brought with it reorganizations of the kind-hierarchies and part
hierarchies involving continents and the seaftoor (Chapter 7). Revolutions 
in physics discussed in Chapter 8 also display transformations in kind-hier
archies and part-hierarchies. One major ingredient in the revolution wrought 
by Copernicus is the reclassification of the earth as a kind of.planet Newton 
differentiated mass from weight, and reconceived gravity as a kind of centri
petal force. Einstein's relativity theory brought with it a conceptual organiza
tion very different from that found in Newtonian mechanics, viewing mass 
and energy as manifestations of mass-energy. Moreover, the meaning of part
relations was changed dramatically by the substitution of an integrated space
time for commonsense concepts of space and time. Fmally, quantum theory 
blurred the distinction between wave and particles, since light waves are 
quantized and particles have wavelengths. In his most recent writings, Kuhn 
(1987) has identified changes in taxonomic categories as characteristic of 
scientific revolutions. 

How do new concepts and laws arise? Empirical laws are usually framed in 
the same vocabulary as the observational desCriptions on which they are 
based or in terms directly derived from observational ones. In contrast, theo
ries often invoke entities and processes that are unobservable or at least un
observed. Electrons, quarks, and mental processes are examples of theoretical 
entities postulated because of the explanatory power of the hypotheses that 
state their existence. The distinction between theoretical and observational 
concepts is not absolute, since better instruments can render a theoretical en
tity observable, as the electron microscope did for the gene reconceived as a 
sequence of DNA. Concepts referring to theoretical entities or processes can
not be derived from observation, so how can they arise? Theoretical concepts 
can be formed by c01lCeptruJl combination, in which new concepts derive 
from parts of old ones ('lbagard 1988). For example, the concept of sound 
waves, which are not observable, is the result of conjoining the concept of 
sound with the concept of a wave, both derived from observation. I therefore 
conjecture: 

3. New tht!oretical c01lCepts gt!Mrally arise by meclumisms of 
c01lCeptual combination. 

J 

This conjecture seems to fit well with additional cases from the history of 
science, such as natural selection and continental drift, but I have not con
ducted a sufficiently complete canvas of scientific theories to feel confident 
that it is true. Other mechanisms are probably necessary. 

Theses 2 and 3 deal with the structure and origin of conceptual systems, 
while theses 4 and S address the same questions for propositional systems. 
Chapter 4 will describe a computational theory of explanatory coherence de
signed to account for revolutionary and DODreVolutionary cases of theory 
evaluation. On this account, the most important relatioDS between proposi-
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tions concern explanation and contradiction. On the basis of that theory, I 
conjecture: 

4. Propositional systems are pri1llllrily stTuctured via 
relations of explanatory coherence. 

Where do new hypotheses come from? In the nineteenth century, the phi
losopher C. S. Peirce coined the term "abduction" to refer to the formation of 
explanatory hypotheses, and computational research on abduction is grow
ing rapidly (Josephson, Chandrasekaran, Smith, and Tanner 1987; O'Rorke, 
Morris, and Schulenburg 1990; Peng and Regia 1990; Pople 1977; Tha
gard 1988). The simplest case of abduction is one in which you want to 
explain why an object has some characteristic and you know that aU objects 
with a particular property have that characteristic. Hence you conjecture 
that the object has the property in order to explain why it has the characteris
tic. I save further discussion of abduction for Chapter 3, but here merely 
conjecture: 

5. New theoretical hypotheses generally arise by abduction. 

Because theoretical hypotheses contain theoretical concepts, they cannot be 
formed by generalization from observations. 

Finally, we must address the question of how scientific revolutions take 
place. Revolutions involve such major transformations in conceptual and 
propositional organization that there is no way in which simple techniques for 
operating on initial representations can bring about the same change gradu
ally. Rather, a new theoretical and conceptual framework must be developed 
somewhat independendy of the existing one. But now we face the difficult 
question: by what mechanism does the new framework replace the old? I 
conjecture: 

6. The transition to new conceptlllJl and propositional systems 
occrus because of the greater explanatory coherence of 

the new propositions that use the new concepts. 

Later chapters will show how the theory of explanatory coherence developed 
in Chapter 4 applies to Lavoisier's argument for the superiority of his oxygen 
theory over the accepted phlogiston theory, Darwin's argument for evolution 
by natural selection, and to all the other cases of scientific revolutions. 

lA OVERVIEW 

The theory of conceptual change summarized in the six theses is laid out 
primarily in Chapters 2-4. Chapter 2 reviews philosophical, psychological, 
and computational accounts of what concepts are and puts forward a theory of 
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concepts compatible with revolutionary conceptual change. Chapter 3 dis
cusses the nature of conceptual development and considers computational 
mechanisms by which new concepts and Jinks between existing concepts are 
formed. Chapter 4 presents a theory of explanatory coherence that shows how 
replacement of conceptual systems can occur and describes ECHO, a compu
tational model that implements the theory of explanatory coherence. Chapter 
5 deals with residual issues from Chapter 4 concerning the relations between 
successive theories, the question of sciendfic rationality, and the nature of 
explanation. 

Since the primary concern of this book is to present a theory of revolution
ary conceptual change, not to survey the history of sciendfic revolutions, my 
discussion of the major revolutions is not cbronologically ordered; an appen
dix to this chapter provides a cbronology. Chapters 3 and 4 take as their major 
illustrative example the eighteenth-century revolution in chemistry, a particu
larly informative case of conceptual change. The nineteenth-century Darwin
ian revolution is analyzed in Chapter 6, and the twentieth-century geological 
revolution appears in Chapter 7. Chapter 8 ranges from the fifteenth-century 
work of Copernicus through the twentieth-century revolutions produced by 
the relativity and quantum theories. Obviously, the briefer treatment of revo
lutions in physics reftects only my own interests, not their relative impottance 
in the history of science. The goal of this book is to provide a new cognitive 
perspective on sciendfic revolutions, not to duplicate the excellent narratives 
that historians of science have provided. 

Chapter 9 considers whether there have been revolutions in psychology. 
The so-called behaviorist and cognitive revolutions that occurred in the 
twentieth century tum out to be quite different from the major revolutions in 
physics, chemistry, biology, and geology, in large part because they did not 
involve substantial theory replacemenL Fmally, Chapter 10 reviews the con
ceptual changes that occurred in the various sciendfic revolutions, and com
pares them with the kinds of conceptual change that developmental psy
chologists have attributed to children. Anyone who has read through the first 
section of Chapter 5 should feel free to sldp around, reading later chapters in 
any order. 

The aim of tbis book is to provide a theory of conceptual change that unites 
philosopbical, psychological, and computational approaches and that applies 
to all the major scientific revolutions. Omitted is discussion of the socilil 
context of scientific change. I do not for a moment deny that social factors are 
important in the development of scientific knowledge; the relation between 
them and cognitive factors is briely discussed in section 5.2.2. I also omit 
discussion of nonscientific conceptual revolutions. Perhaps otber writers will 
explo.re whether the mechanisms of conceptual change and theory evaluation 
that are here used to explain scientific developments also apply outside natu
ral science. 
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1.5 SUMMARY 

Conceptual revolutions occur when whole systems of concepts are replaced 
by new ones. Scientific revolutions include the development of Copernicus' 
theory of the solar system, Newtonian mechanics, Lavoisier's oxygen theory, 
Darwin's theory of evolution, Einstein's theory of relativity, quantum theory, 
and the geological theory of plate tectonics. A theory of conceptual revolu
tions should illuminate these cases by saying wbat concepts are, how they are 
organized into systems, and how conceptual systems are formed and replaced. 

1.' APPENDIX: CHRONOLOGY OF REVOLUl'IONS 

4th centmy B.C. Aristode. 

2nd centmy A.D. Ptolemy. 

1543 Copernicus' On the Revolutions. 

1609 Kepler's Aswnomia Nova proposes elliptical orbits. 

1628 Harvey's On the Motion of the HetUt and Blood. 

1632 Galileo's Diologue Conc~mi1Ig the 7\vo Chief World 
Syst~ms. 

1644 Descartes' Principks of Philosophy. 

1687 Newton's Principia. 

1723 Stahl's Funtlo.menta Chymiae. 

1772 Lavoisier, age 29, conjectures that calxes contain air. 

1777 Lavoisier proposes that "pure air" combines with 
metal to produce metals. 

1783 Lavoisier attacks the phlogiston theory. 

1831-1836 Darwin travels on voyage of the Beagle 

1837 Darwin concludes tbat species evolved. 

1838 Darwin, age 29, discovers natural selection. 

1859 Darwin's On the Origin of Species. 

1871 Darwin's ~scent of MQIJ. 

1887 Michelson-Morley experimenL 

1905 Einstein discovers special relativity. 
Einstein uses a quantum hypothesis to explain the 

photoelectric effect. 
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1913 Bohr model of the atom. Watson introduces 
behaviorism. 

1915 Einstein develops general relativity. 
Wegener's Origins of Continents and Oceans 

proposes continental drift. 

1919 Bending of light is confirmed. 

1923 de Broglie introduces particle-wave duality. 

1926 SchrGdinger's wave mechanics. 

1927 Heisenberg's uncertainty principle. 

1956 Cognitivist works by Miller and by Newell and 
Simon. 

1959 Harry Hess postulates seafloor spreading. 

1965 J. Tuzo Wilson develops concept of transform fault. 

1968 Jason Morgan develops mathematical theory of plate 
tectonics. 
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Concepts and Conceptual Systems 

THIS chapter develops an account of the nature and organization of concepts 
that provides the basis for a theory of revolutionary conceptual change. It 
begins with a survey of the varied theories of concepts that have been pr0-

posed in philosophy. The major burden of this chapter is to contest the view 
that there is little need to discuss conceptual change because the development 
of scientific knowledge can be fully understood in terms of belief IWisioll. 

This view is widely taken for granted in philosophy and artificial intelligence. 
A psychological discussion of the functions and nature of concepts, along 
with an account of the organization of concepts into hierarchies, shows how 
a theory of conceptual change can involve much more than belief revision. 

2.1 PHILOSOPHICAL THEORIES OF CONCEPl'S 

From Plato to current journals in psychology and AI, discussions of knowl
edge and mind frequently deal with concepts, schemas, and ideas. A critical 
survey of all the different accounts of concepts that have been offered in 
philosophy, psychology, and AI would take a volume in itself. Fortunately, 
the task here is more focused: to give an account of concepts that can support 
a theory of conceptual revolutions. 

Writers in different fields and at different times have had various goals 
behind their accounts of what concepts are. For philosophers, the goals have 
often been metaphysical and epistemological: to describe the fundamental 
nature of reality and to show how knowledge of reality can be possible. Psy
chologists have proposed theories of concepts in the service of the empirical 
goal of accounting for observed aspects of human d';nJdng. AI researchers 
develop accounts of conceptual structure to enable computers to perform 
tasks that require intelligence when done by humans. I share all these general 
goals, but in this project they are subordinated to the particular problem of 
making sense of revolutionary conceptual change. 

In epistemology and science as in politics, to be ignorant of the past is to be 
condemned to repeat it. 'lbe problem of the nature of concepts has been with 
us since Plato and Aristotle, and while sllllUlW'izing the views of major phi
losophers at a one-paragraph level can be misleading, I want to give a general 
overview of the range of opinions concerned with what concepts might be. 
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The first influential theory of concepts was proposed by Plato twenty-tbree 
hundred years ago and was explicitly designed to avoid problems of change. 
Heraclitus had argued that the world was in a state of perpetual flux, and Plato 
concluded that valid knowledge would have to be of a heavenly realm of ideas 
removed from the changing, subjectively perceived world. In.dialogues such 
as the Euthyphro, Meno, and Republic, Socrates served as Plato's mouthpiece 
in investigating questions about the nature of piety, virtue, knowledge, and 
justice (plato 1961). lYPically, Socrates argued that understanding of these 
concepts is not to be had through particular examples or through rough defini
tions. Plato's view was that knowledge of conceptual essences could only 
come from the use of education to regain the acquaintance with the heavenly 
forms that was lost at birth. Learning is then just recollection of the essences 
of things, and concepts are abstract, unworldly, and immutable. 

Aristotle's MetIlphysics (1961) systematically criticized Plato's theory of 
eternal ideas, arguing that there was no need to postulate an eternal substance. 
Aristotle proposed instead that only particular objects were substances: there 
are no universal concepts independent of the objects, since universals are only 
what is common to all things to which a predicate applies. The essence of 
Iuunan is to be found by a definition that states what all humans have in 
common, not by acquaintance with a heavenly idea of the human. In Aristotle 
we find fundamental worries about the relation of the general and the particu
lar that have survived to this day. Should a concept be treated as something 
additional to all the objects that fall under that concept? Related questions 
arise today in cognitive science, when researchers debate whether there needs 
to be a mental representation of a concept over and above the representation 
of the objects that fall under it 

For Plato and Aristotle, the point of discussing ideas was metaphysical, not 
psychological: the issue was whether ideas are a separate kind of substance, 
not whether they are part of thought In contrast; seventeenth-century discus
sions of ideas tied them closely to thinking. In his Meditations, Descartes said 
that ideas are thoughts that are like images of things, as when one thinks of a 
man or an angel (Descartes 1980, 68). Some of these ideas are innate, while 
others derive from an external source and others are constructed by the 
thinker. Descartes used his method of doubting everything to determine what 
ideas are "clear and distinct" and therefore safe sources oftrutb. For Descartes 
as for Plato, the most important knowledge was true a priori, independent of 
experience. Leibniz also treated an idea as something in the mind (Leibniz 
1951,281) and maintained that knowledge is primarily found through clear 
innate ideas. 

Writing in the seventeenth, eighteenth, and nineteenth centuries, the British 
empiricists offered a very difJerent view of the origins of ideas and knowl
edge. Locke, Berkeley, Home, Hartley, Reid, and Mill all contended that 
ideas derive from sense experience. Locke's seventeenth-century Essay COIl-
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ceming HU1tIIl1J Understanding claimed against Descartes that there are no 
innate principles in the mind. He characterized an idea as "whatsoever is the 
object of the understanding when a man thinks" (Locke 1961, vol. 1, p. 9). 
Ideas are divided into simple and complex, with simple ideas coming directly 
from sensation and complex ideas being formed from the mind out of simple 
ones. Not all thinkers of this period, however, adopted a mentalistic view of 
concepts. According to Weitz (1988), the seventeenth-century thinker Hobbes 
understood concepts as linguistic entities given through definitions. 

Like Locke, Berkeley maintained in 1710 that the objects of human 
knowledge are either ideas imprinted on the senses or ideas formed by help 
of memory and imagination (Berkeley 1962, 65). He ditJered from Locke 
primarily in denying that there are any abstract ideas separate from ideas of 
particular things. A few decades later Hume distinguished the perceptions of 
the human mind into impressions and ideas: the former are forceful and lively 
perceptions while the latter are faint images of perceptions (Hume 1888, 1). 
Hume approved of BeIkeley's rejection of abstract ideas, and extended 
Berkeley's skeptical conclusion that there is no material substance independ
ent of ideas with an argument that the self should only be considered to be a 
bundle of sense impressions. Hume made a sharp division of objects of human 
reason into 1IIIltters offact that are acquired direcdy through sense experience 
and relations of ideas that arise by thinking with ideas acquired by sense 
experience. 

Partly in response to Hume, Kant gave an account of the contents of mind 
that is often viewed as a synthesis of the rationalist account of Descm1es and 
the empiricist account of Locke. He thought that there are pure, a priori con
cepts of the understanding, but that these can be applicable to sensory appear
ances by means of sche11llJta, which are obscurely characterized as a rule of 
synthesis or a universal procedure of the imagination (Kant 1965, 182). Like 
the empiricists, Kant was concerned with thought, but he placed more empha
sis on the a priori preconditions of thoughL Like all his predecessors, Kant 
had a static view of concepts, considering in the abstract the conditions of 
their application. 

Consideration of conceptual dynamics began only in the nineteenth cen
tury; Hegel probably deserves to be understood as the founder of the study of 
conceptual change. Whereas Kant tried to find a foundation for knowledge 
using both empiricist and rationalist ideas, Hegel stressed the importance of 
conceptual developmenL From Plato to Kant, philosophers were looking for 
a method to achieve direct and certain knowledge, either by reason or from the 
senses. Hegel for the first time rejected the need for any direct foundation for 
knowledge, emphasizing instead. the need for consciousness to develop a 
grasp of truth through a dialectical process of passing through and criticizing 
successive stages of complexity, from sense experience to much more ab
stract thought (Hegel 1967). Even less than the other philosophers I have been 
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outlining, Hegel's view of concepts does not lend itself to short summary, but 
deserves emphasis here for its dynamic character. Hegel's concepts, however, 
do not inhabit individual minds, but are part of the general development of 
reality (see Taylor 1975 for a lucid discussion). 

Although Hegel's epistemological and historical views ~uenced thinkers 
as diverse as Karl Marx and C. S. Peirce, his account of concepts seems to 
have had little effect. Far more influential was the approach of the nineteenth
century mathematician and logician Frege, who is generally considered the 
founder of modem analytic philosophy. More than anyone else, Frege is ~ 
sponsible for the abandonment (until recendy) of psychologism in twentieth
century philosophy. We saw that Plato's and Aristode's views of ideas were 
not psychological, whereas from Descartes to Kant and Hegel ideas and con
cepts were part of mind. Frege's main concern was the nature of mathematical 
truth, and he strongly objected to any whiff of psychologism. Of sensations 
and images he stated (Frege 1968, v-vi): "All these phases of consciousness 
are characteristically fluctuating and indefinite, in strong contrast to the defin
iteness and fixity of the concepts and objects of mathematics." He was con
vinced that psychologism leads to the abandonment of objective knowledge: 
''We suppose, it would seem, that concepts sprout in the individual mind 
like leaves on a ttee, and we think to discover their nature by studying their 
birth; we seek to define them psychologically in terms of the nature of the ' 
human mind But this account makes everything subjective, and if we follow 
it through to the end, does away with truth" (Frege 1968, vii). , 

Instead, Frege developed the logical account that a concept is a function (in 
the mathematical sense) whose value is always a truth value (Prege 1970, 30).,; 
For example, the concept even is a function that maps the object 2 to the truth; 
value true and the object 3 to the truth value false. Frege also said that ~l 
cepts such as even are the reference of predicates such as "even." Just as PIaU!tl 
sought the heavenly ideas to ground knowledge of a changing world, so Freai 
moved to fix mathematical knowledge in an entirely logical framework ~J 
which concepts had no taint of the psychological. !1~I;r. 

In the 19208, Carnap (1967) attempted to put empirical knowledge on". 
sound foundation by producing a logical derivation of the concepts of al1'. 
fields of knowledge from concepts that refer to what is immediately given ia 
sensory experience. The logical apparatus developed by Frege, Russell, and 
Whitehead appeared powerful enough to show that most concepts are de-: 
finable in terms of direct observation. Several decades of work by Camap. 
Hempel (1952, 1965), and others showed, however, that the dream of ratio-, 
nally reconstructing scientific knowledge from experience is not realizable: 
we cannot connect concepts with experience and the world with sttiet defini
tions that provide necessary and sufficient conditions for applications of die! 
concepts. ' " 

i, 
":~I 
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Wittgenstein, in his later writings published in the 19508, moved away 
from the Frege-Russell program of finding precise definitions for concepts. 
Rejecting Aristotle's view that ideas have essences, Wittgenstein claimed 
there need not be anything common to all the instances of a concept There are 
many different kinds of games, for example, and all we can expect to find 
among them are family resemblances, "a complicated network of similarities 
overlapping and criss-crossing" (Wittgenstein 1953, 32e). He remarked on 
''the fluctuation of scientific definitions: what today counts as an observed 
concomitant will tomorrow be used to define it" (37e-38e). Similarly, Quine 
(1963) rejected the distinction made by Hume and Kant between buths of 
definition and bulbs of fact Wittgenstein thus had a more flexible view of 
concepts than is found in earlier writers, but his account is more linguistic 
than psychological, addressing the question of the use of terms more than the 
question of the contents of mind. 'Ibis, of course, was compatible with the 
prevailing behaviorist psychology of the time. 

For Plato and Frege the great advantage of metaphysical or logical ap
.proaches to the nature of concepts was the escape from the mutability of the 
mundane and psychological. For understanding scientific development, how
ever, we obviously need an account of how concepts can change. This account 
should incorporate the flexibility in matters of meaning and fact urged by 
Wittgenstein and Quine, but go beyond these philosophers in psychological 
and computational directions. Once we abandon the Platonic pursuit of the 
chimera of metaphysical certainty, there is no reason not to situate human 
knowledge in the minds of human beings and to use the resources of empirical 
psychology to build an account of the structure and growth of knowledge. In 
the current state of the theoretical side of this endeavor, computational models 
are essential for developing detailed views of what the contents and processes 
of mind might be. 

Since psychological and computational views about the nature of concepts 
will be examined later (2.4-2.6), there is no need to summarize them here. But 
it is useful to review the different positions on concepts that have been pr0-

posed by philosophers and see how psychologists have mived at different as 
well as similar views. Figure 2.1 is a taxonomy of different views of the 
nature of concepts; it is based on a survey by Weitz (1988), although I have 
diverged somewhat from his categories and interpretations. At the top, we can 
distinguish views that treat concepts as entities from ones that do not Plato, 
Frege, and Hegel all considered concepts to be nonnatural, supersensible enti
ties beyond the ordinary world of space and time. Aristotle considered con
cepts to be abstracted entities, while Hobbes and perhaps Wittgenstein con
sidered them to be linguistic entities. Many theorists have taken concepts to 
be mental entities, but they have differed in whether concepts are taken to be 
largely innate or learned, and in whether concepts are closed-definable in 
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Figure 2.1. Taxonomy of theoretical views of the nature of concepts. Concepts are closed 
if they are definable in terms of necessary and sufficient coDditions, and open otherwise. 

terms of necessary and sufficient conditions. Among modem theorists, few 
besides Chomsky and Fodor hold that concepts are innate. Chomsky (1988, 
134) claims that in addition to setting grammatical parameters "the language 
learner must discover the lexical items of the language and their properties. 
To a large extent this seems to be a problem of finding what labels are used 
for preexisting concepts." It is not clear whether Chomsky believes that con
cepts are open or closed. The innateness of concepts has also been defended 
by Fodor (1975), who maintains that concepts are open (Fodor, Garrett, 
Walker, and Parkes 1980). 

Today, most theorists who view concepts as mental entities hold with 
Locke that concepts are largely learned from experience, while agreeing with 
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Kant that such learning presupposes an innate apparatus. Much psychological 
research has been conducted on concept learning. initially under the assump
tion that concepts are definable in terms of necessary and sufficient conditions 
(e.g •• Bruner. Goodnow. and Austin 1956).1D the 19708. however. experi
ments by Rosch and her colleagues (Rosch et al. 1976) were used to support 
the view of concepts as prototypes lacking sharp defining conditions. Related 
critiques of the traditional view of concepts and definitions were mounted by 
Wittgenstein (1953). Putnam (1975). and Minsky (1975). 

Theorists who deny that concepts are entities fall into two camps. The most 
radical camp claims that concepts are mere fictions and should not be part of 
a scientific analysis of language and mind Skinner (1976). for example. re
jected the postulation of mental entities such as concepts in favor of a focus 
on verbal behavior; see section 9.2 for further discussion of behaviorism. A 
novel nonentity view has emerged in recent years from connectionists such as 
Rumelhart and his colleagues. who assert about concept-like schemata: 
"Schemata are not 'things.' There is no representational object which is a 

. schema. Rather schemata emerge at the moment they are needed from the 
interaction of large numbers of much simpler elements all working in concert 
with one another. Schemata are not explicit entities. but rather are implicit in 
our knowledge and are created by the very environment that they are trying to 
interpret-as it is interpreting them" (Rumelhart. Smolensky. McClelland. 
and Hinton 1986. 20). Concepts. then. are not entities but emergent states of 
neural networks. The connectionist view of concepts is discussed in section 
2.4. My own view. developed later in this chapter. is that concepts are mental 
entities that are largely learned and open. 

2.2 BELIEF REVISION VERSUS CONCEPrUAL 
CHANGE 

Although discussions of concepts have been important in the history of phi
losophy. they have been much rarer in contemporary philosophy. According 
to Ian Hacking (1975). current analytic philosophy is the "heyday of sen
tences." Whereas seventeenth-century thinkers talked of ideas. contemporary 
philosophers take sentences to be the objects of epistemological investiga
tion. Knowledge is something like true justified belief. so increases in knowl
edge are additions to what is believed Bpistemology. then. consists primarily 
of evaluating strategies for improving our stock of beliefs. construed as sen
tences or as attitudes toward sentence-like propositions. For example. GIr
denfors (1988) models the epistemic state of an individual as a consistent set 
of sentences that can change by expansion and contraction. 

In the cognitive sciences. however. the intellectual terrain is very differenL 
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In cognitive psychology, the question of the nature of concepts receives far 
more attention than the question of belief revision. Researchers in artificial 
intelligence often follow philosophers in discussing belief revision, but they 
also pay much attention to how knowledge can be organized in concept-like 
structures calledframes (Minsky 1975; for reviews see Thagard 1984, 1988). 
Nevertheless, even a philosopher like Alvin Goldman (1986) who takes cog
nitive science very seriously places belief revision at the center of his episte
mology, paying scant attention to the nature of concepts and the question of 
conceptual change. Gilbert Harman bas written both on epistemic change 
(1986) and on the nature of concepts (1987), but bas not much discussed the 
relevance of the latter topic to the former. Historically oriented philosophers 
of science such as Kuhn (1970) have suggested the importance of conceptual 
change but have not provided accounts of conceptual structure that are suffi
ciently developed for epistemological application. 

The central question in current epistemology is: when are we justified in 
adding and deleting beliefs from the set of beliefs judged to be known? With
out denigrating this question, I propose that epistemology should also ad
dress the question: what are concepts and how do they change? Concepts are 
relevant to epistemology if the question of conceptual change is not identical 
to the question of belief revision. But maybe it is; consider the following 
argument 

The issue of conceptual change is a red herring. Whenever a concept changes, it 
does so by virtue of changes in the beliefs that employ that concept (or predicate, 
if you are thinking in terms of sentences). For example, if you recategorize 
whales as mammals rather than fish, you have made an important change in the 
concept wlrak. But this amounts to no more than deleting the belief that whales 
are fish and adding the belief that whales are mammals. Your concept of mammal 
may also change by adding the beBef that whales produce milk, but this merely 
follows from the other bellef addition. So as far as epistemology is c:oncerned, 
conceptual change is redundant with respect to the central question of belief 
revision. 

Thus anyone who thinks conceptual change is important bas to give an ac
count of it that goes beyond mere belief revision. 

The above argument assumes that the principles according to which beliefs 
are added and deleted operate independently of considerations of conceptual 
structure. If you are a Bayesian, belief revision is just a matter of changing 
probability distributions over the set of propositions (see, for example, Hor
wich 1982). But suppose that you want to take a more psychologically realis
tic approach to belief revision, one that could account for why some revisions 
are harder to make than others and why some revisions have more global 
effects. Perhaps such facets of belief revision can only be understood by no-
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tieing how beliefs are organized via concepts. There may be a difference be
tween deciding that whales are mammals and deciding that whales have fins, 
a difference that can only be understood in terms of the overall sttucture of 
our conceptual system, relating whale to mtI1tUIUIl in ways more fundamental 
than simply having the belief that whales are mammals. For the moment, this 
is only a possibility, not a refutation of the argument that conceptual change 
is just belief revision. But it is enough to suggest that it is worth exploring the 
cognitive science literature on concepts for suggestions about how conceptual 
sttucture could matter to belief revision. 

2.3 WHAT ARE CONCEPI'S FOR? 

Before proceeding further, some clarification is in order concerning concepts 
and predicates, and sentences and propositions. Sentences are syntactic enti
ties, marks on paper. Among their constituents are predicates such as "whale" 

. in the sentence "Gracy is a whale." In contrast, I sball treat concepts and 
propositions as mental representations, with concepts corresponding to predi
cates and propositions corresponding to sentences. In my usage, concepts are 
mental sttuctures representing what words represent, and propositions are 
mental sttuctures representing what sentences represent. This mentalistic in
terpretation is not the only one possible: a Platonist could treat concepts as the 
meaning of predicates and propositions as the meaning of sentences ineler 
pendent of what is in anybody's head. Instead of discussing abstract mean
ings, I follow many researchers in psychology and artificial intelligence in 
supposing that concepts are mental sttuctures analogous to data sttuctures in 
computers. Anyone who is wedded to concepts and propositions as abstrac
tions should reinterpret my concepts as "conceptual representations" and my 
propositions as "propositional representations." Whereas words are parts of 
sentences and not vice-versa, concepts and propositions as mental representa
tions can be parts of each other (see section 2.S). 

To prevent additional terminological confusion, it is necessary to point out 
that researchers in cognitive psychology and artificial intelligence tend to use 
the terms ''knowledge" and ''belief'' differently from philosophers, who often 
characterize knowledge as something like true justified belief. Their use of 
"knowledge" is closer to philosophers' use of "belief." Cognitive scientists 
have also taken to using the term "epistemology" broadly to cover anything 
having to do with knowledge in a diluted sense ignoring justification. In tbis 
book I generally use "knowledge" and "epistemology" in their traditional 
philosophical senses that presuppose questions of justification. 

Psychologists have many reasons for being interested in the nature of con
cepts. Whereas the epistemologist's primary concern is with the question of 
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justification, the psychologist must tty to account for many different kinds of 
behavior. Here is a list, undoubtedly incomplete, of various roles that con
cepts have been deemed to play, using the concept whale as an example. 

1. CategorU.ation. Our concept whole enables us to recognize things as whales. 
2. Learning. Our concept whole must be capable of being leamed, perhaps 

from examples, or perhaps by combining other existing concepts. 
3. Memory. Our concept whole should help us remember things about whales, 

either in general or from particular episodes that concern whales. 
4. Deductive inference. Our concept whole should enable us to make deductive 

and inductive infenmces about whales, for example enabling us to infer that 
since Gracy is a whale, she bas fins. 

s. Exp1tmation. Our knowledge about whales should enable us to generate ex
planations, for example saying that Gracy swims NCIlIISe she is a whale. 

6. Problem 8Olving. Our knowledge about whales should enable us to solve 
problems, for example how to get an errant whale out of the haIbor. 

7. Generalb:lltion. Our concept whole should ena.ble us to learn new facts about, 
whales from additional examples, for example to form new general conclu
sions such as that whales have blubber under their skin. 

8. Analogical inference. Our concept whole should help us to Ie8SOIl1;lSing 
similMities: if you know that dolphins are quite intelligent and are aquatic 
mammals lite whales, then whales 8M perhaps intelligent too. Metaphor 
should also be supportable by the concept, as when we say that someone had 
a whale of an idea. 

9. u.u.guage comprehll1l8ion. Our understanding of sentences such as "Gracy is 
a whale" depends on our knowing something about the concept whole. 

10. u.u.gllQ.ge production. We need to be able to utter sentences Hke "Gracy is 
a whale" and "Whales arc less friendly than dolphins." 

Ignoring the last two language issues, which introduce problems not di
rectly connected to belief revision, we can examine whether the first eight 
roles require that belief change pay attention to conceptual structure. Cate
gorization might be seen as a straightforward case of belief application: you 
believe that any large sea-object that moves and blows water into the air is a 
whale, so you categorize the large blob in the ocean producing spray as a 
whale. You thereby add the belief "the blob is a whale" to your set of beliefs. 
But categorization is rarely so simple as this deduction, since unexceptionable 
rules are hard to come by. Submarines are also large sea-objects that move 
and can blow water into the air. So in categorlzing the blob as a whale rather 
than as a submarine you will need to decide which concept fits the blob better, 
and fitting the concept may be more than a matter of simple belief application 
(see the discussion of categorization in Holland, Holyoak, Nlsbett, and 
Thagard 1986, ch. 6). 

Identifying the blob as a whale presupposes that you bave already learned 
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the concept of a whale, but what does this amount to? The belief-revision 
approach to epistemology never addresses the question of the origin of the 
concepts (or predicates, if you prefer) that are essential components ofbeliefs. 
Without the concept of a whale you could never form the belief that Gracy is 
a whale. I recently learned the concept of a narwhal, which like a whale is a 
cetacean (marine mammal with large head and hairless fishlike body), but has 
a long ivory tusk. Now, with the help of the tusk criterion and a picture of a 
narwhal I saw in my dictionary, I can potenti.a11y form the belief "the blob is 
a narwhal." But how are such concepts formed? The psychological and com ... 
putationa1literature on concept formation suggests two principal ways: by 
learning from examples and by combining previously existing concepts (see 
section 3.4). Neither of these is a simple matter of adding new beliefs. In 
particular, forming new concepts by combining old ones requires that the 
concept have much structure, because the new concepts are not simple sums 
of the old (Thagard 1988, ch. 4; Holland et al., ch. 4). To form, for example, 
the concept walking whille we have to decide how to reconcile what we know 
about whales with what we know about waUdng, perhaps by concluding that 
whales merely imitate wa1ldng by floating with their tails near the bottom of 
the ocean and wiggling their fins. Belief acquisition presupposes conceptual 
organization. 

Is memory important for epistemology? For Harman (1986) and Goldman 
(1986) it professedly is, yet neither considers the role that concepts have been 
conjectured to play in memory. We need to be able to remember beliefs in 
order to use them to revise others, and conceptual organization can be highly 
relevant to memory. If spreading activation of concepts is a crucial way in 
which beliefs get accessed (Thagard 1988, ch. 2), then the organization of 
concepts matters to memory and hence to belief revision based on memory. 
The organization of concepts is also important for theories of access to mem
ory based on semantic similarity of concepts (Thagard, Holyoak, Nelson, and 
Gochfeld 1990). 

The defender of a pure belief-revision approach to epistemology might say 
that at least the next three roles in my list-deductive inference, explanation, 
and problem solving-do not require any attention to the conceptual struc
ture. Explanation and problem solving are approximated by deduction, and 
deduction is just a matter of deriving the consequences of a set of beliefs. In 
a reaI system, however, there must be constraints on what gets deduced to 
avoid the explosion of exponenti.a11y increasing numbers of beliefs: a system 
that expands its data base by inferring from A to AIkA, A&A&A, etc., will 
quickly be swamped. One way of constraining deduction is to draw inferences 
only from a subset of beliefs deemed to be active, and one way of controlHng 
the activation ofbeliefs is through the activation of concepts to which they are 
attached (Thagard 1988). Moreover, some deductive inferences may be per
formed by processes tbat directly use conceptual structures rather than typical 
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roles of inference. If the structure for whale contains the information tbat a 
whale is a kind of mammal, then information stored with the structure for 
mammal can then be "inherited" by whale. A frame system can infer that 
whales produce milk by virtue of the 1dntl link between the whale frame and 
the mammal frame. What is inferred is the same as what a logic system would 
conclude using standard deduction from sentences, but the procedure is more 
direct. Hence deduction, and perforce explanation and problem solving, may 
be served by additional conceptual structure. 

Generalization, such as inferring from some examples that whales have 
blubber, may also benefit from conceptual structure. We can infer a general
ization from fewer instances if we know something about the variability of the 
kinds of things under consideration (Holland et ale 1986, cb. 8). For example, 
a few instances of whales that have blubber under their skin may be enough 
to convince you that all whales have blubber under their skin, because kinds 
of mammals, cetaceans, and sea-creatures do not vary much in their subcuta
neous attributes. In contrast, if you see a few whales swimming in circles near 
volcanoes you will be hesitant to infer that an whales swim in circles near 
volcanoes. Your background knowledge tells you nothing about the variabil
ity of the bebaviorof mammals, or cetaceans, or sea-cRI8lU1'eS near volcanoes. 
Crucial to such inferences is knowing what kinds oftbing whales are, and this 
could be part of the structure of the concept whale. 

Finally, analogical inference may well require much conceptual structure 
for several of the reasons already mentioned. Use of an analog in inference, 
problem solving, or explanation requires retrieving it from memory, which 
can depend heavily on the structure of concepts (Thagard et ale 1990). Map
ping from one analog to another to determine what corresponds to what can 
require judgments of semantic similarity that also depend on conceptual' 
structure (Holyoak and Thagard 1989). 

None of the remarks just made is conclusive. We do not have a definitive 
theory covering the areas of cognition mentioned above. But there are enough 
psychological and computational experiments to suggest that the postulation 
of conceptual structure may be important for understanding many cognitive 
phenomena relevant to belief revision. Now let us look at some recent propos
als about what concepts might be from Edward Smith, connectionists, and 
George Miller. 

2.A WHAT AIlE CONCEPIS? 

Smith (1989) reviews recent experimental and theoretical research in cogni
tive psychology on concepts, starting with the traditional view that concepts 
can be defined by giving necessary and sufficient conditions for their applica
tion. This view has two major problems: (1) it is nearly impossible to find 
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defining conditions for nonmathematical concepts, and (2) concepts show 
typicality effects. Apples and peaches, for example, are more typical fruits 
than figs or pumpkins. 'JYpicality effects have led psychologists to consider 
concepts in terms of prototypes, or best examples. Something is categorized 
as a fruit n\it is sufficiently similar to our prototype of a fruit, and typicality 
is a function of degree of similarity to the prototype (see also Lakoff 1987 for 
a discussion of prototypes). 

The account of concepts as prototypes has, however, encountered some 
theoretical and empirical difficulties of its own. Armstrong, Gleitman, and 
Gleitman (1983) have found typicality effects even in crisp mathematical 
concepts: 3 is a more typical odd number than 359. Smith argues that a con
cept includes a core as well as a prototype, where the core is more diagnostic 
than the prototype even though the prototype may be useful for quickly identi
fying instances. Thus the core of odd 1UDIIber would be defined mathemati
cally iii terms of divisibility, even if we quickly decide that something is an 
odd number by matching it against prototypes. In nonmathematical concepts, 
cores will not be smet definitions, but will nevertheless serve to give concepts 
stability. Following Murphy and Medin (1985), Smith observes that there is 
more to categorization than simply matching to a prototype, since causal rea
soning can playa role. For example, if you see a man at a party jump into a 
swimming pool, you may categorize him as drunk, not because jumping into 
swimming pools matches your prototype drunk, but because the hypothesis 
that he is drunk explains his behavior. As I suggested above, explanation is 
one of the roles that concepts must serve, so more than the prototype or proto
type + core theories is needed. (See also Medin 1989; Abo and Brewer 1991; 
Kunda, Miller, and Claire 1990.) 

Computational implementations of prototypes have centered on Minsky's 
(1975) notion of a frame. Frames are symbolic structures that specify for a 
concept various slots and default values for a slot. For example, a frame repre
senting the concept wluJle would have a slot. with the value /Qrge. Default 
values are not definitional but merely express typical expectations. Recently, 
a different kind of computational approach has been proposed by connection
ists, who theorize using networks modeled loosely on the brain. As we saw in 
section 2.1, Rumelbart et ale (1986) advocate a view of schemas (concepts) as 
patterns of activation dismbuted over neuron-like units in a highly connected 
network. A concept is not a structure stored in the brain the way a data struc
ture is stored in a digital computer. Rather, it emerges when needed from the 
interaction of large numbers of connected nodes. 

The currently most inftuentialleaming technique for producing distributed 
representations is back proptlgation, in which a trainer tells the output units 
of a network whether they got the right answer and weight adjustments are 
propagated bact through the network to make it more likely that the right 
answer will be generated in subsequent runs. Fisme 22 provides an abstract 
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INPUTUNlTS 

IDDDEN UNITS 

Figure 2.2. A simple network with three layers. Circles represent units, 
while the straipt Unes are IiDts between the units. EachliDthas a weiaht 
representiDg the strength of the connection. 

example of a simple three-Iayer network. The circles represent units that can 
bave activation values representing the presence or absence of features. Sup
pose, for example, that the purpose of the network is to discrlminate between 
borses, goats, and cows. Features of sample anjmals are presented to the net
work by activating input units, for example ones for baving a mane and bav
ing a tail. The top output layer which indicates the network's decision could 
be interpreted as identifying a given animal as one of these, depending on 
which units are on or off. The network is trained by presenting samples of 
features to the input units and baving a critic detect whether the correct output 
units are being turned on. For example, if the inputs activate the units for 
mane and tail, then the unit horse sbou1d be active. If, however, a mistake is 
made, then the back propagation algorithm is used to adjust the weights on the 
Hnks (shown by straight lines) between the output layer and the hidden units, 
and between the input layer and the hidden units. With suflicient iterations, 
the network wiD be able to identify which animal goes with which features. 
This infonnation is not stored in particular rules, but rather is distributed over 
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the connections and activation patterns that occur in the network. Distributed 
representations are contrasted with local representations in which a single 
node in a network represents an entire concept or proposition. An anticipation 
of the view that knowledge is not embedded in rules can be found in Kuhn 
(1977,312). 

The connectionist view of concepts appears promising for accounting for 
subtle categorization effects. A network could, for example, acquire the con
cept of a whale by being trained on examples of whales, learning to identify 
blobs as whales without acquiring explicit slots or rules that state typical 
properties of whales. No single unit corresponds to the concept whl.lle, since 
information about whales is distributed over numerous units. Work in prog
ress is investigating how concepts as learned patterns of activation can even 
be organized into kind-hierarchies and part-hierarchies (Hinton 1988). Mem
ory also appears tractable from a connectionist viewpoint, since retrieving 
information about a concept should happen automatically when the right pat
tern of activation arises. Another appealing aspect of the connectionist ap
proach is that it in principle has no problem with partially nonverbal concepts 
such as red or the taste of gorgonzola cheese, since these also can be patterns 
of activation acquired by training. 

Nevertheless, connectionists cannot be said to have a full theory of con
cepts, since no account has been given of: 

1. how concepts can be formed by combination rather tban from examples; 
2. the use of concepts in relatively sequential processes such u explanation, 

problem solving, and deduction; 
3. how distributed representations of concepts can be used in a wide range of 

inferential tasks including complex generalizations and analogies; and 
4. how distributed representations can be used in a general theory of language 

production and comprehension. 

Perhaps progress will come on all these fronts, but for now we cannot rely 
only on connectionist ideas for help in understanding the nature of concepts. 
Although connectionists show us how to understand prototypes as patterns of 
activation derived from examples, they have a daunting task in showing how 
such concepts can generate explanations as in the above case of the drunk in 
the swimming pool. 

A different although perhaps ultimately complementary view comes from 
the work by George Miller and his colleagues on the structure of the mental 
lexicon (Miller et ale 1990; Miller and Johnson-Laird 1976). WordNet is a 
large electronic lexical reference system based on psycholinguistic theories of 
the organization of human lexical memory. A concept is represented by a set 
of synonyms, and synonym sets are organized by kind, part, and antonymy 
relations. Kind-relations and part-relations are fundamental to the organiza
tion of the lexicon because tbey generate hierarchies. For example, a whale is 
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a kind of cetacean, which is a kind of mammal, which is a kind of animal, 
which is a kind of living thing. A toe is part of a foot, which is part of a leg, 
which is part of a body. Kind-hierarchies and part-hierarchies serve to struc
ture most of our conceptual system, providing backbones off which other 
conceptual relations can hang. Although well known to psycholinguists, the 
importance of these hierarchies bas been neglected by philosophers who have 
tended to speak of "conceptual schemes" entirely in the abstract (See also 
Cruse 1986 for more on hierarchies, and see W'mston, Chaffin, and Herrman 
1987 for more on part-relations.) 

WordNet now includes many thousands of entties, including verbs and 
adjectives as well as noUDS. One advantage of working on such a large scale 
is that the differences between the kinds of lexical items become readily ap
parent. Kind-hierarchies and part-hierarchies apply well to noUDS, but ad
jectives are primarily organized into antonymic clusters such as that posed 
by the extremes wet-dry. According to Miller et a1., verbs do not form kind
hierarchies or part-hierarchies, but are organized in terms of relations of man
ner and entailment (but see section 9.3.2). For example, to nibble is to eat in 
a specific manner, and driving entails riding. Whereas most research on the 
nature of concepts bas been restticted to nouns, a general theory should attend 
to other parts of speech as well. Later chapters will reveal, however, that 
revolutionary conceptual change largely involves concepts represented by 
nouns. 

WordNet's semantic relations are not intended to exhaust the meaning 
of a concept. Miller and Johnson-Laird (1976) have a procedural theory of 
meaning that associates concepts with computational routines, often tied 
to perception, for identifying instances of a concept. But they say (p. 696) 
that semantics also requires placing concepts and sentences in the context of 
a larger system of knowledge and belief. I presume this larger context would 
include information of the sort that can be used for generating explanations 
and performing the other roles of concepts discussed above. Conceptual in
formation should therefore be tied to world knowledge such as that drunks 
tend to act wildly, which, with the characterization of jumping into the swim
ming pool as acting wildly, could prompt the explanatory hypothesis that 
the man in the swimming pool was drunk. I sbaIl now propose bow this kind 
of knowledge can be integrated with other considerations of conceptual 
structure. 

2.5 CONCEPI'S AS COMPLEX STRUC'1'VRF3 

No one currently knows how concepts are stored in the brain. Perhaps they are 
patterns of activation of neurons as the connectionists suggest, or maybe some 
more complex organization and distribution exists. Without worrying about 



CONCEPTS AND CONCBPTUAL SYSTBMS 29 

neural implementation, we can nevertheless coDSider how concepts are orga
nized and serve to play the numerous roles listed above. I am not saying that 
connectionism and neuroscience are irrelevant: we are still in tbe early stages 
of cognitive science and should not tolerate imperialistic limitations on kinds 
of approaches. My proposa1s will be at the level of traditional symbolic artifi
cial intelligence, but are meant to suggest targets for subsequent connectionist 
and neurological analysis. In contrast to the sometimes acrimonious debate 
between proponents of symbolic AI and purportedly subsymbolic connec
tionism, I see cognitive science as using a continuum of complementary com
putational methods (see section 9.3.4 for further discussion). 

What is the concept of a whale? Let us start with WordNet-style lexical 
organization. Information about w1uUe could include something like the 
following: 

WHALB: 
A kind of: cetaceaD. mammal, sea-creatu1'e. 

Subkinds: humpback. blue, 1dIIer, speno, white, beluga, etc. 
Pans: fiDs, blubber, bone, blowhole, taiL 

A WordNet entry can in addition include lists of synonyms, antonyms, and 
wholes. For a full representation oftbe concept, we can supplement this Rpe
sentation with pointers to individual whales 1ike Gracy that constitute tbe 
known instances of whales. The concept of whale should, in addition, provide 
access to various general facts about whales that are important for conversing 
and reasoning about whales. It should therefore be connected with rules such 
as the following: 

Rl. If x is a wbale, then it swims. 
R2. If x is a whale, and x surfaces, then x blows air through its blowhole. 

Holland et at. (1986) discuss tbe relevance of rules for concepts. Notice that 
RI is easily represented as a slot in a Minsky-style frame: 

WHALB: 
locomotion: swims. 

In contrast, R2 with more complicated conditioDS and tbe complex relation 
blows is less amenable to treatment as a slot. It would also pose problems for 
simple connectionist learning schemes that form patterns of activation mcn1y 
from features. The word "whale" is unusual in lacking synonyms and ant0-
nyms, which abound especia11y for adjectives. 

My proposa1 then is to think of concepts as complex structures akin to 
frames, but (1) giving specia1 priority to kind and part-whole relations that 
establish hierarchies and (2) expressing factual information in rules that can 
be more complex than simple slots. ScbematicaIIy, a concept can be thought 
of as a frame-Iike structure of the following sort: 
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CONCBPr: 
A kind of: 
SubtiDds: 
Apart of: 
Parts: 
Synonyms: 
Antonyms: 
Rules: 
Instances: 

H concepts are computational structures of the sort just described. then it 
makes sense to say that rules are parts of concepts as wen as that concepts are 
parts of rules. The presence of rules shows how concepts can be used in de
duction, explanation, and problem solving. It also shows how concepts can be 
intimately tied in with theories, since some rules express causal relations. A 
slighdy sophisticated understanding of wbales involves an explanation of 
blowholes in terms of whales' getting oxygen from the air, not from water like 
fish, so that the function of the blowhole is to expel air. Concepts as complex 
structures can figure in generalization, analogy, and other forms of inference 
(Thagard 1988). 

We are still far from having a full theory of concepts, but the enriched 
account offered so far makes possible a start on considering how conceptual 
structure can be relevant to epistemic change. I shal1 show in the next chapter 
how to distinguish different kinds of epistemic change that would be opaque 
from the point of view of belief revision alone. 

2.6 CONCEPTUAL HIERARCHIES 

An understanding of conceptual revolutions requires much more than a view 
of the nature of isolated concepts. We need to see how concepts can fit to
gether into conceptulJl systems and what is involved in the replacement of 
such systems. On the view of concepts just presented, conceptual systems 
consist of concepts organized into kind-hierarchies and part-hierarchies and 
linked to each other by rules. 

In this spirit, a conceptual system can be analyzed as a network of nodes, 
with each node corresponding to a concept, and each line in the network 
corresponding to a link between concepts. For example, Figure 2.3 provides 
a small fragment of a conceptual network about animals. The concept nodes 
are marked by names in ellipses. This network uses five kinds of links: 

1. KindliDb., marked by straight lines labeled "Ie. tt These links indicate tbat one 
concept is a kind of anotber. for example, canary is a JdDcI ofbin:l and bbd is 
a kind of animal. 
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Figure 2.3. Example of a conceptual hierarchy. Kind liDb are marked by straight lines 
labeled ''Ie. "Inatance liDb are marked by straiabt lines labeled "I." Rule liDb are marked by 
curved lines terminating with arrows and 1abeled "R. " Property Unb are marked by curved 
lines tenninatins with arrows but labeled "H" for "bas-property." Part-whole lints are 
IDIIked by straight lines terminating with arrows and marked '4P,." 

2. rnsfll1lCe liDb, marked by straiabt lines labeled "I." These indicate that some 
particu1ar object. marked by a box rather than by 8Il ellipse, is 8Il iDstance of 
a concept: Tweety is a canary. Tbe cbain of liDb in the network shows that 
Tweety is also 8Il animal. 

3. Ruklints, marked by curved lines temrinatins with arrows and labeled "R.. " 
These express general (but not always universal) relations 8.lDODI concepta, 
for example that canaries have the color yellow. 

4. Property links, marked by curved lines termiuadns with arrows but labeled 
"II" for "bas property." These iudicate that an object bas a property such as: 
Tweety is yellow. 

s. Port lints, marked by straight lines termiuadns with arrows and marked "p." 

These indicate that a whole bas a giveD part: a beat is a part of a bird. 

Relations and bigher-order predicates can also be expressed within concep
tual networks. since we can draw lines to indicate, for example, that yellow is 
brighter than blue. 

The logician will immediately notice that Figure 2.3 contains no informa
tion that cannot be represented in fint-order predicate calculus. Kind links 
and rule liDb can be encoded by universalgenera1izatioDS such as (sXca
I181.'J{s) -+ bird (s», and instance links and property Jinks can be encoded by 
atomic sentences such as bIrd(Tweety). But fJom a computational perspec-
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tive the lints have importance that transcends the information that they ex
press: they can make possible p10CedrueS different from those associated with 
predicate calculus. Thus although AI knowledge representation systems may 
be u:p~ssively equivalent to logic-based systems, they need not be procedu
rally equivalent. The distinction between expressive and pmcedural equiva
lence of systems and the claim that AI techniques go beyond logic systems are 
defended elsewhere (Thagard 1988, 1984). 

If a conceptual system consists of a network of nodes with lints such as 
those just described, then conceptual change consists of adding or deleting 
nodes and lints. The most common changes involve the addition of: 

1. New concept nodes. Example: new concept ostrich. 
2. New kind Hnts between concept nodes. Example: C8D8Iies are repdles. 
3. New rule Hnts between concept nodes. Example: C8D8ries have color blue. 

Changes often come in groups rather than in isolation. For example. addition 
of the concept node for osbich will be accompanied by addition of a kind link 
from ostrich to binl, addition of instance lints from ostrich to various object 
nodes representing particular osbicbes, and addition of rule links between 
ostrich and concept nodes such as long-legged. 

But not all additions and deletions are equally serious. The most drimatic 
changes involve the addition of new concepts as well as new rule and kind 
links, where the new concept and lints ~plo,ce ones from. the old network. We 
can distinguish replacement of a conceptual system from simple deletions and 
additions if some of the previous links remain, indicating that the new con
cepts and lints have a place in the new system similar to those in the old 
system. Although a conceptual revolution can involve dramatic replacement 
of a substantial portion of a conceptual system, continuity is maintained by 
the survival of lints to other concepts. Dramatic changes will be most visible 
in the hierarchies of concepts that can be built out of kind lints and part links. 
These hierarchies provide a scatJold that arranges and organizes other con
cepts. Hence changes in kind-relations and part-relations usually involve a 
restructuring of conceptual systems that is qualitatively different from mere 
addition or deletion of nodes and lints. The next cbapter contains much more 
about bow conceptual hierarchies affect conceptual change. 

Why are kind-relations and part-relations so fundamental to our conceptual 
systems? In addition to the organizing power of the hierarchies they form, 
these two sets of relations are important because they specify the constituents 
of the world. Ontology is the branch of philosophy (and copitive science!) 
that asks what fundamentally exists, and ontological questions usually COD

cern what 1dtu:ls of things exist. Moreover, given an account of the kinds of 
things there are, which translates immediately into a hierarchical organiza
tion, we naturally want to asIc of what are the objects of these kinds made? 
The answer to this question requires COD8ideratiOD of their parts, pneratina 
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the part-hierarchy that also organizes our concepts. Thus the major role that 
kind-hierarchies and part-hierarchies play in om' conceptual systems is not 
accidental, but reflects fundamental ontological questions. 

Knowledge of parts is relevant to knowledge of kinds. B. Tversky (1989) 
argues that cbildren's knowledge of parts makes an important con1ribution to 
their ability to divide things into kinds. Things that have the same parts can be 
judged similar in both appearance and function and therefore can naturally be 
classified as being of the same kind. Similarly, Markman (1989) contends that 
when cbildren learn the meaning of new words, they implicitly assume tbat a 
word applies to whole objects of a particular kind. Lewis (1990) shows how 
set theory can be reformulated in terms of part-relations: dogs are a subset of 
animals if and only if the set of dogs is part of the set of animals. We cannot, 
however, identify kinds with sets. since any collection of objects can form a 
set, whereas people are discriminating about how they group thiugs into 
kinds. 

Although I hope to have estabHshed the importance of conceptual hierar
chies, the case against the view that an epistemic change is belief revision is 
still incomplete. It requires much more detailed discussion of conceptual 
change found in the next chapter. 

2.7 StlMMAllY 

Theorists in pbilosophy, psychology, and artificial intelligence have proposed 
different views of the nature of concepts. A rich account of concepts and 
conceptual change is needed to overcome the widely held view that the 
growth of scientific knowledge can be understood purely in terms of belief 
revision with no reference to conceptual change. Concepts .ve many psy
chological functions, and can be understood as complex computational s1rUc
tures organized into kind-hierarchies and part-bierarchies. Such structula 
also involve rules that can con1ribute to explanations. 
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Conceptual Change 

USINO the view of conceptual OIJanization developed in the last chapter, 
we can rank the severity of different kinds of epistemic change. The first part 
of this chapter provides such a ranking, in which changes involving kind
relations and part-relations are especially importanL Much more important 
than a ranking of conceptual changes is showing that the most dramatic sorts 
have occurred in major scientific episodes. Hence the middle part of this chap
ter gives an analysis of the developments that occurred in the chemical revo
lution, when the phlogiston theory of combustion was replaced by Lavoisier's 
oxygen theory. We shall see that this revolution involved. substantial system
atic changes in both kind-relations and part-relations, as well as inttod.uction 
of new concepts and deletion of old ones. The latter part of this chapter out
Iines a theory of conceptual development adequate to account for the-case of 
Lavoisier and for the other scientific revolutions discussed in 1ater chapters. 

3.1 DEGREES OF CONCEPI'UAL CHANGE 

It would be futile to try to offer criteria for identity of concepts that attempt 
to specify when a concept ceases to be the concept it was. We cannot even 
give such criteria for mundane objects like bicycles: if I change the tires on 
my bicycle. is it the "same" bike? What if I change the wheels, or the frame, 
or all of the above? But without giving a definition of sameness for bicycles, 
we can nevertheless rank degrees of change. Replacement of the parts men
tioned are all changes in my bicycle. but it seems clear that changing the 
frame is a more severe change than the wheels, which is more severe than 
changing the tires. Similarly, we can characterize different kinds of concep
tual change and see that some are more serious than others. 

Table 3.1 provides a list of kinds of conceptual change, roughly ordered in 
terms of degree of increasing severity. Although the first few items on the list 
can be fully understood as belief revision, later items involve conceptual 
changes whose epistemic import goes beyond belief revision. The list con
siders additions to conceptual structure, but could easily be expanded to in
clude deletions too. The first kind of change, adding a new instance, involves 
a change to the structure of the concept whale, but is relatively trivial, like 
adding a pennant to a bicycle. BquaIly trivial is the deletion consisting of 
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Table 3.1 
Degrees of Conceptual Change 

I. Adding a new instance, for example that the blob in the distance is a whale. 
2. Adding a new weak rule, for example that whales can be found in the 

Arctic ocean. 
3. Adding a new sttong role that plays a frequent role in problem solving 

and exp1anation, for example that whales eat sardines. 
4. Adding a new part-relation, for example that wbales have spleens. 
S. Adding a new kind-relation, for example that a dolphin is a kind of whale. 
6. Adding a new concept, for example IIID'Whill. 
7. Collapsing part of a kind-hierarchy, abaDdoning a previous distinction. 
8. Reorganizing hierarchies by brtmch jumping, that is, shifting a concept 

from one branch of a hierarchical tree to another. 
9. T~~ switching, that is, changing the organizing principle of a hiezarchical 

tree. 

deciding that the blob is not a whale after all. The second and third kinds of 
change involve adding rules of different strength. The terms "weak" and 
"strong" indicate the importance of the rule for problem solving. Thus the 
distinction between change 2 and change 3 is pragmatic: if you are an Eskimo 
or Russian fisherman, 2 might be a stronger rule. 

Adding new part-relations, change 4, can be called decomposition. Concep
tual change typically occurs in the part-hierarchy when new parts are discov
ered, as has often occurred in physics with the discovery of molecules, atoms, 
and subatomic particles. Particularly dramatic are decompositions of what 
were previously thought to be indivisible wholes, such as water before La
voisier and the atom before Thomson discovered it contains electrons. 
Change 5 involves adding kind-relations. Carey (1985) discusses coales
cence, adding a new superordinate kind that links two things previously taken 
to be distinct. and differentiation, making a distinction that produces two 
kinds of things. She illustrates coalescence by the conceptual change that 
occurs in children when they form the concept of alive that has as subonti
nates both animals and plants (see section 10.2.2 for further discussion). Her 
prime example of differentiation concerns heat and temperature, which were 
taken to be the same until Black distinguished them. 

The additions outlined in changes 1-5 only become possible when one has 
formed a concept of whale as a distinct kind of entity. Concepts can be added 
for a variety of reasons, including coalescence. In the nineteenth century, 
scientists rea1ized that electricity and magnetism were fundamentally the 
same and produced the coalesced concept of electromagnetism. New coacepts 
can also be introduced for explanatory reasons, for example when the concept 
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solll'Ul wave was formed as part of the explanation of why sounds behave as 
they do (Thagard 1988). Concepts such as o:x:ygen, electro 11, qutJTk, and gene 
were all introduced as parts of explanatory theories. Thus change 6, adding 
concepts, is an important part of the development of scientific knowledge. 

Science often develops by introducing new distinctions inthe form of kind -
relations, as in change S. But conceptual change can also involve the attenua
tion or abandonment of distinctions previously made, producing a collapse of 
part of the kind-hierarchy. This is change 7 in 18ble 3.1; collapse is the re
verse of differentiation. Darwin attenuated the distinction between species 
and varieties (see Chapter 6), and Newton completely abandoned the Aristo
telian distinction between natural and unnatural motion (see Chapter 8). 

Because kind-relations organize concepts in tree-Hke hierarchies, a very 
important kind of conceptual change, 8 in Table 3.1, involves moving a con
cept from one branch of the tree to another. Such brtmehjumpi1lg is common 
in scientific revolutions. For example, the adoption of Copernican theory re
quired the reclassification of the earth as a kind of planet, when previously it 
had been taken to be sui genens. Similarly, Daiwin recategOrized humans as 
a kind of animal, when previously they were taken to be a different kind of 
creature. I shall provide examples of branch jumping in all the major scientific 
revolutions. 

Change 9, affecting the organizing principle of a hierarchical tree, is the 
most dramatic kind of conceptual change. Darwin not only reclassified hu
mans as animals, he changed the meaning of the classification. Whereas be
fore Darwin 1dnd was a notion primarily of similarity, his theory made it a 
historical notion: being of common descent becomes at least as important to 
being in the same kind as surface similarity. Einstein's theory of relativity 
changed the nature of part-relations, by substituting ideas of space-time for 
everyday notions of space and time. Later chapters will illustrate these 
changes in organizing principles at much greater length. 

If one does not attend to conceptual structure, and thinks only in terms of 
belief revision, the importance of the last five kinds of conceptual change will 
be missed. Although 1-3 can be interpreted as simple kinds of belief revision, 
4-9 cannot, since they involve conceptual hierarchies. In particular, branch 
jumping and tree switching are changes tbat are very difficult to make on a 
piecemeal basis. Darwin did not simply pick away at the creationist concep
tual structure: he produced an elaborate alternative edifice that supplanted it 
as a whole. Adopting a new conceptual system~ more holistic than piece
meal bellef revision, as will be shown ID.OIe thoroUpIy later in this chapter. 

To give a slightly different perspective, Figure 3.t' provides a taxonomy of 
different kinds of epistemic change. Straightforward bellef revision involves 
the addition or deletion of beliefs. Conceptual change goes beyond belief 
revision wben it involves the addition, deletion, orrecqani.zadon of concepts, 
or redefinition of the nature of the hie.ramby. Simple conceptual reorgani-
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epistemic change 

belief revision conceptual change 

1\ 
addition deletion 

addition deletion 

differentiation 

revisionary 
(branch jumping) 

decomposition 

Figure 3.1. Taxonomy of kinds of epistemic cbaDge. 

hierarchy 
redefinition 

(tree switching) 

zation that involves mere extension of existing relations differs from. the 
revisionary sort represented by branch jumping, which involves moving 
concepts around in the hierarchies and rejecting old kind-relations or pm
reladons as well as adding new ones. Belief revision, concept addition, and 
simple reorganization of conceptual hierarchies are common in the develop
ment of scientific knowledge, but we shall see that branch jumping and tree 
Switching are much rarer events associated with conceptual revolutioas. The 
momentousness of a revision is affected, of course, by more than these con
ceptual relations. Some beliefs are important to us because they are closely 
related to our personal goals, while other beliefs are important because they 
are densely related to many other beliefs (see section 4.4). 

I have been ptimarily illustnding conceptual change 80 far using the con
cept whale, but now want to consider a scientific example that is embedded in 
a richer tbeoretical context. The concept of an t.Jcid has undergone dramatic 
changes in its long history (Walden 1929). The oriJinatiDg Latin term 
(tlddus) just means sour, and was applied to tbinp lite vinegar and lemon 
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juice; the Latin word for vinegar, acetum, comes from the same root as 
acUlus. What we now tbink of as the acid components of vinegar and lemon 
juice, acetic acid and citric acid, were not identified until much later. Only 
in the Middle Ages did alchemists isolate what we now call nitric acid and 
sulfuric acid The French term acide arose in the sixteenth century and the 
English term "acid" in the seventeenth, as an adjective meaning sour but also 
as a noun vaguely denoting a class of sour substances. It seems that the earli
est concept of an acid was for sour substances whose subkinds included vine
gar and nitric and sulfuric acids. 

As far back as Democritus, however, the attempt was made to explain why 
some things are sour. He offered the atomistic explanation that how some
thing tastes is caused by the shape of the atoms that make it up (Sambursky 
1956, 122). Similarly, in the seventeenth--century Nicholas Umery proposed 
that the properties of acids derive from the sharp, spikey form of the cor
puscles tbat make them up. In the phlogiston theory, which dominated mid
eighteenth-century chemistry, acids were taken to be simple substances while 
what we now conceive of as their constitueJits were understood as com
pounds. For example, sulfur was thought to be a compound of oil of vitriol 
(sulfuric acid) and phlogiston. 

The first general theory of acids originated with Lavoisier, who ibought 
that the central property of acids was that they contain oxygen. In fact, "oxy
gen" derives from Greek words meaning "sour producing." As we will see in 
the next section, Lavoisier abandoned the concept of phlogiston, and viewed 
acids as compounds rather than simple substances: sulfuric acid is a com
pound of sulfur, oxygen, and hydrogen. For Lavoisier, oxygen was more than 
just a constituent of acids: it was the principle of acidification that gave acids 
their sourness and other central properties. 

Lavoisier's theory of acids was demolished, however, in 1815 when 
Humphrey Davy showed that muriatic acid-what we now call hydrochloric 
acid-consists only of hydrogen and chlorine. He and Liebig contended that 
hydrogen, rather than oxygen, was essential to the constitution and effects of 
acids. This hypothesis was made quantitative by Arrhenius in 1887 when he 
proposed that acids are substances that dissociate to produce hydrogen ions. 
More general conceptions of acids were proposed by B1ltnsted, Lowry, and 
Lewis in the 19205. The BJ'fnsted-Lowry account characterizes an acid as a 
substance that donates protons, so that having hydrogen as a part is no longer 
essential. Lewis's conception counts still more substances as acids, since 
acids are characterized as any substances that can accept an electron pair. 
Chemistry textbooks typically present all three of the Arrhenius, BlltDSted
Lowry, and Lewis accounts as useful approximations. Each theory has c0rre

lative accounts of the nature of bases and salts. There is no attempt to state a 
rigid'definition of what acids are. 

For the understanding of conceptual cbange, several stages in this develop-
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ment are interesting. Sometime around 1700 the modem concept of acid as a 
special class of substances with properties other than sourness came into use. 
Acid and sour became differentiated. Important changes have taken place in 
the part-relations of the concept. from the idea that acids have sharp atoms, to 
the idea that oxygen is their most important part, to the idea that hydrogen is 
essential, to current ideas that describe acids in terms of protons and electrons 
rather than elements. The rule that acids typically have hydrogen as a constit
uent is far more important than the observation, dating from at least the seven
teenth century, that acids turn litmus red. The litmus rule bas been useful to 
generations of chemistry students, but plays no role in locating the concept of 
acid in conceptual hierarchies or in generating explanations of the experi
ments involving acids. 

Over the centuries, there bas been a dramatic increase in the number of 
substances counted as acids, from the few known to the medievals to well 
over a hundred counted by modem chemists. One interesting consequence of 
the modem theories is that water can be counted as both an acid and a base, 
since it can either donate or accept protons and electrons depending on the 
substance with which it combines. Also of interest is the subclassification of 
acids, adding important new subkinds such as amino acids. Wbatbas occurred 
in the development of the concept of acid is clearly far more complicated than 
the refinement of necessary and sufficient conditions for the term "acid": 
definition and theory go hand in band. Merely talking of belief revision would 
obscure the fact that the concept of acid bas changed remarkably in its struc
tural relations to other concepts while enjoying a certain stability: we stiI1 
count vinegar and lemon juice as acidic. 

My approach to the problem of conceptual change is based on the organiza
tion of mental representations. In contrast, Kiteher's (1988) approach is con
cerned with the reference of terms. On his view, failures of communication in 
scientific disputes arise from different ways of fixing the referents of key 
theoretical terms. Our two approaches are probably compatible, but my con
cern in this boot is with the organj7.arion of concepts, not with how or 
whether they refer to things in the world. 

Only a meager understanding of conceptual change can be gained from 
considering the changes undergone by an isolated concept. Let us now ex
amine an important example of how an entire system of concepts can be 
replaced. 

3.2 THE CHEMICAL REVOLUI10N 

The supersession of the pblogiston theory by the oxygen theory is a superb 
example of radical conceptual change. In 1m, when Lavoisier first began to 
form his views, the dominant theory in chemistry was the phlogiston theory 
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of Stahl (1730). By 1789, when Lavoisier published his Traite eUmento.ire de 
chimie (Lavoisier 1789), the vast majority of chemists had gone over to La
voisier's oxygen theory, which gave a very different explanatory account of 
the phenomena of combustion, calcination, and respiration than the phlogis
ton theory had provided. Whereas Lavoisier's theory held that combustion, 
calcination (e.g. romg), and respiration all involved the absorption of oxy
gen, the pbIogiston theory maintained that these processes all involved the 
removal of phlogiston. I shall describe the conceptual structure of Stahl's 
system and of Lavoisier's at four different stages in its development. This 
depiction reveals the kinds of changes needed to construct a new conceptual 
system. I shall offer the beginning of an account both of how Lavoisier de
veloped his revolutionary system and of how it supplanted. the phlogiston 
system. 

A full account of the chemical revolution would chart every stage in the de
velopment of ideas from phlogiston theories to Lavoisier's most developed 
oxygen theory. I sball concentrate, however, on what seem to be thC most 
important stages in the development of the ideas, providing a kind of snapshot 
of the conceptual structures at particular times. 'Ibese snapshots will neces
sarily depict only part of the organization of the conceptual systems, focusing 
on the fragments most important to the phlogiston and oxygen theories, 
namely those concerned with combustion and calcination (oxidation). 

The phlogiston theory originated. with Georg Stahl, although he drew heav
ily on ideas of his teacher Johann Becher (Partington 1961). Both rejected. the 
traditional Aristotelian view according to which there are just four elements: 
earth, air, fire, and water (see section 8.1.1). Figure 3.2 presents a fragment of 
Stahl's conceptual system, primarily based on Stahl (1730) but depending 
also on Partington (1961) and Leicester and K1ickstein (1952). Stahl says that 
bodies can be divided into those that are simple principles or those that are 
compounded. The Bnglish word "principle" here is misleading, since, unlike 
the Latin princlpblm and the French princlpe it does not immediately con
note something that is basic and indivisible. Stahl's principles are roughly 
llke our elements, basic substances out of which compounds are made, al
though some are defined. more in terms of active function than substance. The 
simple principles include water and earths, of which there are three kinds: the 
vitrifiable principle, the Iiquifiable principle, and the inflammable principle, 
or phlogiston. A "mixt" is a body that consists of simple principles, whereas 
a compound may consist ofmixts. The properties of compounds are explained 
in terms of the principles that they contain. Sulfur, for examp~ burns because 
it contains the inftammable principle, phlogiston. In Fipre 3.2, the rule that 
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Figure 3.2. Praament of Stablts c:onceptual system in 1723. Straight Jines iDdicate kind
relatioDS. The brancbecl curved tine with arrowhead indicates a role. 

compounds with pblogiston in them blD'D illustrates how propositiODS caD IiDk 
concepts from diffeJ:ent parts of the kind-bierarchy. For the sate of legibility 
I have omitted numerous other links, for example the part-whole Iinb that 
would indicate that sulfur consists of vitrifiable, Uquifiable. and phlogiston 
principles. 

A fuller depiction of Stahl's conceptual system would also show the role 
linb that enabled the phlogiston theory to explain calcination and respiration. 
In contrast to our current view that metals combine with oxygen to produce 
metallic ores (oxides), the phlogiston theory said that ores are simpler than 
metals. When ores are heated, the phlogiston from the barDing charcoal com
bines with them to produce metals. Calcination, such as the rusting of iron, is 
the result of the metals losing their phlogiston. Respiration has the effect of 
removing phlogiston from the body into the air, so that if air is saturated with 
pblogiston by combustion or breathing, further respiration becomes impossi ... 
ble (Conant 1964). Stahl's conceptual system was thus very broad and pr0-
vided an explanatory framework for many important phenomena. Despite its 
radical dift'erences from our current cbemical system, which is latply based 
on Lavoisier's work, we should appreciate the power and compehensiveaess 
of Stahl's system as well as its sttangeaess. Stahl discussed, for example, the 
philosopher's stone of the alchemists. His conceptual system suggests that the 
convertibility of compounds Jib lead into mixes ute gold should be merely a 
matter of getting the right combination of principles. 



42 CHAPTB.3 

3.2.2 urouin; 1112 

According to Guerlac (1961), Lavoisier's interest in combustion began in 
1772, when he was twenty-nine years old. The phlogiston theory dominated 
chemical discussion both on the continent and in Britain. I sball describe how 
Lavoisier moved farther and farther away from the phlogiston theory, aniving 
in the 17808 at a highly developed theory of oxygen tbat was the basis for 
modern chemistry. My goal here is not to provide a historical narrative, but 
rather to analyze the conceptual strDctul'e of Lavoisier's developing views 
(for historical accounts, see Holmes 1985, and Donovan 1988). The analysis 
is a preliminary to developing a computational account of how the full
ftedged conceptual system Lavoisier had in 1789 could have evolVed. The 
historical record suggests looking at the following stages: 

1. Lavoisier's very early views, circa 1772. 
2. Lavoisier's developing views, circa 1774. . 
3. Lavoisier's developed views, circa 1777. 
4. Lavoisier's mature oxygen theory, circa 1789. 

Concentration on these stages makes it possible to observe Lavoisier advanc
ing from a vague idea that air might be absorbed in calcination and combus
tion to a robust alternative to Stahl's theory. 

Guerlac (1961) argues that two key phenomena were the source in 1m of 
Lavoisier's interest in combustion and calcination and of the view that oxy
gen combines with substances in both these processes. The first was that when 
metals are placed in acids, effervescence occurs, which suggested to La
voisier that air contained in the metals was being given off. In a note written 
in August of 1772, Lavoisier writes: "An effervescence is nothing but a dis
engagement of the air that was somehow dissolved in each of the bodies" 
(Guerlac 1961, 214, my translation). The second source, for which GuerIac 
has more circumstantial evidence, was the work by Guyton de Morveau that 
showed conclusively for the first time that objects gain weight in calcination. 
In another note of August 1772, Lavoisier asserts that "a crowd of experi
ments appear to show that air enters much into the composition of minerals" 
(Guerlac 1961, 21S, my translation). 

Figure 3.3 portrays what I conjecture to be the relevant portion of Lavoi
sier's conceptual system at that time. Air, calxes, and metals are three kinds 
of substances. Curved lines represent the ndes that effervescing calxes (later: 
oxides) produce air and that metals gain weight when they become calxes. To 
explain these rules, Lavoisier conjectures that calxes might contain air, form
ing the role labeled "containT'o 1be dotted lines show an explanatory relation, 
indicating that the hypothesis that calxes contain air might serve to explain 
both wby calxes effervesce and wby metals Sain wei", in calcination. Ftpre 
3.3 thus displays three kinds of OIpDization: concepts are connected by kind .. 
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Figure 3.3. Frapent of Lavoisier's conceptual system ill 1772. 
Sttaight lines indicate ldnd-relalioDS. Curved lines with arrowheads 
indicate rules. The dotted lines indicate explanatory relations between 
rules. 

relations and by roles, and roles are connected by explanatory relations (see 
Chapter 4). Lavoisier did not possess a theory of oxygen at this point, only a 
vague idea that the presence of air in minerals might explain some puzzling 
phenomena. 

3.2.3 LaNU"r, 1114 

Lavoisier quicldy moved in September of 1772 to his celebrated experiments 
on the combustion of phosphorus and sulfur, discovering that in combustion 
they gain weight. In a sealed note delivered to the French Academy of Sci
ences in November 1772, Lavoisier said that "this discovel)' seems to me one 
of the most interesting since Stahl" (Ouerlac 1961.228. my translation). and 
suggests that the increase of weight in calcination and combustion may have 
the same cause: the addition of air. 

In January of 1774 Lavoisier published a detailed report of relevant experi
meats by him and others in his OpuscuUs Physiques et Chymiques (Lavoisier 
1970). This volume reports experiments involving calcination. combustion. 
and dissolution of earths such as chaJt that support the existence of an "elastic 
flexible fluid" in chaJt. alkalis. and metallic calxes. He is not at aU c_ 
whether this fluid is part of air or air itself: he speaks of "an elastic fluid of a 
particular kind which is mixed with the air" (p. 340). but suspends judgment 
on the relation of this fluid to atmospheric air. In a memoir read to the Acad
emy in 177S. included as an appendix in the 1776 Bnglisb. translation, he 
asserts "that the principle that is united to metals during their calciDation, 
which incmases their welaht. and which constitutes them in the state of a 
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Figure 3.4. Fragment of Lavoisier's conceptual system in 1774. 8ttaigbt lines indicate 
kind-relations. Curved lines with arrowheads indicate rules. The dotted lines indicate 
explanatory relations between rules. 

caIx, is neither one of the constituent parts of the air, nor a particular acid 
diffused in the atmosphere; that it is the air itself undivided" (p. 408). Thus in 
1774 and early 1775 the structure of Lavoisier's conceptual system is roughly 
shown in Figure 3.4. Note that this is a small fragment of the structure dis
played in the Opuscuies, in which, for example, earths such as chalk receive 
much attention. 

The major additions shown in Figure 3.4 over Figure 3.3 are the new results 
on combustion of phosphorus and sulfur. These substances gain weight in 
combustion, just as metals gain weight in calcination. Lavoisier now had 
some of the structure of the later oxygen theory: he explained combustion, 
calcination, and other phenomena by supposing the presence of air in min
erals. But he sti11lacked a clear idea of what that air is. Moreover, he was not 
yet confident that he had a sharp alternative to the phlogiston theory of Stahl, 
saying of calcination and reduction that the present state of knowledge did not 
permit deciding between his and phlogiston interpretations and that the opin
ion of Stahl was perhaps not incompatible with his (Lavoisier 1970, 325). In 
1776 Lavoisier admitted in correspondence that be often had more confidence 
in the ideas of the eminent British phlogiston theorist Joseph Priesdey than in 
his own (Holmes 1985). 

3.2.4 LIDoWi'; 1111 

By 1777, however, Lavoisier had developed a rich and clear alternative to 
the phlogiston theory. In several memoirs read to the Academy in that year, 
he described "pure air" or "eminendy respirable air" as one of the ingredients 
of atmospheric air. Advances in experimental technique enabled Scbeele, 
Priestley, and Lavoisier to isolate this iDgredieot. Priestley, true to the phlo-
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Figure 3.5. Fragment of Lavoisier's conceptual system in 1m. Straight liDes iadicate kind
relations. Curved liDes with 8l1Owheads indicate rules. 

giston theory, called it "depblogisticated. air": combustion and respiration 
worked so well in it because its phlogiston had been removed. But Lavoisier 
was now convinced tbat the agent in combustion and calcination was a sepa
rate part of air. The final 1778 version of Lavoisier's memoir of 1775 (see 
Lavoisier 1970, Appendix) differs remarkably from the earHer version. The 
conclusion I quoted above from p. 408 becomes: "that the principle tbat unites 
with metals dming their calcination, that increases their weight and consti
tutes them in the state of calxes, is nothing but the portion. of ai,. tM 1111)81 
salubrious Q1U/. the mo81 pure" (Lavoisier 1862, vol. 2, 123, my translation 
and empbasis.) 

Figure 3.5 depicts the relevant fragment of Lavoisier's conceptuallYSteal 
of 1m. His most systematic statement of his views at tbat lime is in his 
"M6moire sur Ia combustion en g6n6ral" (Lavoisier 1862, 225-233; B..,1ish 
translations can be found in Knickerbocker 1962, and in Leicester and Klict
stein 1952). Lavoisier Hated four kinds of air: eminently respirable, atm0-
spheric, fixed, and mopbette (nitrogen). Lavoisier descn'bed how combustion 
and calcination are subject to the same Jaws and bow they can be given a 
common explanation 'by considering pure air as the real combustible body. 
(Respiration is discussed in another memoir of the same year.) Altboup he 
criticized the followers of Stabl for failure to isolate pbIopton, and sUl
gested tbat the existence of an alternative hypothesis might shake the systG. 
of Stabl to its fouadations, he did not feel sufliciently sure to reject the phlo
giston theory out of hand. He concluded by sayina: ":In attacang here tile 
doc1rine of Stab), it was not my purpose to substitute for it a rigorously dem
onstrated theory, but only an hypothesis which seemed to be more probable, 
more in conformity with the Jaws of Dature, and one which appeared 10 in
volve less forced explaDatiODS and fewer contradictiOns" (lCDickerbockK 
1962, 134). 
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3.2.5 Linois;"" • .""".. IINO'7: 
,.1180. 

By 1783, however, the gloves were off, and Lavoisier demo~shed the doctrine 
of Stahl in his "R6f1exions sur Ie PhIogistique" (Lavoisier 1862, 623-655). 
Using the term he cOined in 1780, Lavoisier now referred to pure or eminently 
respirable air as principe oxygine. Lavoisier's position is presented in his 
opening paragraphs: 

In the series of memoirs that I have communicated to the Academy, I have re
viewed the chief phenomena of chemistry; I have stressed those that accompany 
the combustion and calcination of metals, and, in general, all the operations 
where there is absoIption and fixation of air. I have deduced all these explana
tions from a simple principle, that pure air, vital air, is composed of a particular 
principle belonging to it and forming its base, and that I have named principe 
oxygine, combined with the matter of fire and heat. Once this principle is admit
ted, the chief difficulties of chemistry seemed to- fade ind dissipate, and all tJK, 
phenomena were explained with an astonishing simplicity. But if everything is 
explained in chemistry in a satisfactory manner without the aid of phlogiston, it 
is from that alone infinitely probable that this principle does not exist. (Lavoisier 
1862, vol. 2, 623, my translation) 

This quotation shows that Lavoisier had completely rejected the phlogiston 
theory, but his concept of oxygen clearly differs from ours in that oxygen gas 
was not itself an element. Rather, it was a compound of principe oxygine (as 
for Stahl, "principle" here means basic and original) and of the matter of fire 
and heat. By 1789 when Lavoisier published his textbook, Trcdtl Elimentaire 
de Chimie, he referred to the matter of fire and heat as caloric. Just as the 
phlogiston theorists assumed that objects that burned must contain an in
ftammable principle, Lavoisier assumed from 1772 on that air must contain a 
principle of heat to explain why combustion produces heat. Air, rather than 
the combustible SUbstances, was the source ofheat. The substance caloric was 
accepted until the development of a kinetic theory of heat in the next century. 
Figure 3.6 shows part of the conceptual structure of Lavoisier's final system 
(Lavoisier 1789). Oxygen is now an element along with light, caloric, and the 
newly discovered gases hydrogen and nittogen. Oxides are produced by the 
oxidation of metals, and nonmetallic objects burn in combination with oxygen 
to produce light and heat. Comparison of Figure 3.6 with Figures 3.2 and 3.3 
shows that a substantial conceptual shift had occurred, restructuring the con
ceptual system of chemistry through extensive alterations of kind-relations. 
The next section shows that there were also important changes in part
relations. 

To summarize briefly the development of Lavoisier's conceptual system, it 
is insttuctive to focus on two aspects: the development of the concept of 
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Figure 3.6. Fragment of Lavoisier's conceptual system in 1789. Straight IiDes indicate tiDd
relatiODS. Curved lines with arrowheads indicate rules: oxygen and IlODIDetaUic subItaDces 
combine to produce caloric and light; oxyaen and metaDic substances produce oxides. 

oxygen and the degree of confidence placed by Lavoisier in his whole system. 
In 1772, Lavoisier had only a vague idea that air could combine with metals. 
By 1774 he had much more evidence that this was true, but was still unclear 
whether it was air or a part of air that combined. By 1m he knew that an 
eminently respirable portion of the air was responsible, and by the 17808 he 
bad conceived it as an element constituting part of the atmosphere. Over the 
same years be went from some vague ideas about air relevant to calcination 
and combustion (1772, 1774) to a hypothesis that be clearly saw as a rival to 
the phlogiston theory (1777), to a fully worked out theory that obviated the 
phlogiston theory (1783). I sbaU now attempt to sketch a theory of conceptual 
change that can account for such transformations as these. 

3.3 TOWARD A THEORY 01' CONCEPl'UAL 
CHANGE 

A theory of conceptual change adequate to account for conceptual revolutions 
must be able to describe the mechanjsms by which discoverers of new con
ceptual systems such as Lavoisier can build up their new systems by generat
ing new nodes and 1iDks. 'Ibese mechanisms must make possible the full 
ranse ofldnds of conceptual change described in section 3.1. The theory must 
also explain how the new conceptual system can come to replace the old, as 
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Phlogiston theory Oxygen theory 

Figure 3.7. Part-relations in the phlogiston and oxygen theories. 

the oxygen theory replaced the phlogiston theory. FmaIly, the theory must 
provide an account of how additional members of the scientific community 
can acquire and accept the newly constructed conceptual system. 

Accounts of scientific change can be roughly divided into accretion theo
ries and gestalt theories. On accretion views, a new conceptual system devel
ops simply by adding new nodes and links. Such a theory would be inadequate 
for the case of Lavoisier, since it would neglect the enormous degree to which 
ideas were reorganized. Old concepts such as phlogiston were discarded and 
a whole new system of explanatory patterns was developed. In 1787 Lavoisier 
and his friends proposed a completely revised system of chemical nomencla
ture that substantiaUy survives today. More than new terminology was in
volved, since old ideas were abandoned and a new conceptual organization 
was proposed. This is evident both in the great difference between the kind 
links in Figures 3.2 and 3.6, and in the difference between the part-whole 
views of Stahl and Lavoisier. Figure 3.7 contrasts the phlogiston theory's 
view of calxes and phlogiston as constiblents of metals with the oxygen the
ory's view of metals and oxygen as constituents of calxes. Transformation 
from a phlogiston conceptual system to an oxygen conceptual system is much 
more complex than merely adding an oxygen node and deleting a phlogiston 
node, since other related nodes are affected too. 1be part-relations of the con
cepts of metal and calx change strikingly, going from a calx being a part of a 
metal to a metal being part of a calx. Another change in part-relations took 
place when water was decomposed into oxygen and hydrogen, overturning 
the view of Aristotle and Stahl that water is an element. Thus the chemical 
revolution involved reorganization of concepts as well as addition and re
placement. 

Kuhn (1970) persuasively criticized accretion theories of scientific growth. 
His "paradigms" were, among othertbings, radically different conceptual sys
tems. Kuhn likened conceptual change to gestalt switches of the SOJil that 
occur in perceptual phenomena like the Necker cube in Figure 3.8, in which 
either face ABCD or face BFGH can be seen as the front. He used the fact that 
Priestley never accepted the oxygen theory as evidence for the incommensur
ability of paradigms. 
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Figure 3.8. The Necker cube. Bitbel' 
face ABCD or BFGH can be seen as the 
front. 

Thinking of changes as gestalt switches has the advantage over the accre
tion theory of taking seriously the degree of conceptual reorganization that 
goes into important scientific developments. But it makes it hard to see how 
conceptual change can take place. We saw that Lavoisier did not completely 
make the shift over to the new framework until around 1777. Holmes (1985) 
reports that even then Lavoisier caught himself in drafts of manuscripts using 
Priestley's term "dephlogisticated air," which he then deleted. Looking only 
at Stahl's conceptual system and Lavoisier's final one, it does appear that 
something like a gestalt switch has occurred. But understanding how Lavoi
sier got to his fully developed view requires consideration of the smaller steps 
that took him through the stages of 1772, 1774, and 1m. 

Simple accretion or gestalt theories also have difficulty accounting for con
ceptual change in those who follow the discoverer in accepting a new concep
tual framework. In the chemical revolution, radical conceptual change took 
place not only in Lavoisier, but in most chemists and physicists. By 1796 
most scientists in Britain as weD as in France had adopted the oxygen theory 
(perrin 1988; McCann 1978). Priestley, who maintained the phlogiston theory 
until his death in 1804, was exceptional. Kuhn (1970) suggested, following a 
remark of Planck, that a revolutionary scientific view only triumphs because 
its opponents die. But Perrin's thorough chronicle shows that in the twenty 
years after 1775 virtually the entire scientific community converted over to 
LaVoisier's new system. 

One of the last major proponents of the phlogiston theory was Richard 
Kirwan, who published a defense of the phlogiston theory in 1784. The 
French translation of Kirwan's Essay 011 Phlogistoll was published in 1788 
with responses by Lavoisier and his collaborators interspersed among its 
chapters (Kirwan 1968). These responses are fascinating, because they show 
Lavoisier and others systematically criticizing the attempts by Kirwan to de
fend the phlogiston theory. Rational dispute was clearly possible, and by 1792 
Kirwan also had gone over to the oxygen theory. Radical conceptual change 
is not easy, but it is not impossible either. 
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We need a theory of conceptual change that avoids the weaknesses of both 
accretion and gestalt views and that accounts for revolutionary conceptual 
change in Lavoisier and his followers. Ideas from artificial intelligence can 
help greatly in constructing such a theory. I shall sketch computational ac
counts of both the development and replDcement of conceptual systems, in 
both discoverers and those who acquire a new conceptual system from in
struction by a discoverer. A full theory of conceptual change must account for 
four phenomena: 

1. Development by discovery, in which someone sets up a new conceptual 
system, as Lavoisier did between 1772 and 1m. 

2. Replacement by discovery, when the new conceptual system fully sup
plants the old, as happened to Lavoisier around 1777. 

3. Development by instmctiOD, when someone other than the discoverer be
comes familiar with the new conceptual system by being told about it. 

4. Replacement by instruction, when someone other than the discoverer 
adopts the new conceptual system and abandoQ the old. 

To construct a fully general theory, I shall describe computational mecha
nisms that show how these conceptual changes can take place. 

The mechanisms to be described are to be understood as part of the psy
chology of individuals, but it is easy to see how they can also have sociologi
cal consequences. A scientific revolution occurs only when a scientific com
munity as a whole adopts a new conceptual system. The chemical revolution 
occurred because Lavoisier succeeded in constructing a new conceptual sys
tem that he passed on by instruction, first to his friends and eventually to the 
entire scientific community. 

3A DEVELOPMENT OF CONCEProAL SYSTEMS BY 
DISCOVERY 

How does a new conceptual system develop as Lavoisier's did from 1772 to 
17891 In the early stages of this development, Lavoisier was undoubtedly 
capable of thinking within a phlogiston framework, for he sketches Stahlian 
explanations of some of the phenomena he was investigating (Lavoisier 
1970). Thus he clearly had the phlogiston conceptual system and could apply 
it, even as he was developing the new conceptual framework of the oxygen 
theory using discoveries of his own and those of other researchers. We must 
consider how new concepts and the connections between them can be formed. 

Fortunately, computational research on induction already suggests mecha
nisms for how this might work. The branch of artificial intelligence called 
machine leaming offers a rapidly growing literature on concept and rule for
mation (see, for example, Michalski, Carbonell, and Mitchell 1983, 1986; 
Holland et aI. 1986; Carbonell 1990). New concepts can be formed by a vari-
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ety of bottom-up (data-driven) and top-down (tbeory-driven) methods. I shall 
not attempt here to survey the diversity of available methods, and for the sake 
of concreteness shall instead discuss mechanisms of the sort implemented in 
the artificial intelligence program PI (pI stands for "processes of induction" 
and is pronounced "pie." See Thagard and Holyoak 1985; Holland et al. 1986, 
ch. 4; Thagard 1988). PI implements the core idea of the framework laid out 
by Holland et al. (1986) tbat induction must be pragmatic, OCC1U'ling in the 
context of problem solving, to assure relevance to the goals of the learner. 
There are an infinite number of trivial concepts that a learner might form, but 
for processing efficiency it is crucial not to clutter up the system with nodes 
like "blue-car-from-Japan-with-dented-bumper-and-New-Jersey-plates." 

In PI, new concepts are formed from old ones when combinations of f'eatuIes 
are shown to be relevant to the problem-solving operations of the system. For 
example, PI forms the theoretical concept of a sound wave after it postulates 
tbat sounds are waves to explain why sounds propagate and reftect. The con
ceptual combination SOUNl-WflVtt is interesting to the system because it is not 
simply the sum of sound and wave, since water waves, the source of the 
relevant concept of wave, move in single planes rather than in many planes 
like sound. PI's methods of concept formation show how new nodes similar 
to those tbat go into conceptual frameworks such as Lavoisier's can be 
formed in a pragmatically constrained fashion. By 1777 he had formed a new 
concept of "pure air" or "eminendy respirable air" tbat later was relabeled 
"oxygen." This node obviously has great pragmatic value, since there are 
associated with it numerous highly predictive rules concerning the properties 
of such air: it supports combustion and respiration better than ordinary air, 
and it seems to Lavoisier to playa role in acids. Thus experiments conducted 
in 1775 and 1776 show the utility of a new concept of eminendy respirable air 
differentiated from tbat of common air. 

In Lavoisier's mature system, oxygen gas consists of oxygen principle plus 
caloric. Oxygen principle is a theoretical entity, not isolable in itself. In PI, 
such theoretical concepts can be formed by conceptual combination, as the 
example of sound wave shows. I can not now claim tbat Lavoisier's concept 
of oxygen developed using the mechanisms of the PI model, since substantia
tion of tbat claim would require still more detailed historical research and 
computational simulation in PI of the claimed developments. But it is at least 
clear how mechanisms like those in PI can contribute to the formation of new 
nodes such as oxygen. We can conjecture that Lavoisier combined the con
cepts fliT and pu,. because of the antecedent meaninp of those concepts and 
the properties of the samples of gas to which the concept was applied: lames 
burned brighter and animals lived longer in them. Existing concepts and rules 
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result in the formation of new concepts, which then produce the formation of 
new rules. 

Recall the discussion of concepts as complex sttuctures in section 2.5. If 
concepts are frame~like sttuctures, then a new concept can be combined from 
old ones by creating new slots using the slots in the existing (COncepts. The PI 
system provided a simple method of adapting slots, but recent psychological 
research shows that more complex mechanisms are needed. Smith, Osherson, 
Rips, and Keane (1988) describe experiments that suggest that conceptual 
combination must take into account salience and diagnosticity. In their model, 
a concept apple bas atbibutes of varying diagnosticity: color is more diagnos
tic for apples than shape or texture. Values of attributes, such as red and green 
for the color of an apple, vary in salience: for apples, red is more salient than 
green, since red apples are encountered more frequently than green ones. 
Using salience and diagnosticity, Smith et a1. develop a model that appears 
adequate for simple cases of conceptual combination, but Medin and Shoben 
(1988) have shown experimentally that salience can vary with context Small 
spoons are more typical (salient) than large spoons, but-large wooden spoons 
are more typical than small wooden spoons. Moreover, Kunda, Miller, and 
Oaire (1990) have shown that combination of social concepts is often influ
enced by causal reasoning that can produce emergent attributes not found in 
the original concepts. For example, subjects judge a blind lawyer to be deter
mined, even though determination is not part of the original concepts blind 
and lawyer. Supposing that blind persons are determined helps to explain how 
they manage to become lawyers despite their handicap. Causal reasoning 
must also be important in combination of scientific concepts. A valuable re
search project would first identify complex kinds of scientific conceptual 
combination, and second develop a computational model sensitive to context 
effects and causal reasoning that could generate scientific concepts. 

Given the presence of appropriate conceptual nodes, how are propositional 
links established between them? The links appropriate to the chemistry case 
appear to be general rules such as: 

R1: Sulfur gains weight when it bums. 
R2: Calxes contain air. 

Although these two rules appear similar on the smface, very dift'ezent mecha
nisms are required to form them. Rl is clearly a generalization from experi
mental observation, based on the experiments that Lavoisier performed in 
September of 1772. Lavoisier secured a sample of sulfur, did careful exper
iments with a powerful focusing lens, and concluded that sulfur that is burned 
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gains in weight (Guerlac 1961). Generalization---the formation of general 
statements whose simplest form is "All A are Btf -has been much investi
gated in the field of machine learning (see, for example, Langley et al. 1987). 
In PI, generalization takes into account not only the number of instances sup
porting a generalization, but also background knowledge of the variability of 
kinds of things involved. It appears that Lavoisier did not need many samples 
of sulfur to reach his generalization, since he expected from background 
knowledge about substances and combustion that the sample he bad was typ
ical of sulfur in general. 
Gen~on from experimental data is crucial for forming an important 

class of scientific rules, but it will not suffice for the formation of theoretical 
laws that go beyond what has been observed. Bighteenth-century chemistry
not to mention modern physics-bad concepts intended to refer to a host of 
postulated entities. Lavoisier's stock included oxygen principle and caloric; 
his opponents' preeminent theoretical entity was of course phlogiston. In 
modern physics we have quarks and other postulated subatomic constituents 
of matter. Rules involving theoretical concepts that refer to nonobservable 
entities cannot be derived by empirical generalization since we have no ~ 
served instances from which to generalize. I am not assuming a strict distinc
tion between theoretical entities and observable ones, since what COUDts as 
observable can change with technological advances such as the electron mi
croscope; genes, which were originally theoretical entities, can now be ob
served. But in the early decades of the concept gene, rules about genes could 
not be formed by generalization from observations, since the properties of 
genes bad to be postulated to explain observations. 

The formation of rules that provide links with theoretical concepts requires 
a mechanism that I have called rule abduction (Thagard 1988, ch. 4). Peirce 
(1931-1958) coined the term "abduction" to refer to the formation of explan
atory hypotheses. His general schema was: 

Puzzling evidence B is to be explained. 
Hypothesis H would explain B. 
So maybe H. 

This schema, however, does not look like a possible source of discoveries, 
since it appears that H has already been formed in the second premise. But 
abduction in PI has no such problem since, using a representation similar to 
that of predicate calculus for its rules, we can infer as follows: 

Puzzling evidence G(a) is to be explained, i.e., why a is O. 
Rule (z)(h ~ Gz), i.e., all F are 0, would explain G(a). 
So maybe F(a), i.e., a might be F. 

Such a schema can be applied to Lavoisier's early reasoning. Reca11 that in 
summer of 1772 his speculations that calxes contain air may have been based 
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on two phenomena: effervescence and the gain of weight in calcination. For 
a particular piece of metal m, therefore, he can be imagined as setting out to 
explain why m effervesces in acid and gains weight during calcination. We 
then get the following abduction: 

Bxplain: eJrervesees(m). 
Rule: contalDs(z, air) ~ eJrervesces(s). 
Abductive hypothesis: eontalDs(m, air). 

A similar kind of argument could use the rule that if something is added to a 
substance then it gains weight, along with additional information that the 
piece of metal was surrounded by air during calcination, to abduce that the 
piece of meta1 contains air after calcination. Rule abduction, then, is general
iumon from abduced hypotheses rather than from observed instances. From 
the doubly abduced hypothesis that m contains air PI can generalize that all 
instances of that kind of metal contain air. O'Rorke et ale (1990) describe a 
simulation of reasoning involving the increase in weight of mercury during 
calcination. Their program has a more sophisticated knowiec1ge of physics 
principles than PI, but the basic mechanism of abductive hypothesis forma
tion is similar to PI's. 

We thus see in principle how conceptual links consisting of rules· can be 
established by generalization from experiments and from the formation of 
theoretical hypotheses. The computational study of abduction is still in its 
infancy and much remains to be done to increase our understanding of how 
explanatory hypotheses are formed in science and ordinary life. One impor
tant question is the extent to which the formation of hypotheses is tied to their 
evaluation. The simplest model would be to have hypotheses formed accord
ing to minimal explanatory capability and then passed to an evaluator that 
would pick the best explanation. It might tum out, however, to be much more 
computationally efficient if the hypothesis generator worked closely with the 
evaluator. Chapter 4 describes how explanatory hypotheses can be evaluated. 

3.4.3 SlMdal Hauistic, 

The mechanisms so far discussed are general learning mechanisms applying 
to any domain where instances are found and facts are to be explained. The 
chemistry case suggests, however, that special heuristics might be useful for 
forming general rules. Langley et ale (1987, 228) propose the heuristic: 

JNFBR-COMPONENTS 
If A and B react to form C, 

or if C decomposes into A and B, 
then infer that C is composed of A and B. 
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Specific examples of reasoning that appear to instantiate this heuristic can be 
found in Lavoisier (1970). However, Stahl's postulation of phlogiston, as 
well as the Uquifiable and vittifiable principles in earths, might be understood 
as the application of a different heuristic: 

INFER-PRJNCIPLB 
If A bas an important characteristic C, 
then A contains a principle P that is responsible for C. 

This heuristic has an unmodern ring, but Lavoisier seems to have used some
thing like it himself in propOsing caloric (the principle of heat) and oxygen 
principle. 

The heuristic INFBR-COMPONBNTS lies at the center of the analysis of 
Langley et ale (1987) of the development of the phlogiston and oxygen the0-
ries (see also Zyttow and Simon 1986; Rose and Langley 1986). But it is 
important to recognize that it is too data-driven to account for the formation 
of those theories. It operates on such inputs as: 

(reacts inputs {charcoal air} outputs (pbloaiston ash air» 
(reacts inputs {red-calx-of-lI1fmJ1'y) outputs (1I1fmJ1'y oxygen}) 

These are highly theoretical descriptions, since they include references to 
phlogiston and oxygen, which were theoretical entities not directly observed 
in any experiments. INFBR-COMPONBNTS therefore does not model the 
discovery of the phlogiston and oxygen theories, but only a later stage after 
the crucial concepts of phlogiston and oxygen have been formed. To form. 
such concepts, more theory-based mechanisms such as conceptual combina· 
tion, abduction, and the INFBR-PRINCIPLB heuristic are needed. Abduction 
in particular is well described as explanation-driven, in contrast to data-driven 
generalizations. Not all discoveries, however, are data-driven or explanation
driven. In Chapter 8 we shall see cases where discoveries were coherence
driven, with new theories arising partly because of the need to overcome 
internal contradictions in existing theories. 

Using discovery mechanisms such as concept formation, generalization, 
rule abduction, and special heuristics, new conceptual systems such as La
voisier's can be developed. It is a separate question how such structures can 
replace competing ones. 

3.5 REPLACEMENT BY DISCOVERY 

How does a new conceptual system replace an existing one? The overthrow 
of the phlogiston theory was not accomplished by rejecting particular nodes 
or links, but by cballenging the entire structure and replacing it with what by 
1777 was a well-developed alternative. Accretion theories are fine for build-
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ing up a new system: the discussion in the last section could be considered 
part of a computational accretion theory. But they will not account for how 
whole systems can be replaced. 

Gestalt theories seem more plausible for replacement, since they allow that 
a whole system of relations can pop into place at once. But they have failed 
to specify how the new system can be consbUcted and how the replacement 
can occur. As a richer form of the gestalt metaphor, consider Figure 3.9. Stage 
(a) shows a conceptual system 1 with IiDks to other concepts. Stage (b) shows 
a new conceptual system 2 partially formed in the background, also with IiDks 
to other concepts. That the other concepts are linked to both systems runs 
counter to Kuhn·s suggestion that in scientific revolutions the world changes. 
Although Priestley and Lavoisier had very different conceptual systems in 
1777. there was an enormous amount on which they agreed concerning many 
experimental techniques and observations. Thus even revolutionary co~ 
tual change occurs against a background of concepts that have relative stabil
ity. Fmally in Figure 3.9, stage (c) shows system 2 fully developed and com
ing into the foreground, so that system 1 fades back. It does not disappear: 
Lavoisier could talk phlogiston-talk when required. The key question to be 
answered is: what makes system 2 pull into the foreground? 

One nonho1istic computational answer is based on rule competition. HoI
land (1986) describes rule systems in which rules have strengths that vary 
over time depending on the degree to which they have contributed to system 
performance. Similarly. PI assigns increased strength to rules that have fig
ured significandy in problem solution. Many cognitive phenomena can be 
understood in terms of how rules with different strengths enter into competi
tion with each other (Holland et a1. 1986). In computational systems, even 
deduction must be pragmatically constrained to insure that what gets deduced 
may be relevant to the system's goals. Formal logic contains, for example, the 
rule of addition: from p to infer p or q. But any human or computer that used 
this deductively valid rule with abandon would quickly clog itself up with 
useless theorems. In deciding what rules to apply, utility is as important as 
probability, and rule strength captures aspects of both of these notions. 

Let us suppose that the strengths of rules that provide links between con
cepts can be increased through successful use of those rules. In the scientific 
context, success consists mainly in providing exp1anations (on the nature of 
exp1anation. see section 5.3). When an exp1anation is accomplished. the IiDks 
that made it possible can all be strengthened. Frequent use of a conceptual 
system in explanations will gradually build up the slreDgth of all the rules in 
it to the point that they can become stronger than the rules in the existing 
system. It is at this point that stage (b) of Figure 3.9 gives way to stage (c). as 
the result of stronger rules emerging and dominating. This seems to be what 
bappened in Lavoisier·s case. In 1776 he was sd1l sometimes thinking in 
phlogiston terms. But by 1m tile explanatory successes of his system based 
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on eminently respirable air were so apparent that the links in his new system 
were stronger than the links in his old one. Thus replacement of one concep
tual system by a newly developed one occurs if the new system gains enough 
problem-solving applications that its rules become stronger than those of the 
old system. This transformation may be an unconscious process occurring 
slowly. Old links are not deleted: they simply become weak enough that they 
no longer figure in the thought processes of the discoverer. 

This rule-competition account of theory replacement has some plausibility, 
but it does not account for the holistic character of cbanges in conceptual 
systems. Scientists do not have to use individual rules over and over again to 
build them up, and the rules are not built up in isolation from each other. 
Rather, they can make dramatic shifts in conceptual systems when one set of 
hypotheses appears to them as a whole to have more explanotory coherence 
than another. Chapter 4 presents a theory of explanatory coherence that ap
plies to the chemical and other revolutions, and Chapter 5 discusses the rela
tions between successive theories. 

3.6 DEVELOPMENT AND REPLACEMENT BY 
INSTRUcnON 

Lavoisier's conceptual development required both the development of the 
oxygen theory and increase in its coherence to the point where it eclipsed the 
phlogiston theory. Similarly, scientists learning about the new framework by 
instruction need both to acquire and to strengthen it to the point where it can 
come to the fore. 

Acquiring nodes and links by insttuction is easier than acquiring them by 
discovery. New concepts can come by verbal communication: a phlogiston 
theorist could get "eminently respirable air" from the conversations or writ
ings of Lavoisier or his friends. Rules that a discoverer would have to acquire 
by genera1ization or abduction can simply be communicated to anotberperson 
who is spared the effort of initially forming them. Lavoisier, of course, did not 
himself discover all the empirical laws that fitted into his new system, but 
could by insttuction acquire such crucial results as that metals gain weight in 
calcination. 

Lite discoverers, those acquiring a conceptual system by instruction have 
to incorporate and learn to think with the new system before it can be fully 
used. Education is not easy. Feeding concepts and rules into someone's head 
by rote is less important than developing this information in an organized 
way that can be applied. The inculcation of a conceptual system in scientists 
requires them to develop rules and procedures tbat are sufficiently coherent 
with other knowledge to supplant existing rules that otherwise would take 
precedence. 
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The major mechanism by which this strengthening takes place is scientific 
argument. It would be naive to suppose that arguments directly convince pe0-
ple. Rarely on an issue of any complexity and importance can you simply say 
to someone: Here are premises that you accept, from which the conclusion 
follows, so accept it. There are always responses to available arguments. But 
this does not mean that argument is futile, for the process of argument aad 
later reflection on it can lead to revision of conceptual links, enabling an 
alternative system to come to the fore. The kinds of arguments that Lavoisier 
gave in favor of his theory in 1777 aad 1783, as well as responses to 0ppo
nents such as Kirwan, bad great effect and led to general conversion. Arp
ments about the explanatory successes of the oxygen theory and the weak
nesses of the phlogiston theory led most scientists of the day to accept the 
former. Development by instruction, setting up the R'lquisite nodes aad Iinb, 
was not enough: people bad to use the new system enough to appreciate its 
power. Chemists resistant to Lavoisier's ideas nevertheless repeated his ex
periments, thereby acquiring parts of his conceptual system. Perrin (1988) 
reports that it typically took several years for people to pass from opposition 
to Lavoisier's views to their acceptance. On my account, these years were 
spent both building up the new system and strengthening its links to where the 
new system seemed more coherent than the old. Conceptual reorganization of 
the kind-hierarchies and part-hierarchies took time. 

The above shows how conceptual change is possible, but also makes it 
clear why it can be difficult. Lavoisier sttuggled for years to consttuct the 
conceptual edifice that became the oxygen theory. Not surprisingly, it s0me

times took years for phlogistinians such as Kirwan to convert. Why did 
Priesdey not make the conceptual shift? In 1796 Priestley published his COIl
siderations on. the Doctrine of Phlogiston. in which be criticized the "anti
phlogistic theory" for being based on only a few experiments that could be 
explained also by the phlogiston theory. Priestley was clearly well aware of 
the arguments of the oxygen theorists, for be (ironically?) dedicates his pam
phlet to the surviving collaborators of Lavoisier who bad written the re
sponses to Kirwan! Priesdey's arguments are rather weak, aad show lack of 
awareness of some of the experiments that bad been done, but they do not 
seem to differ in kind from the sorts of arguments concerning data and the0-
ries used by Lavoisier. In fact, Priestley wavered toward Lavoisier's views in 
the mid-1780s, but was brought back to the phlogiston position by James 
Watt. Like any other new theory, the oxygen theory did have internal pr0b
lems that made it open to criticism. Priestley (1796) acknowledges that the 
weight of phlogiston bas never been established, but points out that the same 
is true of Lavoisier's caloric. 

My explanation, then, for why Priestley never became an oxygen theorist 
is twofold. F'JDt, as the preeminent phlogiston theorist, be had the most e1abo
rate conceptual system for the phlogiston theory and, having used it more than 
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others, the strongest appreciation of its coherence. Second, he never used the 
oxygen system enough to fully appreciate that it was more coherent than the 
phlogiston system. Kirwan, in contrast, through the exercise of arguing 
against the oxygen theorists, came to see that the system of explanations of
fered by the oxygen theory was more coherent than those offered by the view 
be had initially defended. 

Other explanations of resistance to theory change are possible. Kunda 
(1987) bas shown that motivation can lead people to resist conclusions that 
would make them unhappy. Coffee drinkers, for example, are less likely to 
accept evidence that caffeine causes disease. We have no evidence, however, 
that Priesdey's reluctance to accept the oxygen theory was motivated by per
sonal goals (see section S.2.1 for further discussion of motivated inference). 

Table 3.2 summarizes the mechanisms that I have postulated to explain 
conceptual changes in Lavoisier and in those who acquired the oxygen con
ceptual framework from him. Development by discovery requires mecha
nisms for concept formation, generalization, and hypothesis formation such 
as those being investigated in PI and other maChine-tearning programs. Re
placement of a whole system of concepts and mles takes place by virtue of 
principles of explanatory coherence that can be implemented by an a1goritbm 
for selecting complexes of coherent hypotheses. Those who acquire a cOncep
tual system from its discoverer must first through instruction and use build up 
an integrated set of concepts and mles, and second through argument come to 
see its explanatory coherence. In this way, a theory of explanatory coherence 
can be the driving force behind theory replacement and major conceptual 
change. The crucial point is that the new conceptual system does not arise by 
piecemeal modification of the old one. Rather, the new one must be built up 
largely on its own, and its replacement of the old is the result of a global 
judgment of explanatory coherence. Chapter 4 will describe the nature of such 
judgments. 

1abIe3.2 
Mechanisms of Conceptual Chaage 

Discowry InstrllCtioll 
Development concept formation terms inlrOduced 

Replacement 

generalization 

hypothesis formation 
use of new network shows 
its explanarory coherence 

experiments reported 

hypotheses defended 
arguments with proponents 
of new network show its 
explanatory coherence 



CONCEPTUAL CHANGE 61 

3.7 SUMMARY 

Conceptual changes that involve alterations in Jdnd-.eIations and pat-.ela
tions are much more important to the development of scientific knowledge 
than most benef .evision. The chemical .evolution dramatically mustrates 
how the replacement of one theory by another can substantially alter c0ncep
tual hierarchies. The oxygen theory differed from the phlogiston theory in 
using different concepts and in organizing concepts in very different kind
hierarchies and part-hierarchies.1be case study shows that conceptual change 
cannot be understood purely in terms of local accretions, but involves the 
replacement of entire conceptual systems. Such .evolutionary conceptual 
changes are slow and difficult, but most scientists are capable of making the 
ttansition to a new theory and its attendant conceptual system. 
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Explanatory Coherence 

WHY did the oxygen theory of combustion supersede the pbIogiston theory? 
Why is Darwin's theory of evolution by natural selection superior to creation
ism? This chapter develops a theory of explanatory coherence that applies to 
the evaluation of competing hypotheses in cases such as these. The theory is 
implemented in a connectionist computer program with many interesting 
properties. Both the theory and the program have been improved since their 
original presentation (Thagard 1989). 

The theory of explanatory coherence, TEC for short, is central to the gen
eral theory of conceptual change in science. As we saw in the last chapter, 
conceptual revolutions require a mechanism that can lead people to abandon 
an old conceptual system and adopt a new one. The view of conceptual organ
ization proposed in Chapters 2 and 3 renders implausible the claim that major 
conceptual replacements can take place in an incremental, evolutionary way. 
A more global mechanism that can install a new conceptual system is needed 
to account for such ttansitions, in which a new set of explanatory hypotheses 
intertwined with a new conceptual system replaces an old set. Whereas the 
last two chapters were concerned with how concepts are structured, this chap
ter describes how propositional systems are structured via relations of explan
atory coherence. 

The problem of inference to explanatory hypotheses has a long history in 
philosophy and a much shorter one in psychology and artificial intelligence. 
Scientists and philosophers have long considered the evaluation oftbeories on 
the basis of their explanatory power. In the late nineteenth century, C. S. 
Peirce discussed two forms of inference to explanatory hypotheses: hypothe
sis, which involved the acceptance of hypotheses, and abduction, which in
volved merely the initial formation of hypotheses (peirce 1931-1958; 
Thagard 1988). Researchers in artificial intelligence and some philosophers 
have used the term. "abduction" to refer to both the formation and the evalua
tion of hypotheses. AI work on this kind of inference has concerned such 
diverse topics as medical diagnosis (Pople 1977; Peng and Regia 1990; 
Josephson et ale 1987) and natural language interpretation (Hobbs, Stickel, 
Appelt, and Martin 1990; Charniak and McDermott 1985). In philosophy, the 
acceptance of explanatory hypotheses is usually called infe~1ICe to the best 
explanation (Harman 1973, 1986). In social psychology, attnoution theory 
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considers how people in everyday life form hypotheses to explain events 
(Fiske and Taylor 1984). Pennington and Hastie (1986, 1987) have proposed 
that much of jury decision making can be best understood in terms of explan
atory coherence. For example, to gain a conviction of first-degree murder, the 
prosecution must convince the jury that the accused bad a preformed intention 
to kill the victim. Pennington and Hastie argue that whether the jury will 
believe this depends on the explanatory coherence of the prosecution's story 
compared to the story presented by the defense. 

Actual cases of scientific reasoning suggest a variety of factors that go into 
determining the explanatory coherence of a hypothesis. How much does the 
hypothesis explain? Are its explanations economical? Is the hypothesis simi
lar to ones that explain similar phenomena? Is there an explanation of why the 
hypothesis might be true? In legal reasoning, the question of explaining the 
hypothesis usually concerns motive: if we are ttying to explain the evidence 
by supposing that the accused murdered the victim, we will find the supposi
tion more plausible if we can think of reasons why the accused was motivated 
to kill the victim. F'mally, on all these dimensions, how does the hypothesis 
compare against alternative hypotheses? 

This chapter presents a theory of explanatory coherence that is intended to 
account for a wide range of explanatory inferences. I shall propose principles 
of explanatory coherence that encompass the considerations just described 
and that suffice to make judgments of explanatory coherence. Their suffi
ciency is shown by the implementation of the theory in a connectionist 
computer program called ECHO that has been applied to more thaa a dozen 
complex cases of scientific and legal reasoning. My account of explanatory 
coherence thus has three parts: the statement of a theory, the description of an 
algorithm, and the application to diverse examples that show the feasibility of 
the algorithm and help to demonstrate the power of the theory. F'mally, I 
consider a series of objections to the theory, TBC, and to the implementation, 
ECHO. Chapter S describes in more detail how explanatory coherence con
tributes to conceptual cbange and discusses related issues concerning ratio
nality and explanation. 

4..1 A. THEORY 01' EXPLANA.TORY COHERENCE 

Suppose that a professor is found dead, crushed beneath a Sun Workstation. 
Detectives investigating the case are assigned the task of determining what 
happened. Suppose further that a student was seen lurking around the pr0fes
sor's office, and that the student's fingerprints are found on the workstation. 
The detectives will then likely hypothesize that the student murdered the pr0-
fessor, since that hypothesis explains the death, the lurking, and the finger-
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prints. Of course, other hypotheses need to be taken into consideration: the 
murder might have been done by a dean, or it might have been an ingenious 
suicide; the fingerprints may be there because the student was doing some 
maintenance on the workstation. The detectives will naturally inquire whether 
the student had a motive, and they would be excited to find. that the student 
had had a major quarrel with the professor about a course in which the student 
had been accused of submitting plagiarized work. The student's motive would 
explain the hypothesis that the student committed the murder, which then 
gains credibility from being explained as well as from explaining the evi
dence. Deciding whodunit is an exercise in explanatory coherence, requiring 
an assessment of the hypothesis that the student committed the murder on the 
basis of bow well it fits with the evidence and other hypotheses. A theory of 
explanatory coherence should show how such assessments, in science as well 
as everyday life, can be made. 

4.1.1 eo"..lICe· 

Before presenting the theory, let me stress that I am. not offering a general 
account of coherence. There are various notions of coherence in the literatures 
of different fields. We can distinguish at least the following: 

Deductive coherence, which depends on relations of logical consistency and en
tailment among members of a set of propositions. 

Probabilistic coherence, which depends on a set of propositions having probabil
ity assignments consistent with the axioms of probability. 

Semantic coherence, which depends on propositions having similar meanings. 

BonJour (1985) provides an interesting survey of pbilosophical ideas about 
coherence. Here, I am only offering a theory of explanatory coherence. 

Explanatory coherence can be understood in several different ways, as 

<a) a relation between two propositions, 
(b) a property of a whole set of related propositions, or 
<c) a property of a siDgIe proposition within a set of propositions. 

I claim that (a) is fundamental, with (b) depending on (a), and (c) depending 
on (b). That is, explanatory coherence is primarily a relation between two 
propositions, but we can speak derivatively of the explanatory coherence of a 
set of propositions as determined by their pairwise coherence. Then we can 
speak derivatively of the explanatory coherence of a single proposition with 
respect to a set of propositions whose coherence has been established. A 
major requirement of an account of explanatory coherence is that it show how 
it is possible to move from (a) to (b) to (c). Algorithms for doing so are 
presented as part of the computational model described below. 
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Since the notion of the explanatory coherence of an individual proposition 
is so derivative and depends on a specification of the set of propositions with 
which it is supposed to cohere, I shall from now on avoid treating coherence 
as a property of individual propositions. Instead, we can speak of the accept. 
abiUty of a proposition, which depends on but is detachable from the explan
atory coherence of the set of propositions to which it belongs. We should 
accept propositions that are coherent with our other beliefs, reject proposi
tions that are incoherent with our other beliefs, and be neutral toward pr0po
sitions that are neither coherent nor incoherent. 

In ordinary language, to cohere is to hold together, and explaDatory coher
ence is holding together because of explanatory relations. We can accordingly 
start with a vague characterization: 

Propositioos P and Q cohere if there is some explanatory relation between them. 

To fill this statement out we must specify wbat the explanatory relation might 
be. I see four possibilities: 

1. P is part of the explanalion of Q. 
2. Q is part of the explaDatiOD of P. 
3. P and Q are together part of the explanalion of some R. 
4. P and Q are 8D8logous in the explaaatioas they respectively give of some 

RaodS. 

This characterization leaves open the possibility that two propositions can 
cohere for nonexplanatory reasons: deductive, probabilistic, or semantic. Ex
planation is thus sufficient but not necessary for coherence. THe takes "ex
planation" and "explain" as primitives (although see section S.3), while as
serting that a relation of explanatory coherence holds between P and Q if and 
only if one or more of (1)-(4) is true. lnco_renee between two propositions 
occurs if they contradict each other or if they offer competing explanations. 

I DOW propose seven principles that establish relations of explanatory coher
ence and make possible an assessment of the acceptability of propositions in 
an explanatory system S. S consists of propositions P, Q, and PI' .• p •• Local 
coherence is a relation between two propositions. I coin the term "incobere" 
to mean more than just that two propositions do not cohere: to incohere is to 
resist holding together. Here are the principles. 

Principle 1. Symtutry. 
(a) If P and Q cohere, then Q and P cohere. 
(b) If P and Q incobere, 'then Q and P incobere. 
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Principle 2. Expltmation. 
If PI ... Pm explain Q, then: 

<a) For each Pi in PI' .. Pm' Pi and Q cohere. 
(b) For each Pi and Pj in PI ••• Pm' Pi and Pj cohere. 
<c) In <a) and (b) the Clegree of coherence is inversely proportional to 

the number of propositions PI· .. Pm' 
Principle 3. Analogy. I 

If PI explains QI' P2 explains Q2' PI is analogous toP2, and QI is analo
gous to Q2' then PI and P2 cohere, and Q1 and Q2 cohere. 

Principle 4. Data Priority. 
Propositions that describe the results of observation have a degree of 

acceptability on their own. 
Principle S. Contradiction. 

If P contradicts Q, then P and Q incohere. 
Principle 6. Competition. 

If P and Q both explain a proposition Pi' and if P and Q are not explana
torily connected, then P and Q incohere:Here P and Q are explanato
rily connected if any of the following conditions holds: 
<a) P is part of the explanation of Q, 
(b) Q is part of the explanation of P, 
<c) P and Q are together part of the explanation of some proposition Pj" 

Principle 7. AcceptabUity. 
<a) The acceptability of a proposition P in a system S depends on its 

coherence with the propositions in S. 
(b) If many results of relevant experimental observations are unex

plained, then the acceptability of a proposition P that explains only 
a few of them is reduced. 

Principle 1, Symmetry, asserts that pairwise coherence and incoherence are 
symmettic relations, in keeping with the everyday sense of coherence as 
holding together. The coherence of two propositions is thus different from 
the DOnsymme1riC relations of entailment and conditional probability. 1Jpi
cally, P entails Q without Q entailing P, and the conditional probability of P 
given Q is different from the probability of Q given P. But if P and Q hold 
together, so do Q and P. The use of a symmetrical relation has advantages that 

lID the origi.Dal stateJ'l'nt ofTBC in Tbaprd (1989), Principlo 3 iDcludecla secoDd clause 
coacemia, disaDalops that fa DOt included beIe because it Iacb ....... , acieDtiftc applica
tioas. The old Principle 7, system cobeIeDce. has simUady beea deleted becaue it does Iitde to 
illumiDatc actual scieDtiftc cases. A DOW Principle 6, compedtioa., ... beea IIddecl to cover CIICII 

wbele IlODCODtIIdicto bypotbeaes compete with each otbm'. TIle old Principlo 6, acceptabUity. 
becomes the DOW PriDcipIe 7. 



EXPLANATORY COBERENCE 67 

win become clearer in the discussion of the connectionist implementation 
below. 

Principle 2, Explanation, is by far the most important for assessing explan
atory coherence, since it estabUsbes most of the coherence relations. Part (a) 
is the most obvious: if a hypothesis P is part of the explanation of a piece of 
evidence H, then P and H cohere. Moreover, if a hypothesis P 2 is exp1ainec1 by 
another hypothesis PI' then PI and P 2 cohere. Pan (a) presupposes that expla
nation is a more restrictive relation than deductive implication, since other
wise we could prove that any two propositions cohere. Unless we use a rele
vance logic (Anderson and Belnap 1975), PI and the contradiction P 2 &. not-P 2 

imply any Q, so it would fonow that PI coheres with Q. h follows from 
Principle 2(a), in conjunction with Principle 7, that the more a hypothesis 
explains, the more coherent and hence acceptable it is. Thus this pinciple 
subsumes the criterion of explanatory breadth (which Wtlliam. Whewell, 
1967, called "consilience") that I have elsewhere claimed to be the most im
portant for selecting the best explanation (Thagard 1978, 1988). 

Whereas part (a) of Principle 2 says that what explains coheres with what 
is explained, part (b) states that two propositions cohere if together they pIO
vide an explanation. Bebind part (b) is the Duhem-Quine idea that the evalua
tion of a hypothesis depends partly on the other hypotheses with which it 
furnishes explanations (Dubem 1954; Quine 1963). I call two hypotheses that 
are used together in an explanation "cohypotheses." Again I assume that ex
planation is more res1rictive than implication, since otherwise it would foBo. 
that any proposition that explained something was coherent with every other 
propoSition, because if PI implies Q, then so does PI&' P 2' But any scientist 
who maintained at a conference that the theory of general relativity and 
today's baseball scores together explain the motion of planets would be 
laughed off the podium. Principle 2 is intended to apply to explanations and 
hypotheses actually proposed by scientists. 

Pan (c) of Principle 2 embodies the claim that if numerous propositions are 
needed to furnish an explanation, then the coherence of the explaining pr0po
sitions with each other and with what is explained is thereby diminished. 
Scientists tend to be skeptical of hypotheses that require myriad ad hoc as
sumptions in their explanations. There is nothing wrong in principle in having 
explanations that draw on many assumptions. but we should prefer theories 
that generate explanations using a unified core of hypotheses. I have elso
where contended that the notion of simplicity most appropriate for scieIltiic 
theory choice is a comparadve one preferring theories that mate few«special 
assumptions (Thagard 1978, 1988). Principles 2(b) and 2(c) together subsume 
this criterion. I sba1l not attempt further to characterize "degree of coherence" 
here, but the connectionist algorithm described below provides a natural inter
pretation. MaDy other notions of simplicity have been proposed (e.g. Hmman 
et aI. 1988; Foster aDd Martin 1966), but none is so directly relevant to c0nsid
erations of explanatory coherence .. the one embodied ill Principle 2. 
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The third criterion for the best explanation in my earlier account was anal
ogy, and this is subsumed in Principle 3. It is controversial whether analogy 
is of more than heuristic use, but scientists such as Charles Darwin have used 
analogies to defend tbeirtheories; his argument for evolution by natural selec
tion is analyzed in Chapter 6. Principle 3 does not say simply that any two 
analogous propositions cohere. There must be an explanatory analogy, with 
two analogous propositions occurring in explanations of two other proposi
tions that are analogous to each other. Recent computational models of 
analogical mapping and retrieval show how such correspondences can be no
tieed (Holyoak and Thagard 1989; Thagard et a1. 1990). 

Principle 4, Data Priority, stands much in need of elucidation and defense. 
In saying that a proposition describing the results of observation has a degree 
of acceptability on its own, I am not suggesting that it is indubitable, only that 
it can stand on its own more successfully d:um a hypothesis whose sole justifi
cation is what it explains. A proposition Q may have some independent ac
ceptability and still not be accepted if it is only coherent with propositions 
that are not themselves acceptable. . . 

From the point of view of explanatory coherence alone, we should not take 
propositions based on observation as independently acceptable without any 
explanatory relations to other propositions. As BonJour (1985) argues, the 
coherence of such propositions is nonexplanatory, based on background 
knowledge that observations of certain sorts are very likely to be true. From 
experience, we know that our observations are very likely to be true, so we 
should believe them unless there is substantial reason not to. Similarly, at a 
different level, we have some confidence in the reliability of descriptions of 
experimental results in carefully refereed scientific journals. Observations 
may be ~_Iaden,tt as Hanson (19S8) urged, but they are far from being 
theory-determined. I count as data not just individual observations such as 
'-.:he instrument dial reads O.S," but also generalizations from such observa
tions. See section 9.1 for a discussion of the distinction between theoretical 
hypotheses and empirical generalizations. 

Principle S, Contradiction, is straightforward. By "contradictory" here I 
mean not just syntactic contradictions like P & not .. P but also semantic con
tradictions such as "this ball is black all over" and "this ball is white all over. tt 
In my earlier version ofTBC, I tried to sfletch "contradiction" to cover cases 
where hypotheses that are not strictly contradictory are nevertheless held to 
be incompatible, but such cases are better handled by the new Principle 6, 
Competition. 

According to Principle 6, we should assume that hypotlJaa that expltJin 
'M 8QI1Ut evidace compete wlth etlCh other unku therels 'teQSon to believe 
otIuIrwise. Hence there need be no special relation between two hypotheses 
for them to be incoherent, since hypotheses that explain a piece of evidence 
are jucl&ecI to incohere unless there are Je880DI to think that they coheIe. Not 
all a11elDa1ive hypotbeses iacohere. bDwever, abIce IPIDY pIaeDomeaa have 
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multiple causes. For example, explanations of why someone has certain med
ical symptoms may involve hypotheses that the patient has various diseases, 
and it is possible that more than one disease is present. Normally, however, if 
hypotheses are proposed to explain the same evidence, they will be treated as 
competitors. For example, in the debate over dinosaur extinction ('Ibagard 
1991 b), scientists generally treat as contradictory the hypotheses: 

1. Dinosaurs became extinct because of a meteorite collision. 
z. Dinosaurs became extinct because the sea level fell. 

\ 

Logically, (1) and (2) could both be true, but scientists treat them as con8ict
ing explanations. According to Principle 6, they incohere because both are 
claimed to explain why dinosaurs became extinct and there is no explanatory 
relation between them. 

Principle 7, Acceptability, proposes in part 7(a) that we can make sense of 
the overall coherence of a proposition in an explanatory system just from the 
pairwise coherence relations established by principles 1-5. If we have a hy
pothesis P that coheres with evidence Q by virtue of explaining it, but ineo
heres with another contradictory hypothesis, sbould we accept P? To decide, 
we cannot merely count the number of propositions with which Pcoheres and 
incoheres, since the acceptability of P depends in part on the acceptability of 
those propositions themselves. We need a dynamic and parallel method of 
deriving general coherence from particular coherence relations; such a 
method is provided by the connectionist program described below. 

Principle 7(b), reducing the acceptability of a hypothesis when much of the 
relevant evidence is unexplained by any hypothesis, is intended to handle 
cases where the best available hypothesis is still not very good in that it ac
counts for only a fraction of the available evidence. Consider, for example, a 
theory in economics that could explain the stock ID8I'kd erashes of 1929 and 
1987 but had nothing to say about myriad other similar economic events. 
Even if the theory gave the best available account of the two crashes, we 
would not be willing to elevate it to an accepted part of general economic 
theory. What does ''relevant'' mean here? As a first approximation, we can say 
that a piece of evidence is directly relevant to a hypothesis if the evidence is 
explained by it or by one of its competitors. We can then add that a piece of 
evidence is relevant if it is directly relevant or if it is similar to evidence tbat 
is directly relevant, where similarity is a matter of dealing with phenomena of 
the same kind. Thus a theory of business cycles that applies to the stock 
market crashes of 1929 and 1987 should also have something to say about 
nineteenth-century crashes and major business downturns in the twentieth 
century. 

According to TEe, a new theory will replace an old one if its hypotheses 
possess greater explanatory cohel'ence. But TEe is sti1I too vague to show 
how this could work. To show how to compute the acceptability of competing 
hypotheses, I DOW describe a prosram that implements TEe. 
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4.2 ECHO, A COMPUTATIONAL MODEL OF 
THEORY EVALUATION 

4.2.1 eo_ •• ., M".,. 

To introduce connectionist techniques, I sba1l briefly describe the popular 
example of how a network can be used to understand the Necker cube phe
nomenon presented in section 3.3 (see, for example, Feldman and Ballard 
1982; Rumelhart and McClelland 1986). Figure 3.8 contained a reversing 
cube: by changing our focus of attention, we are able to see as the front either 
face ABCD or face EFGH. The cube is perceived holistically, in that we are 
incapable of seeing comer A at the front without seeing comers B, C, and D 
at the front as well. 

We can easily construct a simple network with the desired holistic property 
using units, crudely analogous to neurons, connected by links. Let Afbe a unit 
that represents the hypothesis that comer Ais at the front. while Ab represent.s 
the hypothesis that comer A is at the back. Similarly, we construct units Bf, 
Bb, ef, Cb, Df, Db, Ef, Eb, Ff, Fb, Of, Ob, Hft and Hb. These units are not 
independent of each other. To signify that A cannot be both at the front and 
the back, we construct an inhibitory link between the units Af and Ab, with 
similar links inhibiting Bf and Bb, and so on. Because comers A, B, C, and D 
go together, we construct excitatory links between each pair of Af, Bf, Cf, and 
Df, and between each pair of Ab, Bb, Cb, and Db. Analogous inhibitory and 
excitatory links are then set up for E, Ft 0, and H. In addition, we need 
inhibitory links between Af and Bf, Bf and Ff, and so on. Part of the resulting 
network is depicted in Figure 4.1. 

AI ------------------ Ab 

Df Cf Df Eb ----- Ef Db Cb Db 

Figure 4.1. A CODDeCtioDist network for interpreting the cube. AI is a 
unit representing the hypothesis that A is at the front, while Ab 
repesents the hypothesis that A is at the bact. Solid lilies represent 
excitatory 1iDks, while dotted lilies represent inhibitory 1iDks. Some 
inbJ.1Htory IiDks are DOt shown. 
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Units can have varying degrees of activation. Suppose that our attention is 
focused on comer A. which we assume to be at the front, so that unit Af is 
activated. Then by virtue of the excitatory links from Af to Bf, Cf, and Df, 
these units will be activated. The inhibitory links from M to Ab and Bf will 
cause those units to be deactivated. In turn. the excitatory links from Ab to 
Bb, Cb, and Db will deactivate them. Thus activation will spread through the 
network: until all the units corresponding to the view that A. B, C, and D are 
at the front are activated, while all the units corresponding to the view that B, 
F, 0, and H are at the front are deactivated. 

Let us now look at ECHO, a computer program written in Common USPthat 
is a straightforward application of connectionist algorithms to the problem of 
explanatory coherence. In ECHO, propositions representing hypotheses and 
results of observation are represented by units. Whenever Principles 1-3 state 
that two propositions cohere, an excitatory link between them is established. 
H two propositions incohere, as specified by Principles 5-6, an inhibitory link 
between them is established. In ECHO, these links are symmetric, as Princi
ple 1 suggests: the weight from unit 1 to unit 2 is the same as the weight from 
unit 2 to unit 1. Principle 2(c) says that the larger the number of propositions 
used in an explanation, the less the degree of coherence between each pair of 
propositions. ECHO therefore counts the propositions that do the explaining 
and proportionately lowers the weight of the excitatory Iinb between units 
representing coherent propositions. 

Principle 4, Data Priority, is implemented by linb to each data unit from 
a special evidence unit that always has activation 1, giving each unit some 
acceptability on its own. When the network: is nm, activation spmads from the 
special unit to the data units, and then to the units representing explanatory 
hypotheses. The extent of data priority-the presumed acceptability of data 
propositions-depends on the weight of the link between the special unit and. 
the data units. The higher this weight, the more immune the data units become 
from deactivation by other units. Units that have inhibitory links between 
them because they represent contradictory or competitive hypotheses have to 
vie with each other for the activation spreading from the data units: the activa
tion of one of these units will tend to suppress the activation of the other. 
Excitatory links have positive weights, typically around .04 while inhibitory 
lints have negative weights, typically around -.06. The activation of units 
ranges between 1 and -1; positive activation can be interpreted as acceptance 

2 S1rictly speaJdDa. Ibis p:opaIIl is BCHO.2, an enhencwl venioa that implemeats PriDcipie 
6. competilioD (TbIprd 1991b). Bat I sbaIl just call it BCIIO. 
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of the proposition represented by the unit, negative activation as rejection, 
and activation close to 0 as neutrality. 

To summarize how ECHO implements the principles of explanatory coher
ence, we can list key terms from the principles with the corresponding terms 
from ECHO. 

Proposition: unit 
Coherence: excitatory lint, with positive weight 
Incoherence: inhibitory lint, with negative weight 
Data priority: excitatory link from special evidence unit 
Acceptability: activation. 

Here are some examples of the USP formulas that constitute ECHO's in-
puts. (I omit USP quote symbols.) 

1. (BXPLAIN (HI H2) BI) 
2. (BXPLAIN (HI H2 H3) El) 
3. (BXPLAIN (H4) BI) 
4. (ANALOGOUS (H5 H6) (ES B6» 
5. (DATA (BI B2 BS E6» 
,. (CONTRADICI' HI H4) 

Formula 1 says that hypotheses HI and H2 together explain evidence EI. As 
suggested by the second principle of explanatory coherence proposed above, 
formula 1 sets up three excitatory links, between units representing HI and 
El, H2 and El, and HI and H2. Formula 2 sets up six such links, between 
each of the hypotheses and the evidence, and between each pair of hypothe
ses, but the weight on the links will be less than those established by formula 
1, since there are more cohypotheses. Formula 3 sets up a single excitatory 
link between H4 and EI. In accord with Principle 3, Analogy, formula 4 
produces excitatory links between HS and H6, and between ES and E6, if 
previous input has established that HS explains ES and H6 explains E6. For
mula 5 is used to apply Principle 4, Data Priority, setting up expIanation
independent excitatory links to each data unit from a special evidence unit. 
Formula 6 sets up an inhibitory link between the contradictory hypotheses HI 
and H4, as prescribed by Principle S. Finally, when all input has been read, 
ECHO implements Principle 6, Competition, by finding, for each piece of 
evidence E, pairs of hypotheses P and Q that explain E but are not explana
torily related to each other. Then an inhibitory link between P and Q is con
sttucted. In the above example, since El is explained by HI and H2 and by 
H4, ECHO sets up an inhibitory link between H2 and H4. No inhibitory link 
is set up between HI and H2, since they are shown to be explanatorily related 
by formula 1; and no additional inhibitory link is needed between HI and H4, 
since formula 6 already marked them as contradictory. In the limiting case, 
the inhibition estabIisbed between competing hypotheses is the same as that 
between units representins conttadictory hypotheses. But if P and Q each 
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explain E only with the assistance of numerous other hypotheses, then they 
incohere to a lesser extent; compare Principle 2(c) above. Hence degree of 
inhibition between units representing P and Q is inversely proportional to the 
number of cohypotheses used by P and Q in their explanations ofB, but pr0-

portional to the number of pieces of evidence B. 
Once the input in formulas 1-6 and the principle of competition have cre

ated a network, ECHO uses a standard connectionist algorithm to adjust the 
activations of the units with respect to each other. A full specifi.cation of 
BeHO's inputs and algorithms is provided in the appendix at the end of this 
chapter. . 

Input to ECHO can optionally reftect the fact that not all data and explana
tioDS are of equal merit For example, a data statement can have the form 

(DATA(BI (B2 .8»). 

1bis formula sets up the standard link from the special unit to BI, but inter
prets the ".8" as indicating that E2 is not as reliable a piece of evidence 88 BI. 
Then the weight from the special unit to E2 is only 0.8 as strong as the weight 
from the special unit to EI. In medical cases, statistics exist to indicate the 
frequency of various diseases in the population. A proposition attributing a 
disease to someone is a hypothesis intended to explain various symptoms., but 
background statistical information can be used to treat the hypothesis 88 a 
weak form of data. For example. if there are two diseases Dl and D2 that both 
explain the same set of symptoms, but 01 is much rarer than 02, ECHO can 
be given such input as: 

(DATA«DI .0001) (D2.01»). 

Then, other things being equal, ECHO will choose D2 over 01. 
EXPLAIN statements can also take an optional numerical parameter, 88 in: 

(BXPLAIN (HI) BI .9). 

The additional parameter ".9" indicates some weakness in the quality of the 
explanation and results in a lower than standard weight on the excitatory lint 
between HI and HI. In ECHO's applications to date, the additional parame
ters for data and explanation quality have not been used, since it is difficult to 
establish them objectively from the texts we have been using to .,..ate 
ECHO's inputs. But it is important that ECHO has the capacity to make use 
of judgments of data and explanation quality when these are available. 

Program runs show that the networks thus established have numerous de
sirable properties. Other things being equal, activation accrues to units COJI'e

sponding to hypotheses that explain more, provide simpler explanations, and 
are analogous to other explanatory hypotheses. The considerations of uplaa
atory breadth, simplicity, and analogy are smoothly integrated. The networks 
are holistic, in that the activation of every unit can potentially have an effect 
on every other unit tiaked to it by a path. however lenathy. Nevertheless, the 
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activation of a unit is directly affected only by those units to which it is IiDked. 
Although complexes of coherent propositions are evaluated together, differ
ent hypotheses in a complex can finish with different activations, depending 
on their particular coherence relations. The symmetry of excitatory links 
means that active units tend to bring up the activation of units with which they 
are linked., while units whose activation sinks below 0 tend to bring down the 
activation of units to which they are linked. Data units are given priority, but 
can nevertheless be deactivated if they are linked to units that become deacti
vated. So long as excitation is not set too high (see section 4.6.2), the net
works set up by ECHO are stable: in most of them, all units reach asymptotic 
activation levels after around 100 cycles of updating. To illustrate ECHO's 
capabilities, I shall describe some simple tests of how it baDdles considera
tions of explanatory breadth, simplicity, and analogy. Later in this chapter I 
present a more serious scientific example based on Lavoisier's argument 
against the phlogiston theory, and subsequent chapters include additional 
examples. 

Other things being equal, we should prefer a hypothesis that explains more 
than alternative hypotheses. Ifhypothesis HI explains two pieces of evidence 
while H2 explains only one, then HI should be preferred to H2. Here are five 
formulas given together to ECHO as input: 

(BXPLAIN (HI) Bl) 
(BXPLAIN (HI) 82) 
(BXPLAIN (82) 82) 
(CONTRADICf HI 82) 
(DATA(BI82» 

These generate the network pictured in Figure 4.2, with excitatory Hnks corre
sponding to coherence represented by solid lines and inhibitory links c0rre

sponding to incoherence represented by dotted lines. By virtue ofPriDciple 6, 
Competition, the same network would be generated if the CONTRADICf 
statement were omitted, because HI and H2 compete to explain B2 and are 
not explanatorily related. Activation Bows from the special unit, whose acti
vation is clamped at I, to the evidence units, and then to the hypothesis units, 
which inhibit each other. Since HI explains more than its competitor H2, HI 
becomes active, settling with activation above 0, while H2 is deactivated, 
settling with activation below O. Notice that although the liDb in ECHO are 
symmetric, in keeping with the symmetry of the coherence relation, the low 
of activation is not, since evidence units get activation first and then pass it 
along to what explains them. 
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HI - - - - - - - H2 
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Figure4.2. Explanatory breadth. As in figure4.1, 
solid lines represent excitatory lints, while dotted 
lines repmsentinhibitory links. Bvidence units Bl 
and 82 are linked to the special unit. Tbcrault of 
running this network is that HI defeats H2. 

ECHO's networks bave interesting dynamic properties. What happens if 
new data come in after the network: bas settled? When ECHO is given the 
fmther information that H2 explains additional data El, B4, and ES, then the 
network resettles into a reversed. state in which H2 is activated and HI is 
deactivated.. However, if the additional information is only that H2 explains 
Bt, or only that H2 explains El, then ECHO does not resettle into a state in 
which Ht and H2 get equal activation. (It does give Ht and H2 equal activ .... 
tion if the input says that they bave equal explanatory power from the start.) 
Thus ECHO displays a kind of conservatism also seen in human scientists. 

Section 4.2.3 showed how Principle 2(a) leads ECHO to prefer a hypothesis 
that explains more than its competitors. The same principle also implies 
greater coherence, other things being equal, for a hypothesis that is itself 
explained. Consider the input: 

(BXPLAlN (HI) Bl) 
(BXPLAlN (HI) B2) 
(BXPLAlN (H2) Bl) 
(BXPLAlN (H2) 82) 
(BXPLAlN (113) HI) 
(CONTRADICf HI H2) 
(DATA (81 82» 

Figure 4.3 depicts the network constructed using this input. Here, and in all 
subsequent figures, the special evidence unit is not shown. In Figure 4.3, HI 
and H2 have the same explanatory breadth. butBCHO activates HI and deac
tivates H2 because HI is explained by 83. Other thiDgs being equal, ECHO 
gives more activation to a hypothesis that is explalnecl than to one that is DOt 
explained. If the above formulas did not include a CONTRADICf statemeat, 
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Figure 4.3. Being explained. HI defeats H2 because it is 
explained by H3. 

then no inhibitory links would be formed, so tbat all units would asymptote 
with positive activation. Because of the decay parameter, activation is still 
less tban 1 (see the equations in section 4.6.1). 

4.2.5 Rejidlltio_ 

According to Popper (1959), the hallmark of science is not the acceptance of 
explanatory theories but the rejection of falsified ones. Take the simplest case 
where a hypothesis HI explains (predicts) some piece of "negative evidence" 
NEI that contradicts data El. Then E 1 becomes active, deactivating NEI and 
hence HI. Such straightforward refutations, however, are rare in science. Sci
entists do not typically give up a promising theory just because it bas some 
empirical problems, and neither does ECHO. Ifin addition to explaining NEl, 
HI explains some positive pieces of evidence E2 and E3, then ECHO does not 
deactivate it However, an alternative hypothesis H2 that also explains E2 and 
E3 is preferred to HI, which loses because of NEI. Rejection in science is 
usually a complex process involving competing hypotheses, not a simple mat
ter of falsification (Lakatos 1970; Thagard 1988, ch. 9). 

4.2.6 Ulli/ietltio-

The phenomena of explanatory breadth, being explained, and refutation all 
arise from Principle 2(a), which says tbat hypotheses cohere with what they 
explain. According to Principle 2(b), cohypotbeses that explain together c0-

here with each other. Thus if HI and H2 together explain evidence E, then HI 
and H2 are linked. This gives ECHO a preference for unified explanations, 
ones that use a common set of hypotheses rather than having special hypoth
eses for each piece of evidence explained. Consider this input, which gener
ates the network shown in Figure 4.4. 
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El E2 

(EXPLAIN (HI AI) B1) 
(EXPLAIN (HI A2) B2) 
(EXPLAIN (H2 Al) B1) 
(EXPLAIN (H2 Al) B2) 
(CONTRADICf HI H2) 
(DATA (HI B2» 

Figure 4.4. UDification. 82 
defeats HI because it gives a 
more unified exp1aDation of 
the evidence. 

Although HI and Hl both explain El and El, the explanation by Hl is more 
unified in that it uses A3 in both cases. Hence ECHO forms a stronger link 
between Hl and A3 than it does between HI and Al or A2, so Hl becomes 
activated and HI is deactivated. The explanations by Hl are not simpler than 
those by HI, in the sense of Principle 2(c), since both involve two hypotheses. 
ECHO's preference for Hl over HI thus depends on the coherence ofHl with 
its auxiliary hypothesis and the evidence being greater than the coherence of 
HI with its auxi1iary hypotheses and the evidence. 

4.2.1 Simplie;q 

According to Principle 2(c), the degree of coherence of a hypothesis with 
what it explains and with its cohypotheses is inversely proportional to the 
number of cohypotheses. An example of ECHO's preference for simple hy
potheses derives from the input: 

(EXPLAIN (HI) B1) 
(EXPLAIN (H2 83) B1) 
(CONTRADICf HI 82) 
(DATA(B1» 

Here HI is preferred to Hl and H3 because it accomplishes the exp1aDation 
with no cohypotheses. The generated network is shown in Figure 4.5. 

Principle 2(c) is important for dealing with ad hoc hypotheses that are in
troduced only to save a hypothesis from refutation. Suppose that H4 is in 
danger of refutation because it explains negative evidence NE4 that con
tradicts evidence E4. One might try to save H4 by concocting an auxi1iary 
hypothesis as that together with H4 would explain B4. But this ad hoc ma
neuver may not succeed in saving H4, especially if there are alternative hy-
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HI - - - - - - - H2 H3 

EI 

Figure 4.5. SimpHcity. HI defeats H2 
because it gives a simpler explauation of the 
evidence. 

potheses available. Because the explanation ofB4 by H4 and HS is less simple 
than the explanation of NE4 by H4, the activation that H4 receives from E4 
may be less than the activation it loses because NE4 has a negative activation. 
Ad hoc maneuvers are common in science: nineteenth-century physicists did 
not abandon Newtonian mechanics because it gave false predictions about the 
motion of Uranus; instead, they hypothesized the existence of another planet, 
Neptune, to explain the discrepancies. Neptune, of course, was eventually 
observed, but we need to be able to discount auxiliary hypotheses that do not 
contribute to any additional explanations. Other things being equal, theories 
that employ auxiliary hypotheses will be less coherent than simpler ODes. 

Note, however, that the simplicity of a theory is not merely a function of the 
number of hypotheses it has. In ECHO, the principle of simplicity operates 
locally, decreasing excitation on particular links. ECHO does not use a global 
count of the number of hypotheses in a theory to judge simplicity. 

4.2.8 AIIIIloV 

According to Principle 3, analogous hypotheses that explain analogous evi
dence are coherent with each other. Figure 4.6 shows relations of analogy, 
derived from the input: 

(BXPLAIN (HI) HI) 
(BXPLAIN (H2) HI) 
(BXPLAIN (H3) BJ) 
(ANALOGOUS (H2 113) (HI BJ» 
(CONTRADICf HI H2) 
(DATA (HI 83» 

The analogical links cm:responding to the coherence relations required by 
Principle 3 are shown by wavy lines. Running this example leads to activation 
of H2 and deactivation of its rival HI. Figures 4.2-4.6 show explanatory 
breadth, simplicity, and analogy operating independently of each other, but in 
realistic examples these criteria can all operate simultaneously througll acti
vadon adjustment Thus ECHO shows how criteria such as explanatory 
breadth, simplicity, and analogy can be intesrated Principle 3 and ECHO 
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allow analogy to participate with consilience and simplicity in contributing 
toward explanatory power. 

4.2., Brillellee tIIUl A~ 

Principle 4 asserts that data get priority by virtue of their independent coher
ence. But it should be possible for a data unit nevertheless to be deactivated. 
We see this both in the everyday practice of experimenters, in which it is often 
necessary to throw out some of the data as UDleliable (Hedges 1987). and in 
the history of science where evidence for a discarded theory sometimes falls 
into neglect (Laudan 1976). Figure 4.7, which derives from the foUowing 
input, shows how this might happen. 

(EXPLAIN (HI) Bl) 
(EXPLAIN (HI) Bl) 
(EXPLAIN (HI) B3) 
(EXPLAIN (HI) B4) 
(EXPLAIN (112) BS) 
(CONTRADICf HI H2) 
(CONTRADICf HI BS) 

These inputs lead to the deactivation of ES, which is dragged down by the 
deactivation of the inferior hypothesis H2 and inhibited by the superior hy
pothesis HI. 

Principle 7(b) also concerns evidence, undermining the acceptability of 
hypotheses that explain only a small part of the relevant data. Accorctingly, 

Hl---- H2 

El E2 E3 E4 ES 

Fipre 4.7. DownplayiDg of cvideace. BS 
is deactivated eVeD though it is an evidence 
unit. 
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ECHO automatically increases the value of a decay parameter in propor
tion to the ratio of unexplained evidence to explained evidence (see section 
4.6.1). A hypothesis that explains only a fraction of the relevant evidence will 
thus decay toward the beginning activation level of 0 rather than become 
activated. 

If ECHO is taken as an algorithmic implementation of the first Six princi
ples of explanatory coherence, then it validates Principle 7, Acceptability, for 
it shows that holistic judgments of the acceptability of a proposition can be 
based solely on pairwise relations of coherence. A unit achieves a stable acti
vation level merely by considering the activation of units to which it is linked 
and the weights on those links. Asymptotic activation values greater than 0 
signify acceptance of the proposition represented by the unit, while negative 
values signify rejection. 

4.2.10 p.,.",..,.. 

The simulations just described depend on program parameters that give 
ECHO numerous degrees of freedom, some of which are epistemologically 
interesting. In the example in Figure 4.2, the relation between excitatory 
weights and inhibitory weights is crucial. If inhibition is low compared to 
excitation, then ECHO will activate both HI and H2, since the excitation that 
H2 gets from El will overcome the inIu"bition it gets from HI. Let the toler
QIIce of the system be the absolute value of the ratio of excitatory weight to 
inhibitory weight. With high tolerance, the system. will en.wn competing 
hypotheses. With low tolerance, wiDDing hypotheses deactivate the losers. 
1YPically, the current version of ECHO is run with excitatory weights set at 
.04 and inhibition at -.06, so tolerance is 0.67. If tolerance is high, ECHO can 
settle into a state where two contradictory hypotheses are both activated. 
ECHO performs well using a wide range of parameters (see the sensitivity 
analyses in section 4.6.2). These particular parameter values were picked be
cause they tend to lead to fast settling times, and the same values have been 
used in all simulations. 

Other parameters establish the relative importance of simplicity and anal
ogy. If HI explains El by itself, then the excitatory link between HI and El 
has the default weight .04. But if HI and H2 together explain El, then the 
weight of the links is set at the default value divided by 2, the number of 
cohypotheses, leaving it at .02. If we want to change the importance of sim
plicity as incorporated in Principle 2(c), however, then we can raise the num
ber of cohypotheses to an exponent that represents the simpUcity Impoctofthe 
system. An equation for doing this is given in the algorithm section of section 
4.6.1. The greater the simplicity impact, the more weights will be diminished 
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by having more cohypotheses. Similarly" the weights established by analogy 
can be affected by .. factor representing analogy impact. If this is 1" then the 
links connecting analogous hypotheses are just as strong as those set up by 
simple explanations" and 8D8logy can have a large effect If" on the other hand, 
analogy impact is set at 0" then 8D8logy has no effect 

Another important parameter of the system is decay rate" representecl by e 
(see the equations in section 4.6.1). We can term this the s1cepticism of the 
system. since the higher it is" the more excitation from data will be needed to 
activate hypotheses. If skepticism is very high. then no hypotheses will be 
activated. Whereas tolerance reftects ECHO"s view of contradictory hypoth
eses. skepticism determines its treatment of all hypotheses. Principle 7(b) can 
be interpreted as saying that if there is much unexplained evidence then 
ECHO"s skepticism level is raised. 

Fmally" we can vary the priority of the data by adjusting the weights to the 
data UDits from the special UDit Data ucittltion is a value from 0 to 1 that 
provides these weights. 10 reflect the scientific practice of not treating all data 
equally seriously" it is also possible to set the weights and initial activations 
for each data unit separately. If data excitation is set low" then. contrary to 
section 4.2.3, new evidence for a rejected hypothesis will not lead to its ad0p
tion. If data excitation is high. then" contrary to section 4.2.9" evidence that 
supports only a bad hypothesis will not be thrown out 

With so many degrees of freedom. which are typical of connectionist mocJ.. 
els, one might question the value of simulations. since it might seem that aay 
desired behavior whatsoever could be obtained. However" if a fixed set of 
default parameters applies to a large range of cases" then the arbitrariness is 
much diminished. In all the computer runs reported in this book. ECHO has 
had excitation at .04" inhibition at -.06" data excitation at .OS, decay (skepti
cism) at .OS" simplicity impact at 1" and analogy impact at 1. As reported in 
section 4.6.2 on sensitivity analyses. there is nothing special about the default 
values of the parameters: ECHO works over a wide range of values. In a full 
simulation of a scientist"s cognitive processes" we could imagine better values 
being learn.ed. Many connectionist models do not take weights as given. but 
instead adjust them as the result of experience. Similarly, we can imagine that 
part of a scientist's training consists in learning how seriously to take data, 
analogy" simplicity" and so on. Most scientists get their training not JDeIely by 
reading and experimenting on their own. but by working closely with scien
tists already established in their field Hence a scientist can pick up the rele
vant values from advisors. In ECHO they are set by the programmer, but it 
should be possible to extend the program to allow training from examples. 

The examples descn'bed in this sectiOD are trivial, maely sbowinJ that 
ECHO has some desired properties. We shall see that ECHO can handle some 
much more substantial examples from the history of science. 
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4.3 APPLICATION OF ECHO TO THE 
CHEMICAL REVOLUTION 

Theories in the philosophy of science, including computational ones, should 
be evaluated with respect to important cases from the history of science. This 
book will describe the application of ECHO to Lavoisier's argument for the 
oxygen theory, Darwin's argument for evolution by natural selection (Chapter 
6), arguments for and against continental drift (Chapter 7), and the cases of 
Copernicus versus Ptolemy and Newton versus Descartes (Chapter 8). In ad
dition, ECHO bas been applied to: 

Contemporary debates about why the dinosaurs became extinct (Thagard 1991 b). 
Jury decisions in murder trials (I'bagard 1989). 
Adversarial problem solving, where one has to infer an opponent's intentions 

(I'bagard 1991a). 
Psychological experiments on how beginning students learn physics (Ranney 

and Thagard 1988; Ranney 1991). 
Psychological investigations of how people perceive relationships (Miller and 

Read 1991). 

Additional applications to reasoning in science, law, medicine, and education 
are currently under development Let us now return to the major case of the 
last chapter, Lavoisier and the chemical revolution, and see how ECHO bears 
on the transition from phlogiston to oxygen. 

As we saw in Chapter 3, the dominant chemical theory in the middle of the 
eighteenth century was the phlogiston theory of Stahl. The theory provided 
explanations of important phenomena of combustion, respiration, and calci
nation (what we would now call oxidation). According to the phlogiston the
ory, combustion takes place when phlogiston in burning bodies is given off. 
In the 17708 Lavoisier developed the alternative theory that combustion takes 
place when bodies combine rapidly with oxygen from the air. In 1783, more 
than ten years after he first suspected the inadequacy of the phlogiston theory, 
Lavoisier mounted a full-blown attack on it in a paper called "R6f1exions sur 
Ie Pblogistique" (Lavoisier 1862). 

Tables 4.1 and 4.2 present the input given to ECHO to represent Lavoi
sier's argument in his 1783 polemic against phlogiston. Table 4.1 shows the 
8 propositions used to represent the evidence to be explained and the 12 used 
to represent the competing theories. The evidence concerns different proper
ties of combustion and calcination, while there are two sets of hypotheses 
representing the oxygen and phlogiston theories, respectively. These proposi
tions do not capture Lavoisier's argument completely but do recapitulate its 
major points. (In a more complicated simulation not presented here, I have 
encoded the attempt by the phlogiston theory to explain the increase in weight 
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18ble4.1 
Input Propositions for Lavoisier Example 

NOTE: Input to ECHO is stated in abbreviated form. The actual input for the first 
proposition is 

(proposition 'Bl "In combustion, heat and Bght are pven off.; 

Bvldence: 

Bl In combustion, heat and Bght are pven ott. 
B2 InflammabUlty is traDsmittable from ODe body to anotber. 
B3 . Combustion only occurs in the presence of pure air. 
FA Increase in weight of a burned body is exactly equal to weight of 

air absorbed. 
BS Metals undergo calcination. 
B6 In calcination, bodies incJ:ease weight. 
B7 In calcination, volume of air diminishes. 
B8 In reduction, effervescence appears. 

Oxygen hypotheses: 

OHI Pure air contains oxygen principle. 
082 Pure air contains matter of tire and heat. 
083 In combustion, oxygen from the air combines with the buming 

body. 
OH4 Oxygen has weight. 
0H5 . In calcination, metals add oxygen to become calxes. 
OH6 In reduction, oxygen is pven off. 

Phloatston hypotheses: 

PHI Combusb"ble bodies contain phloatston. 
PH2 CombUSb"ble bodies contain matter of heat. 
PH3 In combustion, pbJogiston is pven off. 
PH4 Phlogiston can pass from one body to another. 
PHS Metals contain phlogiston. 
PH6 In calcination, phlogiston is pven off. 

in combusdon and calcination by the supposidon that phlogiston bas negative 
weight. Lavoisier argues that this supposidon renders the phlogiston theory 
interaally contradictory, since phlogiston theorists sometimes assumed that 
phlogiston bas posidve weight.) 

The proposidons in Table 4.1 are part of Lavoisier's mature theory intro
duced. in section 3.2.5. ECHO, however, deals only with reladoDS between 
proposidons. and does not take into account the structure of Lavoisier's con
ceptual system. It treats proposidoDS as 1ID8D8lyzecl wholes, without bJ:eakin1 
them down into tbeir conceptual coDStituents. Tbe descriptions of conceptual 
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18bIe4..2 
Input ExplanatioDS for Lavoisier Example 

Oxygen explanations: 
(explain (OHI 0H2 083) El) 
(explain (OHI 0113) E3) 
(explain (OHI 083 OH4) PA) 
(explain (OHI OHS) BS) 
(explain (OHI OH4 OHS) B6) 
(explain (OHI OHS) B7) 
(explain (OHI OH6) BS) 

Phlogiston explaDatioDS: 
(explain (PHI PH2 PH3) El) 
(explain (PHI PH3 PH4) Bl) 
(explain (pHS PH6) BS) 

Data: 
(data (HI Bl E3 PA ES B6 B7 BS» 

organization in Chapter 3 had the opposite Hmitation: they largely omitted 
propositions and the explanatory ~lations among them. A full computational 
analysis of Lavoisier's mental system would specify all its conceptual and 
propositional components and clarify their intell'elationships, but a cognitive 
system rich enough to do this and incorporate BCBO has yet to be builL 3 

Table 4.2 shows the part of the input that sets up the network used to jUdge 
explanatory coherence. The "explain" statements are based directly on La
voisier's own assertions about what is explained by the phlogiston theory and 
the oxygen theory. In contrast to my cstier analysis of Lavoisier (Thagant 
1989), I have not specified any contradictions between phlogiston hypotheses 
and oxygen hypotheses, since the hypothesis that burning objects give otJ 
phlogiston does not appear strictly to contradict the hypothesis that burning 
objects absorb oxygen. The current version ofBCHO that implements TEC's 
principle of competition detects numerous competitions: . 

OHI competes with PHS becauseofES. 
OHI competes with PH6 because of BS. 
OHI competes with P83 because of Bl. 
OHI competes with PH2 because of HI. 
OHI competes with PHI because of HI. 
0H2 competes with PHI because of Bl. 
0H2 competes with PH2 because of BI. 
0H2 competes with P83 because of Bl. 
083 competes with PRJ because of HI. 
083 competes with PH2 because of Bl. 
083 competes with PHI because of HI. 
OHS competes with PH6 because of BS. 
OHS competes with PHS because of BS. 

3 See NeIsaa, 1'hapnI, ad Ifardy (1991) for a de8cdpdon of ... &yItem tbat is ........ 
to PI (Thaprd 1988) ill iDtepItiDa ,,1:1 I:Dtadoas of CODcepIa aDd ....... bat __ exIeDIive 
... of die l'ftedwnlsaw of puaIlel COMIIaialIlliaflcdoa .... ill ECHO aDd ill our ...., 
J1IOII88 (JIolyoIt aDd ........ 1919. 11IapnI et aI. 1990). 
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These explanations and competitions generate the network portrayed in 
Figure 4.8. The link between OHI and OH3 is particularly strong, since these 
two hypotheses participate in three explanations together. Figure 4.9, pr0-

duced by a graphics program that runs with BCHO, displays the Jinks to 083, 
with excitatory Unks shown by thick lines and inhibitory Unks shown by thin 
lines. The numbers on the lines indicate the weights of the Jinks munded to 
three decimal places: in accord with Principle 2(c), weights for excitatory 
Unks are different from the default weight of .04 whenever multiple hy
potheses are used in an explanation. If the hypotheses participate in only one 
explanation, then the weight between them is equal to the default excitation 
divided by the number of hypotheses; but weights are additive, so that the 
weight is increased if two hypotheses participate in more than one explana
tion. For example, the link between 083 and HI has the weight .013 
(.01333333 rounded), since the explanation of HI by 083 required two 
additional hypotheses. The weight between 083 and OHI is .047 (.02 + 
.0133333 + .0133333), since the two of them alone explain B3, and together 
they explain HI and B4 along with a third hypothesis in each case. OHI and 
083 are thus highly coherent with each other by virtue of being used topther 
in multiple explanations. The inhibitory links from 083 to the three phlogis
ton hypotheses have the weight -.02, not the default inhibition -.06, because 
the relevant explanations each involve 3 cohypotheses (see section 4.6.1). 

The numbers beneath the names in Figure 4.9 indicate the final activation 
of the named units, munded to three decimal places. When BCBO runs this 
network, starting with all hypotheses at activation .01, it quicldy favors the 
oxygen hypotheses, giving them activations greater than O. In contrast, all 
the phlogiston hypotheses become deactivated. The activation history of the 
propositions is shown in Figure 4.10, which charts activation as a function of 
the number of cycles of updating. Figure 4.10 shows graphs, produced aut0-
matically dming the ron of the program, of the activations of all the units over 
the 106 cycles it takes them to reach asymptote. Notice tbat the oxygen hy
potheses OHI-OH6 rise steadily to their asymptotic activations, while the 
phlogiston hypotheses sink to activation levels weD below O. PH4 does not 
directly compete with any oxygen hypotheses, but it is deactivated anyway 
since it is dragged down by the other phlogiston hypotheses. Thus the phlo
giston theory fails as a whole. 

This ron of BCBO is biased toward the oxygen theory, since it was based 
on an analysis of Lavoisier's argument. We would get a different netwoIt if 
HCHO were used to model critics of Lavoisier such as Kirwan (1968), who 
defended a variant of the phlogiston theory. By the late 17908, most chemists 
and physicists, including Kirwan, had accepted Lavoisier's arguments aad 
rejected the phlogiston theory, a turnaround contrary to the suggestion of 
Kuhn (1970) that scientific revolutions occur when proponents of an old pam
digm die off. The simulation presented in this chapter is inteDdecl to mocIel. 
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OHI-0112--0H3--0H4--085 OH6 

, , , 
El E6 E7 

, 
E8 ~ , , , , , , , , , , , 

PHI-PH2--PH3 --PH4 

Figure 4.8. Network representing Lavoisier's aqument. 
BI-E8 are evidence umts. OHI-OH6 are umts representing 
hypotheses oftheoxygentheory,while PHI-PH6 represent 
the pblogiston hypotheses. Excitatory Jinks, indicating that 
two propositions cohere, are represented by solid lines. 
Inhibitory linb are represented by dotted lines. 
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0B2 
Q 

0.518 

OH4 
o 

0.521 

0.013 

OHl 
o 

0.807 

-0.02 

PR3 
o 

-0.479 

PHl 
.---0 

-0.479 

Figure 4.9. CoDDeCtivity of oxygen theory UDit 0H3. The numbers 
under the UDits are tbeir activation values after the UDit bas settled. 
Thick lines indicate excitatory tints, while thin Hnes indicate 
inhibitory tints. Numbers on the lines indicate the weights on the 
Unks. 
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Ei E2 E3 E4 

f==-~ f==- f==-
~ ~ ~ ~ 

f==- f==- f==- f==-
OBi 082 OH3 OH4 

~~~F-
085 OB6 PHi PH2 

~F-~~ 
PH3 PH4 PHS PH6 

~~~~ 
Figure 4.10. Activation bistory of Lavoisier network. Each graph shows the activation of a 
unit over 106 cycles of updating, on a scale of -1 to I, with the horizontal line indicating the 
initial activation of O. 

from Lavoisier's own point of view, the acceptance of the oxygen theory and 
the rejection of phlogiston. It is not intended to represent the point of view of 
a phlogiston theorist, a neutral observer, or the entire scientific community. 
Nor does ECHO have anything to contribute to an understanding of how the 
oxygen theory was discovered. 

Lavoisier's argument represents a relatively simple application of ECHO, 
showing two sets of hypotheses competing to explain the evidence. But more 
complex explanatory relations can also be important. Sometimes a hypothesis 
that explains the evidence is itself explained by another hypothesis. Depend
ing on the warrant for the higher-level hypothesis, this exb'a explanatory layer 
can increase acceptability: a hypothesis gains from being explained as well as 
by explaining the evidence. The Lavoisier example does not exhibit this kind 
of coherence, since neither Lavoisier nor the phlogiston theorists attempted to 
explain their hypotheses using higher-level hypotheses, nor does the example 
display the role that analogy can play in explanatory coherence. Both these 
features are illustrated by the case of Darwin analyzed in Chapter 6. 
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4.4 OBJECTIONS AND llEPLlES 

Despite their many applications to important cases of scientific reasoning. the 
theory of explanatory coherence (TBC) and its computational implementation 
(ECHO) are highly controversial. Here I present a concise discussion of the 
objections most frequently made to me and ECHO. Many of these were 
made in different form by commentators on my 1989 &htwiorol tIIUI, Braill 
Sciences paper. 

Objection 1. ECHO does little to iDumhNlte the process of theory evalua
tion, since the simulations are all crafted by a programmer. The real wort is 
in the encoding of ECHO input 

Reply. The charge that ECHO nms are contrived by the programmer has 
three replies, one historical, one psychological, and one computational. The 
historical reply is that every effort has been made to base input to ECHO's 
scientific examples on actual scientific texts. We have not made up examples 
to suit our purposes, but have tried to capture actual scientific arguments. The 
most detailed analyses so far, of Copernicus and Newton, have nquired IDOIe 

than 100 propositions each (Nowak and Tbagard 19918, 1991b). A logician 
might trivialize the analyses by conjoining all hypotheses in a theory into a 
single proposition, but such an exercise would be bistorically otiose. 

The psychological reply to objection 1 is that ECHO eacodinp do not 
depend on anyone programmer's idiosyncrasies, since numerous people have 
developed interesting ECHO applications. h is an open empirical question 
how general is the ability to analyze texts in ways that make sensible ECHO 
input, but Ranney (1991) and his students are actively investigating this 
question. 

FmaIly, the computational reply is that ECHO can take its input not from 
human programmers, but from anotberprogram that generates the hypotheses 
that ECHO evaluates. A prototype of such a program is already running, but 
the full development will be in the context of a new cognitive system cur
rendy being built Of course, a programmer will still have to encode the rules 
and other information that the hypothesis genaator uses to provide input to 
ECHO, but the at least the ECHO input will not be directly fed to it The 
development of this new system will also undercut the objection that ECHO 
is not really reasoning becauIe it does not deal with the representation of 
propositions but treats them as unanalyzed wholes. 

Objection 2. ECHO is unnecessarily complicated as an implementation of 
TEe. A simple linear function could compute the best explanation just as 
easiIy. Hobbs (l989) proposes a Naive Method: the score of a theory results 
from subttacting the number of hypotheses in a theory, til, from the number 
of pieces of evideoce it expJ.aiDs, lB. One theory should be accepted over 
another if it has biJher value for fB-:IIH. 
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Reply. Hobbs' Naive Method (NM) will in fact work for many cases, since 
it captures the fundamental aspect of THe that theories should explain more 
evidence with fewer assumptions. But NM is obviously not equivalent to 
ECHO. Fust, ECHO gives much more detailed output than NM, which evalu
ates theories-whole sets of hypotheses; ECHO generates -an evaluation of 
individual hypotheses. NM accepts or rejects a set as a whole, while ECHO's 
output provides an acceptability value for each hypothesis. ECHO does not 
need to group hypotheses together into theories to evaluate them. It can reject 
one hypothesis that is part of an accepted theory, accept a hypothesis that is 
part of a rejected theory, and even reject pieces of evidence (4.2.9). ECHO 
automatically decides which hypotheses are in competition with each other. 
Thus ECHO is a more general mechanism of belief revision than NM. 

Second, NM does not take into account the effect of being explained 
(4.2.4). Figure 4.3 presented a case where two hypotheses HI and H3 are 
preferred to H2 alone, a clear violation of the NM's preference for lower IH. 
One might deny that a hypothesis becomes more acceptable if it is explained 
by another hypothesis. Yet in every domain in Which expIan8tory inference is 
used, higher-level expJanations can add to the acceptability of a hypothesis. 
Darwin, for example, thought that the fact that evolution was explained by 
natural selection was a crucial part of the evidence for evolution. In murder 
aiats, questions of motive play a major role, since we naturally want an expla
nation of why the suspect committed the crime as well as evidence that is 
explained by the hypothesis that the suspect did it In medical diagnosis, I 
expect that doctors normally find the hypothesis that cirrhosis of the liver is 
the cause of a patient's symptoms more convincing if they can also explain 
why the patient got cirrhosis from being a heavy drinker. ECHO shows that 
incorporating this element of explanatory coherence into a computational 
model does not create any intractable problems. 

ThiId, unification (4.2.6) provides unlimited cases where ECHO exhibits a 
preference not found in NM. To take one of the simplest, consider a theory TI 
consisting of hypotheses HI and H2 that are both employed together to ex
plain evidence EI and H2. That is, HI and H2 together explain El, and to
gether explain H2. The alternative explanations are H3 and H4, but H3 ex
plains HI alone and H4 explains H2 alone. Suppose that HI contradicts H3 
and H2 contradicts H4. TI is more unified than the other singleton hypoth
eses, and ECHO indeed prefers HI and H2, despite the fact that the Naive 
Method calculates IE - IH as 0 in both cases. 

Fourth, NM does not take into account the effect of negative evidence and 
contradictions. Suppose HI and H2 are competing explanations ofEl, but HI 
explains NE2 which contradicts evidence H2. IE - IH is the same, but in 
ECHO H2 wins. Similarly, NM does not take into account the effects of back
ground knowledge. Suppose one theory explains more with fewer hypotheses 
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than a rival theory, but contains hypotheses that contradict well-establishecl 
hypotheses in another domain. For example, Velikovsky (1965) used the hy
pothesis that Venus passed near the Earth nearly 5,000 years ago to explain 
many historical events such as the reported parting of the Red Sea for Moses, 
but asttonomers reject the hypothesis as inconsistent with Newton's laws of 
motion. 

Flfth, NM does not take into account the effects of analogy, which ECHO 
naturally models by virtue of Principle 3 of TEe. There are thus numerous 
respects in which ECHO does a more interesting computation than NM. It is 
unlikely that any linear algorithm could compute what ECHO computes. The 
acceptability of a proposition depends not ooly on its coherenCe8 with other 
propositions, but on how acceptable those other prOpositions are. Contradic
tions and competition between propositions must be taken into account as 
well as coherences. 

Anyone who likes TBC better than ECHO should appreciate that the rela
tion between a theory and its computational implementation is not arbitnu:y. 
The organization of this chapter suggests that 1EC came first and ECHO 
followed, but I got the idea for ECHO first, by analogy with the ACMB pr0-

gram for analogical mapping that Keith Holyoak and I were developing 
(Holyoak and 'Ibagard 1989). Thinking in terms of connectionist algorithms 
for simultaneously satisfying multiple constraints had enabled us to ftlCODCep

tualize the problem of how the components of two analogs can be put in 
correspondence to each other, and it struck me that a similar approach might 
work for the problem of hypothesis evaluation. General ideas about infereace 
to the best explanation and patallel constraint satisfaction led to ECHO, 
which led to TEe, and ECHO and TBC thereafter evolved together. As usual 
in cognitive science, there was considerable interplay of theory and model, 
with ideas about how to improve ECHO suggesting improvements in TBC 
and vice versa. The connectionist model thus played a crucial role in theory 
development, but it also has been instrumental in evaluating the theory. A 
typical theory in the philosophy of science is defended with brief discussion 
of a couple of examples. ECHO makes possible and necessary the develop
ment of detailed simulations that simultaneously lend credence to claims 
about the scope of ECHO and the scope ofTBC. I therefore see connectionist 
ideas about patallel constraint satisfaction as integral to both the generation 
and the evaluation of a theory of explanatory coherence. 

Objection 3. TEe and ECHO ignore the role of probabilities in scieDtlfic 
reasoning_ A Bayesian theory of scientific theory choice renders them un
necessary. 

Reply. My account of theory evaluation does indeed contrast with probabil
istic accounts of confirmation that have been iDfIuential in philosophy since 
Camap (1950) and are becoming increasingly important in AI (Pearl 1988). 
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Salmon (1966), for example, advocates the use of Bayes theorem for theory 
evaluation, which, if P(HIE) stands for the probability of H given E, can be 
written as: 

P(HIE) = P(H)p(EIH) 
P(E) 

Consider what would be involved in trying to apply this to Lavoisier's argu
ment against the phlogiston theory. We would have to take each hypothesis 
separately and calculate its probability given the evidence, but it is totally 
obscure how this could be done. Subjective probabilities understood as de
grees of belief make sense in contexts where we can imagine people betting 
on expected outcomes, but scientific theory evaluation is not such a contexL 
How could we take into account that alternative explanations are also being 
offered by the phlogiston theory? The issue is simplified somewhat if we 
consider only likelihood ratios for the oxygen and phlogiston theories, i.e., the 
ratio of P(FJoxygen) to P(FJphIogiston). But we still have the problem of 
dealing with the probability of the conjunction of a number of oxygen hypoth
eses whose degree of dependence is inck.terminate. 

Although Pearl's (1988) probabilistic approach appears promising for d0-
mains such as medical diagnosis where we can empirically obtain frequencies 
of co-occurrence of diseases and symptoms and thus generate reasonable con
dition81 probabilities, it does not seem applicable to the cases of explanatory 
coherence I have been considering. What, for example, is the conditional 
probability of burned objects gaining in weight given the hypothesis that oxy
gen is combined with them? It would be 1 if the hypothesis entailed the evi
dence, but it does so only with the aid of the additional hypothesis that oxygen 
has weight and some unstated background assumption about conservation of 
weighL To calculate the conditional probability, then, we need to be able to 
calculate the conjunctive probability that oxygen has weight and that oxygen 
combines with burning objects, but these propositions are dependent to an 
unknown degree. Moreover, what is the probability that the evidence is true? 
In conttast to the difficulty of assigning probabilities to these propositions, the 
coherence relations established by my principles are easily seen directly in 
arguments used by scientists in their published writings. When frequencies 
are available because of empirical studies, probabilistic belief networb can 
be much more finely tuned than my coherence networks, but they are ilI
suited for the kinds of nonstatistical theory evaluation that abounds in much 
of science and everyday life. The largest ECHO networks so far ron would 
require thousands of values of conditional probabilities; even when the values 
are available, probabilistic networb can be computationally intractable 
(pearl 1988; Peng and Regia 1990; see Thagard 1991c for more extensive 
comparison of probabilistic and explanatory coherence approaches). 
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My recommendation is to use statistical inference and probabilistic tea8OIl

ing whenever possible, but DOt to pretend it is always possible. It is notpossi
ble in theoretical contexts involving DOnobservable entities, since such cases 
cannot provide the statistical information needed to get Bayesian reasoaina 
going. In the example already discussed, we cannot get an estimate of the 
probability of something burning given that it combines with oxyaen. since 
there is DO way of determining the frequency of something combining with 
oxygen independent of the theory that postulates the existence of oxygen. 1b 
take a more mundane domain, we often explain other people's behavior in 
tenDS of .intentions and desires that we attribute to them. 1b reduce such 
reasoning to Bayesian probability updadns would require knowing the fm.. 
quency with which people behave in a certain way given their intentioDS, but 
we have no independent way of establishing their intentions. Contrast this 
with van Fraassen's (1989) example of an inference that someone was eating 
based on observed dirty dishes. This case can be equally well described as an 
inference to the best explanation of why the dishes are dirty or as a probabil
istic inference concerning the frequency of co-occunence of dirty disbes and 
eating episodes. We can observe people eating, but we can only hypothesize 
people having intentions. Theoretical inferences, in science and 0JdiDary life, 
require us to go beyond probabilistic reasoning based on frequencies. Apbilo
sophical response might be: so much the worse for theoretical iafaencea. 
That strategy would require us, however, to abandon completely the project 
of understanding scientific revolutions. But why trade Lavoisier, Darwin. 
Einstein, and other major episodes in the development of science forprobabil
istic purity? 

Objection 4. TEe and ECHO assume that theories can be rationally com
pared, but philosophers of science such as KuIm (1970) have shown that 
theories are incommensurable. TEe assumes basic agreement about what 
constitutes evidence and what constitutes explanation. but in scientific revo
lutions these become contentious issues. 

Reply. We already saw in Chapter 3 that there was considerable coaceptual 
overlap between the oxygen theorists and the phlogiston theorists. Later chap
ten will show that such overlap also existed in all other major cases of scien
tific revolutions. The important conceptual differences that undeoiably exist 
in such cases are not so severe as to make ECHO analysis impossible. Oxygen 
and phlogiston proponents could recognize experiments done and explana
tions otJered by each other, so incommensurability of the radical JCu1miaa SOIl 
did DOt impede coherence-based adoption of the oxygen theory. In his mcent 
writings, Kuhn discusses problems of incommensurabilty in terms oftraasJa.. 
tion, a topic examined in section 5.2.3. 

Objection 5. TEe ignores the fact that some hypotheses and pieces of evi
dence are more important tban others. treating all explanations alike. 
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Reply. Importance is a slippery notion. TEe and ECHO do not contain any 
measure of the prtlCtlcal importance that some hypotheses might have. But a 
notion of theoretical importance emerges from using ECHO to analyze a sci
entific case. A hypothesis that coheres with numerous other hypotheses and 
pieces of evidence by virtue of its explanatory relations will be implicidy 
judged as much more important to a theory than a more isolated hypothesis. 
For example, in my analysis of Lavoisier's oxygen theory, OH3 is clearly 
much more important than OH6. Unlike Lakatos (1970), I am not proposing 
that theories have a rigid "hard core" of assumpdons immune to revision. But 
from the perspective ofTEC and BCHO it is easy to see how hypotheses that 
are intensely connected with other hypotheses in a theory will be harder to 
dislodge than isolated ones. As for pieces of evidence, their importance is a 
matter of their relation to alternative explanatory hypotheses. A data proposi
tion will have greatest effect if it is explained by one hypothesis but not by its 
alternative. 

To better understand how revising a belief can be affected by its relation to 
existing beliefs, we can define the expltmatory entrenClIment of a proposition 
as follows. Assume that previous judgments of explanatory coherence have 
been simulated by ECHO runs that identify some propositions as accepted 
(activation> 0) and others as rejected (activation < 0). Then the entrenchment 
of a proposition H could be: 

(number of accepted propositions with which H coheres) - (number of accepted 
propositions with which H incoheres) - (number of rejected propositions with 
which H coheres) + (number of rejected propositions with which H incoberes) 

Entrenchment does not itself predict whether a proposition will be accepted or 
rejected in a new run, since adding new information, such as new data and 
negative evidence, can lead previously accepted propositions to be rejected. 
But it provides an external way of understanding why some belief revisions 
are more difficult than others. 

Objection 6. ECHO assumes a simplistic view of scientific theories as sets 
of propositions. 

Reply. Theories are indeed more complicated than sets of propositions. A 
theory is a complex structure involving concepts. rules, and stored problem 
solutions ('Ibagard 1988, 40). But rules are the propositional parts of these 
structures: theories are not just sets of propositions, but they include the pr0p

ositions that figure in explanatory relations. 
Objection 7. ECHO is not really connectionist, since it does not use distrib

uted representations. 
Reply. This objection is partly terminological and pm1ly substantive. The 

terminological aspect is handled by noticing, as we did in section 2.4, that 
there are different approaches to connectionist modeling. The term "connec
tionist" was used for local representations like ECHO's well before parallel 
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distributed processing became the dominant form of connectionism (see 
Feldman and Ballard 1982; Rume1hart and McClelland 1986). The substan
tive criticism is that from a neurocomputational perspective, distributed rep
resentations are far more plausible and powerful (cf. Churcbland 1989). But 
I argue in section 9.3.4, in the course of a general discussion of the place of 
connectionism in cognitive science, that local representations can be viewed 
as useful approximations to distributed representations. 

Objection 8. TEe and ECHO say nothing about the nature of analogy, 
so Principle 3 and the input to ECHO using "ANALOGOUS" are left UD

specified.. Analogies are highly theoIetical, so that there cannot be theory
independent input (compare objection 4). 

Reply. Response to this objection would require a diversion from discus
sion of conceptual revolutions and presentation of a theory of analogy devel
oped at length elsewhere (Holyoak and Thagard 1989; Thagard et aL 1990). 
If that theory is correct, then analogies can be recognized by satisfaction of a 
set of semantic, structural, and pragmatic consttaints, without any overarcb
ing theory-dependent abstraction. In the general cognitive system DOW under 
development, ECHO will be able to receive its input concerning analogies 
from the analogy programs, without human intervention. 

Objection 9. TEe concentrates on explanation, but scientista take much 
more seriously evidence that is predicted by a theory, not just explained after 
the fact Hypotheses should lead to the prediction of new observations, not 
just manage the explanation of old ones (Popper 1959; Lakatos 1970). 

Reply. Popperians have vasdy exaggerated the importance of prediction. 
Lavoisier's case against the phlogiston theory was that his oxygen theory 
explained more; he says nothing about new predictions. Darwin's theory of 
evolution made little in the way of new predictions, but possessed much 
greater explanatory coherence than the hypothesis of divine creation (Chapter 
6). A confirmed prediction was of some importance in the acceptance of plate 
tectonics (see the discussion of the Vme-Matthews hypothesis in section 
7.3.3), but this was only one factor 8100111 sevem1. Similarly, much has beea 
made of the confirmation of Einstein's theory of relativity by the observation 
of the bending of light, but this prediction was no more important than the 
theory's explanation of puzzling facts already known such as the orbit of 
Mercury (see section 8.3). I have previously argued that the apparent pefer .. 
ence for preclictions over after-the-fact explanations is in fact a matter of 
simplicity Thagard (1988, 84). To explain something already known to have 
occurred.. one can bring in all sorts of auxiliary hypotheses that diminish the 
simplicity of the explanation, but predictions are typically more pristine. 

Popper valued predictions because they can lead to refutations, but his 
model lWely applies in the history of science. 1)pical1y, scientists do DOt 
react to a failed prediction by abandonment of their theories, but iDsteal try 
to adapt and improve them. APopperiaa scientist (if there were any) would be 
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like a person who threw a car away because it did not start one morning. 
Scientists typica11y abandon a theory only when one with greater explanatory 
coherence comes along. Although ECHO does not exhibit simplistic Pop
perlan falsification, it need not succumb to the various strategies that can be 
used to save a hypothesis from refutation. The strongest direct evidence 
agtJinst a hypothesis is pointing out that it has implications that contradict 
what has been observed. One way of saving the hypothesis from an objection 
of this sort is to use an auxiliary hypothesis to explain away the negative 
evidence. Section 4.2.7 showed how simplicity considerations can prevent 
this stratagem from working. Another way of saving a hypothesis in the face 
of negative evidence is to modify its cohypotheses. As Duhem (1954) and 
Quine (1963) pointed out. if HI and H2 together imply some NEI that contta
diets a datum Bl, then logic alone does not tell whether to reject HI, H2, or 
both. In ECHO, what hypotheses are deactivated depends on other relations 
of explanatory coherence. If HI con1ributes to fewer explanations than H2, or 
if HI contradicts another highly explanatory hypothesis H3, then HI will be 
more likely to be deactivated than H2. . 

Objection 10. Accepting hypotheses in accord with TBC is a dangerous 
kind of inference. Inference to the best explanation is not merely evaluation 
of hypotheses with respect to how well they explain the evidence, since it 
selects only the best among the historically given hypotheses (van Fraassen 
1989, 142). Unless we have some reason to believe that the truth is to be found 
in that set of hypotheses, we are not justified in believing hypotheses just 
because they possess explanatory coherence. 

Reply. This objection raises difBcult epistemological issues that I have dis
cussed at length elsewhere (Thagard 1988, ch. 8). It would indeed be folly to 
recommend inference to the best explanation on the basis of the frequency 
with which it produces true beliefs, since there are many cases in the history 
of science where a theory that exceeds all others in explanatory coherence at 
a particular time is superseded. It was, for example, perfectly reasonable for 
a chemist before Lavoisier to accept the phlogiston theory, which provided a 
useful integrative explanation of various chemical phenomena. But science 
aims at more than the accumulation of true beliefs and the avoidance of false 
ones: understanding is as important a goal as truth, and the pursuit of it re
quires the acceptance of explanatory theories that may turn out to be false. 

Objection 11. ECHO is intended as a cognitive model, but there is no rea
son to believe that it has psychological reality. 

Reply. Any psychological claims about TEC and ECHO at this point have 
to be highly tentative, since there have only been limited applications to psy
chological experiments (RaDney and Thagard 1988; Ranney 1991; Miller and 
Read 1991). Several psychologists, however, are currently investigating 
ECHO and there should eventually be experimental evaluation of Its strength 
as a copitive model. Some commentators have wondered 'whether TBC and 
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ECHO are intended as descriptive of how people reason or prescriptive of 
how they should. I have coined a new term to describe an approach that is 
intended to be both descriptive and prescriptive (normative). I shall say that 
a model is "hiscriptive" if it describes how people make inferences when they 
are in accord with the best practices compatible with their cognitive capaci
ties. Unlike a purely prescriptive approach, a biscriptive approach is inti
mately related to actual human performance, rather than offering a theory of 
God's cognitive performance. But unlike a purely descriptive approach, bi
scriptive models can be used to criticize and improve human performance. 

45 SUMMARY 

me, the theory of explanatory coherence, provides a set of principles that 
establish relations of coherence and incoherence between propositions. 1be 
theory permits a smooth integration of diverse criteria such as explanatory 
breadth, simplicity, and analogy. ECHO's connectionist algorithm shows the 
computability of coherence relations. The success of the program derives 
from the usefulness of connectionist an:hitectures for doing parallel con
straint satisfaction and from the fact that inference to the best exp1anation is 
inherently a problem of simultaneously satisfying multiple constraints. 
ECHO has many properties found in scientists' reasoning, such as preferring 
simple and unified theories. 

me captures the actual arguments of scientists such as Lavoisier who 
explicitly discuss what competing theories explain. 'I'here is DO need to postu
late probabilities or contrive deductive relations. me and ECHO engender a 
more detailed analysis of these arguments than is typically given by pr0po
nents of other accounts. Unlike most accounts of theory evaluation, this view 
based on explanatory coherence is inherently comparative. If two hypotheses 
contradict each other, they incohere, so the subsystems of propositions to 
which they belong will compete with each other. As ECHO shows, successful 
subsystems of hypotheses and evidence can emerge gracefully from local 
judgments of exp1anatory coherence. Thanks to ECHO, we know that there is 
an efficient algoritbm for adjusting a system of propositions to torn coherence 
relations into judgments of acceptability. The algoritbm allows every proposi
tion to inftuence every other one, since there is typically a path of Iinb • 
tween any two units, but the inftuences are set up systematically to reflect 
explanatory relations. Theory assessment is done as a whole, but a theory 
does not have to be rejected or accepted as a whole. Those hypotheses that 
participate in many exp1anations will be much more coherent with tile evi
dence and with each other and will therefore be harder to reject. More periph
eral hypotheses may be deactivated even if the rest of the theory they are 
1inked to wins. We thus get a holistic account of inference that can neverthe-
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less differentiate between strong and weak hypotheses. Although our hypoth
eses face evidence only as a corporate body, evidence and relations of explan
atory coherence suffice to separate good hypotheses from bad. 

4.6 APPENDIX: TECHNICAL DETAILS OF ECHO 

For those interested in a more technical description ofhow ECHO works, this 
appendix outlines its principal algorithms and describes sensitivity analyses 
that have been done to determine the effects of the various parameters on 
ECHO's performance. USP code is available from the author. 

As described in section 4.2, ECHO takes as input EXPLAIN, CONTRA
DICf, ANALOGOUS, and DATA statements~ The basic data structures in 
ECHO are USP atoms that implement units with property lists that contain 
information about connections and the weights of the 1inks between units. 
Table 4.3 describes the effects of the five kinds of input statements~ All are 
straightforward, although the EXPLAIN statements require a calculation of 
the weights on the excitatory links. The equation for this is: 

weight(P, OJ = deltUIlt weight / (number of COlrypotlrese6 of PJ 1."",.",,,,.,.,J 

Here simplicity impact is an exponent, so that increasing it lowers the weight 
even more, putting a still greater penalty on the use of multiple assumptions 
in an explanation. In practice, however, I have not found any examples where 
it was interesting to set simplicity impact at a value other than 1. 

After all input has been given, ECHO.2 automatically implements the prin
ciple of competition by finding for each proposition R pairs of hypotheses P 
and Q that explain R but are not explanatorily related to each other. Then an 
inhibitory link between P and Q is constructed. Table 4.4 gives the algorithm. 
The equation in part 3 of Table 4.4 ensures that in the limiting case where P 
and Q each explain R without any help, and R is the only propositon that they 
both explain, then the inhibition is the same as that between units representing 
contradictory hypotheses. The equation captures the following intuitions: the 
more propositions that P and Q both explain, the more they compete, but the 
greater the number of the additional assumptions used in these explanations, 
the less they compete. IfP and Q each independently explains R only with the 
assistance of numerous other hypotheses, then they incohere to a lesser ex
tent; compare Principle 2 (c), according to which the degree of coherence is 
lessened by the number of hypotheses that together explain a proposition. By 
virtue of the algorithm in Table 4.4, BCHO.2 tends to create many more in-
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"Dlble4.3 
Algorithms for Processing Input to ECHO 

I. Input (PROPOSmON NAME SBNTENCB) 
Create a unit called NAME. 
Store SBNTBNCB with NAME. 

2. Input: (BXPLAIN UST-OF-PROPOSmONS PRoPOsmON) 
Make excitatory Iinb between each member of UST-OF-

PROPOsmONS and PROPOSmON. 
Make excitatory Iinb between each pair of UST-OF-PROPOSmONS. 
Record wbat explains what. 
Note: weights lie additive, so that if more tban ODe EXPLAIN statement 

creates a link between two proposition units. then the weight OIl the link 
is the sum of the weights sugested by both statemeDts.1'be weights are 
inversely proportioaal to the 1eD&th of UST-OF-PROPOSmONS, 
implemeDliDa a principle of simplicity. Optionally, the EXPLAIN 
statement can end with a a.umber represeatina the stren&tb of the 
explaaation; the weight OIl the link is then multipJied by this number. 

3. Input (CONTRADICf PROPOsmON-l PROPOSmON-2). 
Make an inhibitory link between PROPOsmON-l and 

PROPOSmON .. 2. 
4. Input (ANALOGOUS (PROPOsmON-I PROPOSmON-2) 

(PROPOSmON .. 3 PRoPOSmON-4» 
If PROPOSmON-l explains PROPOSmON-3. and PROPOSmON-2 

explains PROPOSmON-4t then mate excitatory 1inb between 
PROPOSmON .. l and PROPOSmON-2. and between 
PROPOSmON-3 and PROPOSmON-4. 

5. Input (DATA UST-OF-PROPOSmONS) 
For each member ofUST-OF-PROPOSmONSt aeate an excitatory link 

from the special evidence unit with the weight equal to the data 
exdtadoD parameter. unless the member is itself a list of the form 
(PROPOSmON WEIGIfO.1n this case the weight of the excitatory 
link to PROPOSmON is WEIGHT times the parameter. 

bibitory links than did the original ECHO.lt which created them only when 
told that two propositions are conttadictory. 

After input has been used to set up the network, the network is run in cycles 
that synchronously update alI the units. The algoritbm for this is shown in 
Table 4.5. For each unitj, the activation 4J' ranging from -I to I, is a continu
ous function of the activation of all the units 1inkecl to it. with each unit's 
contribution depending on the weight lIf of the Hnk from unit I to unitj. The 
activation of a unit j is updated using die following equation. 

af..l+l) = af..IXl -6) + {Mlf..IIIII%-4f.I» if net?O 
~(af..')-mb&) otIwnNiIM 
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'Dable 4.4 
Algorithm for Implementing PriDciple 6, Competition 

I. Compile 8 list of pairs of potentially competing hypotheses: 
(8) For each proposition R, compile 8 list of all the hypotheses that explain R. 

Create 8 list of pairs of the explainers of R. . 
(b) Return 8 list L of pairs of potentially competing hypotheses. 

2. Prune the list L by eJinrinating any pair (P Q) such that any of the following conditions 
holds: 

(8) P is in the list of explainers of Q, 
(b) Q is in the list of explainers of P, 
(c) P and Q are cohypotheses, 

3. For each pair (P Q) in the pruned list L, create an inhibitory lint between P and Q with 8 

weight equal to: 

inIaib • (""""r of propolilio1l3 aplained by both P tI1Id Q) 

(""""r of colaypo1Mlel of P tI1Id Q in 1M apIanatio1l3 of propolitio1l3 tMy both aplain) 12 

Nota: 
(i) inhib is 8 constant representing the default inhibition. 
(ii) A unit " in ECHO is represented by 8 USP atom with 8 property list that includes 

entries for units representing propositions that (1) explain, (2) are explained by, and 
(3) are cohypotheses of the proposition represented by U. 

(iii) HI and H2 are colaypotlaael if HI and H2 are together part of the explanation of some 
other proposition. In the calculation in 3, each proposition counts as 8 cohypothesis of 
itself. 

Here 8 is a decay parameter that decrements each unit at every cycle, min is 
minimum activation (-I), mtlX is maximum activation (1), and net) is the net 
input to a unit This is defined by: 

MI} = ~,w(fa~t) 

Repeated updating cycles result in some units becoming activated (getting 
activation> 0) while others become deactivated (activation < 0). 

4.6.2 &uitiPiq 

The four most important parameters in ECHO are: 

Excitation, the default weight of the link between units representing propositions 
that cobere, reduced in accord with Principle 2(c) if more than one hypothesis 
is involved in an explanation; 
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1Bble4.5 
Algorithms for Network Operation 

1. Running the network: 
Set all DDit activations to an initial starting value (typically .01), except tbat 

the special evidence DDit is clamped at 1. 
Update activations in accordance with (2) below. 
Ifno unit has changed activation more than a specified amount (usually .001), 

or if a specified number of cycles of updating have occurred, then stop. 
Print out the activation values of all units. 

2. Synchronous activation updating at each cycle: 
For each DDitj, calculate the new activation ofj, ar in accord with the 

equations beloW, considering the old activation a, of each unit linked to j. 
Set the activation of j to the new activation. 

Equations: 

{
1U!tj.1IIIIJC-Clj.t» if net}>O 

aj.t+l) = aj.tX1-fJ) + nes(aj.t)-min) otherwise 

Here 8 is a decay panmeter that decrements each unit at every cycle, mill is 
minimum activation (-1), 1IIIIJC is maximum activation (1), and net} is the 
net input to a unit 1bis is defined by: 

net} = ~,wflatt) 

Inhibition, the default weight of the link between units representing propositions 
that incohere; 

Decay, the amount that the activation of each unit is decremented on each cycle 
of updating; and 

Data excitation, the weight of the link from the special evidence unit (whose 
activation is always 1) to each of the units representing pieces of evidence. 

For each of the ECHO simulations mentioned in this book, hundreds of runs 
have been done to determine how different values of these parameters affect 
ECHO's performance. Experiments have determined that the last two param
eters have little effect on simulations: greater decay values tend to compress 
asymptotic activation values toward 0, and greater data excitation tends to 
make the activations of losing units higher, but there are no qualitative differ
ences. In contrast, the relative values of excitation and inhibition can be cru
cial. There are two ways in which a simulation can fail: if the network does 
not settle because some units have oscillating activation, and if at the end of 
the run the units representing hypotheses of the rejected theory have activa
tiODS greater than 0, or even greater than the activations of what should be the 
winning units. Both failures tend to be the result of having excitation too high 
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relative to inhibition. So long as the value for the excitation parameter is 
higher than the absolute value of the inhibition parameter, losing hypotheses 
tend to be rejected and networks tend to settle in around 100 cycles of up
dating. For all runs reported in this book, the parameter values used were .OS 
for decay and data excitation, .04 for excitation, and -.06 for inhibition, but 
many other combinations of values could have been used as long as excitation 
was less intense than inhibition. The original ECHO (Thagard 1989) tended 
to need stronger inhibition, since without the principle of competition there 
were fewer inhibitory links. 
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Theory Dynamics, Rationality, 
and Explanation 

11m chemical revolution bas provided a rich example of conceptual change, 
and the transition from the phlogiston theory to the oxygen theory can be 
accounted for by the theory of explanatory coherence. But how typical is the 
chemical revolution of other major conceptual developments in science? In 
general, what is the relation between a new theory and the old theory that it 
replaces? At the theoretical level, Lavoisier's views retained little of the pre
viously dominant phlogiston theory, but we should not immediately assume 
that this is true of all scientific revolutions. Generalizations about the rela
tions between successive theories must await a broader range of historical 
cases. The first section of this chapter lays out the possibilities, outlining the 
different ways in which successive theories can be related to each other. Later 
chapters will show that scientific revolutions differ in how cumulative they 
are, although all are cumulative to some extent. 

From a philosophical perspective, the topic of the relation between succes
sive theories is crucially relevant to the question of whether scientific revo
lutions are rational: are new theories adopted because they are objectively 
superior to old ones, or are they adopted arbitrariIy? Section S.2 applies the 
perspective of conceptual change and explanatory coherence to three issues 
relating to rationality. FIrSt, theory change in scientific revolutions is often 
compared to religious conversion. A psychological account of conversion, 
however, shows that it bas little in common with scientific change. Second, 
sociologists of science have claimed that they can fully explain the devel
opment of science without addressing questions of rationality or cognition, 
but the limitations of their models are easy to see. Fmally, Kuhn's recent 
writings have suggested that the relation between successive conceptual 
systems is akin to that between languages, but we shall see that the anal
ogy is limited and does not undercut the possibility of rational conceptual 
change. 

The final question addressed in this chapter is a background issue for the 
theory of explanatory coherence: what is an explanation? I do not have a 
unified theory of explanation to offer; after outlining the different views of 
explanation that have been offered by researchers in philosophy of science 
and artificial intelligence, I describe what a cognitive theory of explanation 
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might look like. Several different approaches to the nature of explanation are 
compatible with objective establishment of the explanatory relations that 
TEC requires. 

5.1 DYNAMIC RELATIONS OF THEORIES 

5.1.1 TUory Rq_eme'" 

Putting the theory of explanatory coherence from Chapter 4 together with the 
theory of conceptual change, we get the following picture of the transition 
from one theory to another: 

1. A scientist with a theory embedded in a conceptual system becomes aware 
of a new theory that competes with the one already held 

2. Although initially skeptical, the scientist sets out to learn more about the 
new theory, and gradually accumulates its conceptual system and an understand
ing of its explanatory claims. 

3. The scientist comes to appreciate that the new theory bas greater explana
tory coherence than the old one. 

4. The old theory, and its attendant conceptual system, drop into disuse. 

Thus ttansformations in propositional as well as conceptual structure take 
place. The phlogiston theory had concepts such as the different kinds of earths 
manged in kind-hierarchies and part-hierarchies. The oxygen theory had a 
different set of concepts and a different hierarchical organization. The two 
theories can be compared, however, because they also contain propositions 
that are offered as explanations of some of the same evidence concerning 
aspects of combustion and calcination. When a phlogiston theorist appreci
ated the greater explanatory coherence of the oxygen theory, the phlogiston 
propositional and conceptual system became dormant 

The interrelations between conceptual and propositional structure are diffi
cult to visualize, even in simple cases. Figure S.t shows partially how concep
tual and propositional structure are intertwined in the phlogiston and oxygen 
theories, both of which explain Et, that wood bums. In the oxygen theory, the 
proposition Ot, that oxygen combines with wood, is part of the explanation. 
In the phlogiston theory, the proposition Pt, that wood contains phlogiston, is 
part of the explanation. The concepts of wood and phlogiston are linked in the 
proposition Pt, but concepts are also organized in kind-hierarchies. Because 
of the explanations offered, Ot and Pt each cohere with Bt, and Ot and Pt 
incobere by virtue of the principle of competition. When Ot turns out to be 
part of the account baving the greateSt explanatory coherence, Pt is rejected 
and is no longer used in explanations. Then the conceptual structure at the 
right side of Figure 5.1 ceases to play any cognitive role. 

The picture just presented does not fully answer the question: When one 
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Figure 5.1. Conceptual and propositional structure. 01 is the 
proposition that oxygen combines with wood. BI is the 
proposition that wood bums. PI is the proposition that wood 
contains phlogiston. 01 coheres with BI; PI coheres with BI; 01 
and PI incobere. Lines marked with K indicate kind-reIations. 

theory replaces another, as the oxygen theory did the phlogiston theory, what 
is the relation between the old theory and the new one? To what extent is the 
development of science cumulative, incorporating what has gone before? At 
the most general level, we can distinguish four kinds of relations between 
successive theories, ordered by decreasing amounts of cumulativeness: incor
poration, sublation, supplantation, and disregard. 

H a new theory 1'2 completely absorbs the previous theory TI, then 1'2 
incorporates TI. 

This is total cumulation; 1'2 is just an extension of TI. 

H 1'2 partially incorporates TI while rejecting aspects of TI, then 1'2 
sublates Tl. 

The unusual term "sublate" is an English ttanslation of the German verb auf
heben, which means both to clear away or annul and to preserve. 1bis concept 
is crucial in Hegel's description of the development of concepts as involving 
both rejection and preservation. There are many respects in which Hegel's 
model does not fit the development of scientific knowledge (Thagard 1982), 
but the Hegelian concept of sublation is useful for describing cases where 
theory choice involves both incorporation and rejection. 

HT2 involves the near-total rejection ofTI, then 1'2 sllpplants TI. 

There is then little cumulation in the supersession of TI by 1'2. 

Fmally, if the adoption of 1'2 comes about simply by ignoring TI, then 
1'2 disregards TI. 
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By disregard I mean that there is virtually no relation between the two theo
ries and that the adoption of one is not the result of the relative merits of the 
theories. This relation is rare in the natural sciences, but sometimes occurs in 
the social sciences when new theories come on the scene like new colors in 
fashion design. 

The incorporation view of science is found among those scientists who 
suppose that new theories must be consistent with established science. At the 
other extreme, we find the Kubnian view that new theories involve the sup
planting of previous ones; in Kuhn's most relativist writings, the incommen
surability of theories implies that one theory simply disregards the other. 
Without question, the day-to-day development of physics, chemistry, biol
ogy, and some socia1 sciences involves much accretion of new views to old, 
but scientific revolutions are where one would expect incorporation to fail. 
But just how much is rejected: do the new theories sublate, supplant, or dis
regard the old ones? 

The questions need to be broadened to distinguish different kinds of cumu
lation. So far, I have been talking about tbeoiy cumulation, but this can be 
subdivided into concept cumulation and proposition cumu1ation. These two 
are intimately related, since abandonment of concepts goes hand in hand with 
rejection of propositions employing those concepts, but it is certainly possible 
to have concept cumulation even though various propositions are rejected. 
Moreover, even if one theory supplants another, it is possible that it incorpo
rates the evidence for the old theory. Evidence cumulation takes place if the 
evidence that supported Tl also supports T2.m terms of the theory of explan
atory coherence, evidence cumulation consists of T2 explaining everything 
that Tl does. Finally, we can talk of method cumu1ation. Theories often have 
associated with them methods for designing and performing experiments and 
for evaluating experimental results. Replacement of theories may sometimes 
involve replacement of methods as well. Most radically, it is possible that 
standards of theory evaluation may change with theories. The theory of ex
planatory coherence would be seriously undermined if historical cases exhib
ited variability in the principles of explanatory coherence or serious disagree
ments about what constitutes an exp1anation. We would then have no method 
cumulation, and few grounds for saying that the new theory is better than the 
disregarded old one. 

5.1.2 TIle Rellltio" betw." tIN Ox,ge" tuUl 
Pldogiato" n.eorkB 

Now it is crucial to get back to the concrete historical case of the chemical 
revolution. Discussion in previous chapters suggests that the oxygen theory is 
best described as supplanting the phlogiston theory. The oxygen theory in-
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volved the abandonment of so many of the concepts and propositions of the 
phlogiston theory that it obviously did not incorporate the phlogiston theory. 
Moreover, Lavoisier's explicit rejection of the existence of phlogiston and the 
theoretical claims that went with it shows that little of phlogiston theory was 
preserved in the oxygen theory, so sublation is not the appropriate relation 
either. 

Although there was little theory cumulation in this historical case, it would 
be a manifest mistake to say that the new theory disregarded the old, since 
Lavoisier and his colleagues mounted systematic arguments against the phlo
giston theory. New experimental evidence arose to support the oxygen theory, 
but Lavoisier still needed to explain the basic facts of combustion, calcina
tion, and respiration that bad made the phlogiston theory so plausible. There 
thus was considerable cumulation of evidence from the phlogiston to the oxy
gen theories. The ECHO analysis in section 4.3 shows, however, that there 
was not complete cumulation, since to my knowledge Lavoisier did not at
tempt to explain the transference of combustibility that the phlogiston theory 
could explain. But by and large, Lavoisier could explain what the phlogiston 
theorists did, plus a lot more. 

Method cumulativeness is harder to assess. I have not found in the writings 
of phlogiston theorists such as Kirwan and Priestley any obvious methodolog
ical differences with the Lavoisier school. Both camps bad similar experi
mental methods, although Lavoisier developed more careful means of mea
suring changes in weight Kirwan and Priesdey gave alternative explanations 
of Lavoisier's experiments, but the alternatives can easily be understood as 
coming more from doctrinal disagreements than from methodological differ
ences. I see no reason, therefore, to see a substantial methodological rupture 
in the chemical revolution that would undercut the applicability of the theory 
of explanatory coherence. Like the oxygen theorists, the phlogiston theorists 
wanted to explain the evidence, and most of them realized eventually that they 
would have to abandon their theory. 

In sum, in the chemical revolution there was little cumulation of theory, but 
much cumulation of evidence and method. We sball see in later chapters that 
this pattern of relations is not found in all other scientific revolutions, which 
have varying degrees of cumulativeness. To presage later findings: the Dar
winian revolution was even less cumulative than Lavoisier's, while revolu
tions in physics and geology were substantially more cumulative. The oxygen 
theory represented progress over the phlogiston theory because it explained 
more and led to experiments that greatly added to the stock of evidence to 
be explained. The revolution was largely driven by these experiments: the 
oxygen theory was needed to explain experimental facts such as the weight 
gain of burning objects that were difficult to fit within the phlogiston frame
work. Other revolutions, particularly in physics, have been more coherence
driven. 
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5.2 IMPEDIMENTS TO RATIONALITY 

After a talk I once gave about conceptual revolutions, a questioner at the back 
of the room remarked: "Why, it almost seems that you're-suggesting that 
science is rational!" In an era influenced by Kuhn, Feyerabend, and Denida, 
rationality bas gone out of fashion. According to Feyerabend (1975), the only 
legitimate methodological principle is "anything goes." To those philoso
phers who deny that there is a general scientific method, my theory of ex
planatory coherence as the driving force of theory replacement will seem 
anachronistic. But a theory of theory evaluation that can be applied to all 
the major scientific revolutions is an excellent antidote to irrationalism. 

When Kuhn's Structure of Scientific Revolutions first appeared in 1962, it 
lit a bonfire under the philosophy of science and bas easily been the most 
widely read work in the field over the past decades. Credit is due Kuhn (along 
with others such as N. R. Hanson and Stephen Toulmin) for redirecting phi
losophy of science away from arid logical analyses of scientific concepts to
ward greater consideration of the dynamics of science as seen in its history. 
Kuhn helped to revitalize the study of conceptual change in science that 
bad lain dormant in Anglo-American philosophy since the great nineteenth
century thinkers Wtl1iam Whewell and C. S. Peirce. But the aspect of Kuhn's 
monograph most distressing to philosophy was its implication that science 
was something less than rational. When one "paradigm" superseded another, 
it brought such a new way oflooking at the world that Kuhn even asserted that 
"the world changed." Paradigms, said Kuhn, are incommensurable, which 
many commentators took to mean that scientific theories cannot be rationally 
evaluated to see which is better. In the postscript to the second edition of his 
book in 1970, Kuhn modified his position considerably, and subsequent writ
ings have backed off more and more from the suggestion that scientific revo
lutions are irrational occurrences (Kuhn 1977, 1983). 

The purpose of this section is to defend the rationality of scientific revolu
tions by showing how various impediments to the application of the stan
dards established in my theory of explanatory coherence can be overcome. 
The first subsection considers the analogy, popular among those who are 
concerned to downplay the rationality of conceptual revolutions, between 
acceptance of new conceptual systems and religious conversion. Exhibiting 
the weakness of the analogy provides a contrasting lesson about the compara
tive rationality of science. I characterize religious conversion as a kind of 
motivated inference, in which belief change is governed by personal goals. 
Scientists, like people in general, are not immune to motivated inference, but 
social structures keep it under control. The second subsection challenges the 
claims of some sociologists concerning the social determination of scientific 
knowledge. 



DYNAMICS, RATIONALITY, EXPLANATION 189 

Kuhn's (1983) more recent discussions of incommensurability of theories 
emphasize similarities between scientists facing a new theory and language 
learners facing a strange new language that they want to be able to translate 
into their own. Section 5.2.3 explores the analogy between language learning 
and acquisition of conceptual systems. We shall see that scientific conceptual 
systems are in some respects easier and in other respects harder to acquire 
than new languages. The key point to be made is that even though the need to 
interpret and acquire a new conceptual system is an impediment to rational 
theory evaluation, it is one that can be overcome. 

Kuhn (1970) compared the shift from one paradigm to another to religious 
conversion, and many other authors have used conversion as a metaphor for 
what occurs in science (Cohen 1985, ch. 30). In some respects, the conversion 
metaphor is useful, since it suggests that adoption of a new theory can require 
a major transformation. But the metaphor is dangerously inaccurate: it is in
accurate because the cognitive processes underlying religious conversion are 
very different from those underlying adoption of a scientific theory; and it is 
dangerous because it suggests that the transformation is irrational. 

Wtlliam James (1982) provided the classic description of conversion more 
than a hundred years ago. He emphasized the emotional aspect of religious 
conversion. For example, he described the conversion of young people u 
following symptoms of a sense of incompleteness and imperfection, brood
ing, depression, morbid introspection, and sense of sin; the conversion ~ 
places these with a happy relief and confidence in self. Converts, from the 
ordinary to the famous such as St Augustine and St Paul, see themselves as 
struggling away from sin. Converts often see themselves as passive spectators 
to an astounding process performed on them from above. James described the 
feelings that typically attend the conversion experience: a sense of higher 
control, the loss of all worry, a beautification of the world, and ecstasy. More 
recent investigations such as Salzman's (1953) have also remarked on how 
sudden conversions are often preceded by severe emotional strains. 

H these accounts are correct, then religious conversion should be thought of 
as the acquisition of a belief system driven by intense emotional involvement 
Conversion takes place as a solution to the emotional problems of the penon 
converting, and has little to do with realizations of the plausibility of the 
doctrine that may be accepted. Conversion is thus better descn"bed as em0-
tional reorientation toward a perceived "higher power" than as belief revision 
or conceptual change, although revision and change can result from the ~ 
orientation. 

There is no evidence that conceptual change in scientists is either chiven or 
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accompanied by the emotional intensity found in religious conversion. Scien
tists may be distressed by a new theory, especially if it suggests that their old 
way of thinking about things is endangered and obsolescence looms, but 
they do not adopt it as a way of alleviating that distress. It is unfortunate that 
we do not have more historical data on the adoption of new theories by scien
tists. From their writings, one can infer roughly when they adopted a new 
theory, but I know of no diaries or other contemporaneous reports that marie 
the adoption of new theories. What descriptions there are, however, of scien
tists' transitions do not record the experiences of ecstasy that converts report
edly undergo. Undoubtedly scientists do experience excitement, particularly 
if the new conceptual framework suggests interesting new work to do, but this 
is mild compared to the convert's emotional transformation. In short, reli
gious conversions are largely emotion-driven, unlike adoption of theories by 
scientists. 

'Ibis is not to say that scientists are unemotional and unmotivated. Most 
successful scientists worle with great emotional intensity on projects that they 
believe in, and only a fool would say that scientists' motivations do not include 
such nonepistemic goals as fame and professional advancement The question 
is: how much do these goals bias their work? Kunda (1987, 1990) has con
ducted a series of experiments on cases where people's inferences are biased 
by their personal goals. One of her studies shows that people tend to generate 
theories in a self-serving manner that supports the optimistic view that their 
own attributes predict good life outcomes but not bad ones such as divorce. 
Subjects whose own mothers had been employed outside the home viewed 
having had an employed mother as better for marriage and having had a 
nonemployed mother as worse for marriage than did subjects whose mothers 
had not worked outside the home. In another study, students who were plan
ning to go to graduate school were more likely than others to see their own 
attributes as predictive of success in graduate school. In a third study on evi
dence evaluation, subjects who were heavy coffee drin1cers were found to be 
less willing to believe an article about the negative health effects of caffeine. 

How motivated are the inferences made by scientists in changing their be
liefs? Kunda's work does not support the claim that all inference is motivated 
inference. When motivational pressures are reduced in the caffeine experi
ment by making the health consequences of caffeine seem less severe, heavy 
consumers of coffee were no less convinced by the evidence than were light 
consumers. Kunda concludes that "people do engage in motivationally di
rected inferential processes, but only when the levels of motivation are high. 
Even when motivation is high, they do not completely ignore negative evi
dence; they are responsive to it, but not as responsive as they might have been 
in the absence of a motivational involvement" (Kunda 1987, 644f.). 

It is easy to expand ECHO into Motiv-ECHO to take into account the per-
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sonal motives of a reasoner. We can add the fonowing two principles of moti
vated explanatory coherence: 

Principle MI: Motivatio1llll colaemrce. 
If P contributes to a person~s goal G, then P and G cohere. 

Principle 412: Goal priority. 
A goal G has a degree of acceptability on its own. 

Translated into ECHO in a way analogous to Principle 4, Data Priority, Prin
ciple M2 provides activation to units representing goals. In accord with Prin
ciple MI, these goal units then spread activation to units representing those 
propositions that would contribute to the goals. Motiv-ECHO can thus be 
used to model cases of theory evaluation biased by personal goals. 

Scientists'motivations fall into several categories. rust, scientists have 
personal goals such as fame, professional success, and financial gain. Second, 
they may have group-related goals, such as wanting their research teams to 
prevail over competing views. Third., scientists may have national or poHtical 
goals. prefening ideas associated with their countries, ethnic groups, or social 
classes to be dominant On some sociologists' interpretations discussed in the 
next section, these kinds of goals are the primary determinants of the views 
adopted by scientists. However, in contrast to ECHO's historical successes,. 
there is Httle evidence to support a Motiv-ECHO model of theory choice. The 
next section makes this point by discussing the antiratiooalist views of some 
recent sociologists of science. It turns ou~ surprisingly perhaps, that scientists 
can be quite rational, preferring theories with greater explanatory coherence. 
The only serious impediment to recognizing that someone else's theory bas 
greater coherence is the problem of sufficiendy acquiring the other theory's 
conceptual system to make possible appreciation of its explanatory claims. 
Motiv-ECHO shows that the cognitive I computational approach is not re
stricted only to models of human rationality: we can also work out in detail 
what people appear to be doing when they make irrational judgments. The 
question of the rationality of science then comes down to: Does the cognitive 
modej that gives the best account of the widest range of scientific thinking 
embody rationality? Some sociologists have given this question a negative 
answer. 

Since the emergence of the "strong programme" in the sociology of science 
more than a decade ., sociologists and philosophers of science have been 
at loggerheads (Brown 1981). Whereas philosophers have ttaditiona1ly at
tempted to explain developments in science using models of rationality, advo-



112 CHAPTER 5 

cates of the strong programme claim that explanations of scientific change can 
be purely sociological, emphasizing the "interests" of scientists rather than 
evidential grounds for acquiring beliefs. The positions of philosophers and 
sociologists are well illustrated in principles that have been proposed by Larry 
Laudan and David Bloor. Laudan considers, but does not endone, restricting 
the sociology of science by an arationoJity DSSllmJltion: "The sociology of 
knowledge may step in to explain beliefs if and only if those beliefs cannot be 
explained in terms of their rational merits" (Laudan 1977, 202). Conttast this 
assumption with Bloor's principles of impeu1iality and symmetry, according 
to which a proper account of the sociology of science will use the same types 
of causes to explain beliefs regardless of whether they are ttue or false, ra
tional or irrational, successful or unsuccessful (Bloor 1981). Whereas Lau
dan's principle says that sociology is relevant only to the residue of scientific 
practice that remains after models of rationality have been applied, Bloor sees 
DO role at all for such models and clears the way for sociological explanations. 
Both of these views strike me as insupportably dogmatic. Against the aratio
nality assumption, I want to maintain that there is no advance reason why we 
should give special preference to explanations of belief change in terms of 
rationality. Instead, we should attempt to give the best explanation we can of 
particular scientific episodes, judging for each episode whether social or ra
tional factors were paramount. Against Bloor, however, I argue that in many 
cases the best explanation comes from a model of rational belief change such 
as ECHO. 

What is the best explanation of changes such as the adoption of the oxy
gen theory? There is no evidence of alteration in the personal, group, or na
tional motivations of the scientists in these periods. If theory acceptance 
were driven by such motivations, then change in the theory that is accepted 
would have to depend on some change in motivation that has not been re
corded. On the other hand, there is ample evidence in each of these revolu
tions of an abundance of new experimental results and arguments concerning 
their explanation. Lavoisier did extensive experiments to show, for example, 
that burning substances gain weight, a fact hard to explain on the view that in 
combustion phlogiston is given oft. Later chapters will describe more cases 
that have proven highly amenable to analysis using the theory of explanatory 
coherence. 

Undoubtedly, proponents of the strong programme can find motivational 
elements in these cases. When we explain, for example, the acceptance of 
quasi-Darwinian views about survival of the fittest among nineteenth-century 
American capitalists such as Andrew Carnegie, motivational, ideological ex
planations should doubtlessly prevail. But the historical record concerning 
Lavoisier, Darwin, and plate tectonics provides no reason for considering 
motivational factors to be the main causes of theory change. Rather, in each 
of these revolutions, the historical evidence suggests that a rational model 
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such as one provided by my theory of explanatory coherence is the most 
appropriate. 

Part of this preponderance is due, curiously enough, to social factors. Even 
if a scientist is driven by persoaal motivations of success and fame, be or she 
has to present research to the rest of the scientific community in terms of its 
experimental and theoretical merits. Tbrough the process of peer review, per
soaal motivations tend to be canceled. out In science on the intematioaal scale 
at which it is now practiced., group and natioaal motivations also tend to 
cancel out Because of an institutional commitment of science to experimen
tal evidence and explanatory argument, science as a whole is able to transcend 
the persoaal goals of its fully human practitioners who acquire the motivation 
to do good experiments and defend them by ratioaal argument Although 
cases of fraud occasioaally arise, the social institutions of science do a fair job 
of maintaining scientific ratioaality. 

In sum, neither religious conversion nor motivated inference provides as 
good a cognitive model of scientific theory acceptance as does my theory of 
explanatory coherence, so on empirical grounds we canjudge conceptual rev
olutions to be ratioaal. My argument should not be cons1rUed as denying the 
relevance of sociology to the understanding of scientific development 1he:re 
are fascinating questions abOut scientific organizations and national styles 
that a full8COOUDt of science must address. McCann (1978) points out numer
ous interesting social aspects of the chemical revolution. Dissemination of the 
oxygen theory began with Lavoisier's imJDCltiliate associates, only slowly 
spreading out beyond his circle to the rest of France, and slower still to other 
countries. Part of the problem in England was that chemistry was decentral
ized, with little activity at Oxford and Cambridge. In contrast, the leading 
French chemists were concentrated in Paris, facilitating the persoaal contacts 
that undoubtedly aided transmission of the oxygen theory. My cognitive IC

count of conceptu.al change and theory acceptance is obviously not intended 
to be the whole story of scientific development, but it shows that a purely 
sociological story would never do either. I am certaiDly not claiming that the 
sociology of science reduces to the psychology of science; explanation can 
fruitfully proceed at both levels. (For further discussion of the roles of cogni
tive and sociological explanations, see Slezak 1989.) 

Kuhn's doctrine of the incommensurability of theories has caused no end of 
philosophical consternation. 'lbe standard refutation of it is that if two the0-
ries were not commensurable-if they really were about different worlds
then they were not really competing, so DO problem of rationality arises. Kuhn 
has clarified. his position to state that although theories may be incommensu-
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rabIe, that does not make them incomparable, even though they lack a com
mon language. '-n.e claim that two theories are incommensurable is then the 
claim that there is no language, neutral or otherwise, into which both theories, 
conceived as sets of sentences, can be translated without residue or loss" 
(Kuhn 1983,670). According to Kuhn, acquiring a new theory is like acquir
ing a second language, which does not guarantee that you will be able to 
translate between the languages. 

The analogy between theory acquisition and language acquisition fits well 
with the account given in Chapter 3 concerning the acquisition of conceptual 
systems, but the translation question is potentially damaging to the theory of 
explanatory coherence. If there is no translation possible between the oxygen 
theory and the phlogiston theory, how can one assess their comparative ex
planatory coherence? The answer to this question will require a closer look at 
the nature of translation and at the amount of translation required to generate 
judgments of explanatory coherence. 

To begin with, we must reject Quine's (1960) philosophically influential 
view of the indeterminacy of translation. According to Quine, there are many 
different nonequivalent ways to translate from one language to another and no 
fact of the matter as to which of these ways is correct. His basic notion is 
sameness of stimulus meaning, which is possessed by two speakers if the 
same sensory stimulations prompt assent in both. Translation manuals should 
ideally identify terms with the same stimulus meaning, and translation be
comes indeterminate to the extent that translation manuals are not based on 
direct links with nonverbal stimulation. Quine's views on translation are 
much like the discredited behaviorist theories of B. F. Skinner, which will be 
discussed in Chapter 9. Quine and Skinner err in taking conditioning to non
verbal stimuli as the core case of language learning. From a cognitive per
spective, language learning consists of acquiring complex mental represen
tations of the grammar and lexicon of a new language. Translation then 
involves the ability to use these representations to transform terms and sen
tences of one language into terms and sentences of the other. The meaning of 
a term may be related to nonverbal stimuli, but it is hardly determined by 
them. Following Harman (1987), I prefer the theory of conceptulll role se
numtics, according to which the meanings of symbols are determined by their 
functional role in thinking, including perception and reasoning. From this 
perspective, it is folly to talk of the meaning or content of a term independent 
of a general theory of cognitive processing that determines functional roles. 
Rather than stimulus meaning, one should be looking at the cognitive opera
tions that employ a representation of the term. 

Let us now systematically compare, from a cognitive perspective, acquir
ing a new system of scientific concepts with learning a new language such as 
French or Swahili. To speak a language, one must acquire its grammar and its 
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vocabulary, or lexicon. Fortunately, acquiring a scientific conceptual system 
does not require learning a largely new set of syntactical relations. No one 
would claim there are differences in syntax between the oxygen and phlogis
ton theories. In contrast, the lexical differences are substantial: each theory 
has terms such as "phlogiston" and "oxygen" that do not appear in the other, 
and we saw in the last chapter that the lexicons of the two conceptual systems 
are organized very differently. Thus as far as the scientific lexicon is con
cerned, translation is indeed problematic. 

But acquiring the lexicon of a new natural language is no day at the beach 
either. Larson (1984) provides numerous fascinating examples of mismatched 
lexical systems. For example, the Tzeltal language of Mexico has no word 
corresponding to the English carry, but has meR than a dozen words describ
ing particular kinds of carrying. Many languages lack English color words, so 
that in Mbembe one word corresponds to English words for red, orange, and 
yellow. Words have multiple senses, and there is often no neat correspon
dence between the multiples in one language and those in another. The Bo
g1ish word "key" can correspond to Spanish words "llave," "clave," or 
"tecla, " while "llave" can in tum correspond to English words "key," "faa
cet," or "wrench." Tbe Munduruku language has a word for high-living thinp 
that embraces birds and monkeys, but does not have separate words for those 
concepts. Different terms can have different emotional connotations, which 
causes great problems in translating works of literature (Chukovsky 1984). 

Kind-hierarchies and part-hierarchies differ between languages. Some 
South American languages have ten different words corresponding to the Ba
glish "banana," indicating meR branches in the kind-hierarchy. Slavic lan
guages do not have separate words for arm and hand, indicating fewer part
whole discriminations than are made in English. Differences such as these, 
where one language makes meR discriminations than the other, are not the 
most severe mismatches. The English division of sibling into brother and 
sister differs markeclIy from the tripartite division of Javanese into o"r 
brother, older sisur, and younger sibling. In Hungarian, a chicken is not a 
kind of bird, but instead is a kind of animal (Heltai 1988), and the same is true 
in modem Hebrew: Israelis look confused if you ask them if a chicken is a 
bird, a question that generates an immediate positive response in a speaker of 
English, French, or German. According to Heltai, the differences in the kind
organizations of English and Hungarian account for a substantial number of 
errors found in Hungarians leaming English. 

Grammatically, acquiring a scientific conceptual system is unproblematic; 
perhaps there are exotic languages with radically different structures that 
imply different ontologies, but modem science has had DO difIicuIty wo.ddng 
primarily in the simUar languages Latin, English, French, and German. Lexi
cally, however, revolutionary conceptual change is both easier and ba'der 
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than vocabulary acquisition in natural language. In the first place, there is 
obviously enormous lexical overlap even between conceptual frameworks as 
different as the oxygen and phlogiston theories. By the time of Lavoisier's 
textbook of 1789, this was less true, but such changes came about gradually. 
In his early writings, Lavoisier used many concepts that were completely 
familiar to phlogiston theorists: sulfur, phosphorous, gold, etc. The experi
mental apparatus used by oxygen theorists and phlogiston theoriests were 
similar, and they often repeated each other's experiments. There was thus far 
more lexical overlap between the languages of oxygen and phlogiston theo
ries than between the languages of English speakers and South American 
Indians. 

But natural language ttanslation does not seem to encounter as severe prob
lems with ontology, branch switching, and hierarchy redefinition as occur in 
conceptual revolutions. The difference between oxygen and phlogiston theo
ries is not just that one has the term "oxygen" and the other has the term 
"phlogiston"; the theorists disagree about whether phlogiston exists. Lan
guage learning may perhaps involve some changes in placements in Idnd
hierarchies, as when a Hungarian acquires the belief that a chicken is a kind 
of bird. But this does not involve the rejection of the belief that a chicken is 
a kind of animal, since birds are still animals; it is not branch-jumping. Whorf 
(19S6) claimed that the Hopi language carried with it a different metaphysics 
of space and time, which suggests that redefinition of the part-hierarchy may 
be necessary in learning a Hopi language. Whorf's hypothesis is not, how
ever, considered well-established by psycholinguists. 

The upshot of this discussion is that acquiring a scientific conceptual sys
tem is like learning a second language in some respects, but that language 
learning requires less radical changes. Hundreds of millions of people are 
bilingual, and many of them can move easily between the two or more lan
guages that they know (Grosjean 1982). Thmslation between natural Ian
guages is difficult, but people do it all the time. The same is ttue of evaluat
ing theories embedded in different conceptual frameworks: it is difficult, but 
people manage to do it 

Most important, complete translation is not required for objective judg
ments of explanatory coherence. I agree with Kuhn that no general, tight, 
perfect translation "without residue" is possible between conceptual frame
works as different from one another as the oxygen and phlogiston theories. 
The two conceptual systems do not map onto each other at all neatly, as 
shown most acutely by the differences in the kind-hierarchies and part-hierar
chies. But complete transltUion is not necessary for judgments of explmuJtory 
coherence. Recall what kinds of statements are necessary for input to the 
program ECHO. To compare an opposing theory with one's own in a reason
ably objective way, one needs to have sufficient grasp of another theory to 
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appreciate its claims about what explains what and what the data are. Consid
erable work may be necessary to acquire the lexicon and conceptual system of 
the opposing theory, but one need not be able to ttanslate between them. One 
needs to be able to make judgments such as: "According to the phlogiston 
theory, combustion is explained by phlogiston being given off. Tbis competes 
with my claim that combustion is explained by absorption of oxygen." It is 
not necessary to identify particular statements of the opposing theories as 
contradicting each other, since competition in ECHO can arise merely from 
two hypotheses explaining the same evidence. For the developer of the new 
theory who grew up with the old theory, noting the explanations of the old 
theory should be no problem. Lavoisier had the oxygen theory because he 
created it, but he still understood the language of the phlogiston theory. 

The problem lies on the other side. Can the proponents of the old theory 
learn enough of the language to be able to appreciate the explanatory coher
ence of the new theory? The historical record indicates that they CaD. We saw, 
for example, that Kirwan went over to the oxygen side. Given the conceptual 
ditJerences between the two theories, it is not surprising that it sometimes 
took years to appreciate the purported explanations of the other view. Contra
dictions do not seem so difficult to appreciate: a theorist can usually recognize 
that the proponent of another theory is offering an alternative. In most of the 
revolutions examined in this book, there was large agreement about what 
could qualify as an explanation. The major exception is probably the debate 
between Newton and the followers of Descartes, who rejected Newtonian 
gravity as an occult force with no explanatory power. 

The key question is whether the proponents of the two theories could agree 
on what counts as data. The doctrine that observation is theory-laden might be 
taken to count against such agreement, but that doctrine only undermines 
positivist views that there is a neutta1 observation language sharable by com
peting theories. My position requires only that proponents of different the0-
ries be able to appreciate each other's experiments. In the short run, there are 
undoubtedly impediments to this, as scientists are more likely to find fault 
with experiments that do not fit with their own views. All this. however, can 
come out in the wash as experiments are replicated and mpments RCODSid
erec!. Experiments are complicated, and their conduct is hardly incIependentof 
theoretical considerations. But the results of experiments are not determined 
by theory: the world does intervene. In eighteenth-century cbemistry, m.udl 
repetition and replication of experiments took place, with relatively little dis
agreement about particular experimental results. 

In sum, acquiring a new conceptual system is somewhat like acquiring a 
new language, but people do it all the time, and lanJuaIe acquisition and 
translation are ODly temporary impediments to the rational application of ex
planatory-coherence considerations to theory evaluation. 
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5.3 PIIILOSOPBICAL AND COMPUTATIONAL MODELS 
OF EXPLANATION 

1be theory of explanatory coherence in Chapter 4 depends on the existence of 
an objective notion of explanation. ECHO simulations require input of the 
form H explains E, presupposing that a computational system could be devel
oped that could generate such expressions. What we need is a theory of the 
nature of explanation and a computational implementation that could con
struct and identify explanations. Such a theory and implementation are not yet 
available, but a survey of philosophical and computational research on expla
nation can help point to how they might arise. 

For several decades, explanation has been a central topic in the philosophy 
of science. Much more recently, the concept of explanation has become im
portant in artificial intelligence. A comparison of the two lines of research 
makes clear the close conceptual connections between philosophy and artifi
cial intelligence, and highlights the diversity of approaches to explanation. 
I shall argue that the different approaches reflect the inherent diversity of 
explanations. 

There are at least six difJerent approaches to the topic of explanation that 
have found favor in philosophy, and at least four of them have corresponding 
ideas in AI. My claim is that these approaches are best conceived not as 
alternative theories of explanation, but as views of di1Jerent aspects of expla
nation. Investigations of explanation, both philosophical and computational, 
have resembled the proverbial examjnation of an elephant by a group of blind 
Indians, each comprehending only part of the whole. I shall argue that what is 
needed is a theory of explanation that integrates all the aspects of explana
tion-deductive, statistical, schematic, analogical, causal, and linguistic. 
Such a theory can be given in the context of what in AI is called a cognitive 
arehitectum, a general specification of the fundamental operations of think
ing. Researchers in AI and cognitive psychology have been attempting to 
build cognitive architectures, usually embodying both a theoretical specifica
tion of basic representations and processes and a concrete computational 
model. The development of a theory of explanation can be part of the develop
ment of such an architecture. 

5.3.1 Strtuub 0/ EqImuItio" 

The views of the nature of explanation that have proliferated in philosophy 
can be divided roughly into six camps, and AI research falls into approxi
mately the same categories. Explanation has been viewed by different re
searchers as deductive, statistical, schematic, analogical, causal, and linguis-
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Strand 
Deductive 

Statistical 
Schematic 

Analogical 

Causal 

Unguistic/ 
pragmatic 

'DabIeS.l 
Approaches to Explanation 

Philosophy Artificial I ntelligence 
Hempel (1965) Mitchell et aI. (1986) 

O'Rorke et aI. (1990) 
Salmon (1973) Pearl (1988) 
Kitcher (1981) Schank &. Abelson (1977) 

De Jong et al. (1986) 
Campbell (1957) Schank (1986) 
Hesse (1966) Thagard et al. (1989) 
Salmon (1984) Pearl (1988) 
Miller (1987) Peng &. Reggia (1990) 
Achinstein (1983) 
van Fraassen (1980) 

tic. This section quickly reviews the pbilosopbica1 and computatiODal. re
search within the various perspectives, and argues that the approaches are 
fundamentally complementary rather than contradictory. I shall argue that 
explanation is a complex process that can include subprocesses cormsponding 
to the six views of explanation. We shall see in later chapters that explana
tions by major scientific theories incorporate various deductive, statistical, 
schematic, analogical, causal, and linguistic aspects as interwoven strands. As 
a preview to the discussion, Table S.l provides a summary classification of 
the research to date on explanation. 

EXPLANATION AS DEDUC11VE 

By far the most influential view of explanation in philosophy has been the 
deductive-nomological model of Carl Hempel (196S; for a recent survey of 
philosophical research on explanation, see Kiteher and Salmon 1989). On 
Hempel's view, an explanation is a deductive argument in which the premises 
include general laws and the aplanantbun-what is explained-is a state
ment that follows from the premises. Examples of deductive explanations are 
commonly found in physics. For example, when astronomers explain the 0c

currence of an eclipse of the sun, they do so by deriving the occurrence from 
general laws of motion and specific information about the location of the sun, 
earth. and moon. Deductive explanations yield predictions: if you can explain 
something, then you could have predicted it. 

Philosophers have argued that the deductive-nomological model is neither 
necessary nor sufficient for explanation. It is not necessary, because tields 
such as evolutionary biology contain explanations in which laws are vape 
and deductions are lacking. We can give evolution.,. explanations of how 
humans came to have IaqJe brains, but we do not know aeady enoush to do 
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SO deductively or to predict the future course of evolution. And deduction 
from laws is not sufficient for explanation either, as the following example 
shows (Bromberger 1966). From the law of the rectilinear propagation of 
light, basic Uigonometty, and the length of a 8agpole's shadow, we can de
duce the height of the 8agpole; but we have hardly explained why the 8agpole 
has the height that it does. Under normal circumstances. the height of the 
8agpole explains the length of the shadow, but not vice versa. 

Such examples are devastating to the deductive-nomological model as an 
tI1IIJlysis of the concept of explanation, but they do not undermine the fact that 
the model captures important aspects of a large class of explanations. Expla
nations by Copernicus, Newton, Einstein, and other physicists typically have 
the character of mathematical derivations involving general laws. Many of 
these cases fit Hempel's model well, since they involve deduction of what is 
explained from general laws. Other cases of explanation, however, seem to 
have a different character. 

Deductive views of explanation have also been prominent in AI. Much 
recent work in the field of machine learning his coacerned expltmtJtion-liQsed 
learning. Most early work in machine learning concerned unguided learning 
from examples; in philosophical terms, such learning corresponds to induc
tive generalization. "Bxplanation-based" learning takes place when a system 
has rich enough knowledge of a domain that it can learn even from a single 
example by explaining to itself why the example is an example of the concept 
under study. DeJong and Mooney (1986) describe how a system might learn 
from a single example that cups are light and have handles. The training ex
ample is C, a cup that is red, light, and has a handle. Background knowledge 
includes the generalizations: if something is an open vessel, is stable, and 
liftable, then it is a cup; if something is light and has a handle, then it is 
liftable. The task is to produce a generalization about cups from the training 
example C and background knowledge, without having to collect myriad ex
amples of cups. As part of the explanation of why C is a cup, the system uses 
the information that C is light and has a handle to infer that it is liftable, and 
uses the fact that it is liftable to infer that it is a cup. Since being light and 
having a handle are integral to the explanation of why C is a cup, the system 
generalizes that cups are light and have handles. 

I shall not go into the details of the additional constraints required to make 
this kind of inference reasonable; my concern is not with explanation-based 
learning as such, but only with the view of explanation that is implicit in such 
models. Here we find an interesting divergence among AI researchers. For 
Mitchell, Keller, and Kedar-Cabelli (1986), explanation is clearly deductive: 
an explanation that C is a cup is a proof that it is. Much AI resean:h has been 
done on deductive systems, usually called tIu!o,., P1't1Vtlrs. If deduction is 
viewed as the centtal operation of a system. then explanation will also be an 
essentially deductive notion. I shall shortly descn'be the alternative, ache-
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malic, view of explanation and explanation-based learning advocated by 
DeJong and Mooney (1986). 

Theorem provers are not the oaly deductive systems in AI. Production 
systems, pioneered by Newell and Simon (1972), are widely used. both as 
models of human cognition and as expert systems. A production is a general 
IF-THEN role, in which a successful match of the IF part agaiDst a set of 
accepted propositions leads to inference of the THEN part. For example. a 
role that says that if x is a dog, then x bas a tail, would match against the 
proposition that Fido is a dog, producing the conclusion that Fido has a tail. 
Such inferences might seem to philosophers like a trivial combination of 
logical roles of universal instantiation and modus ponens, but innumerable 
interesting issues arise when one addresses the procedural question of when 
to fire roles in a laIge system (see. for example, Buchanan and Shortli1fe 
1984). In practical computational systems, the logician's handy assumption 
of deductive closure is disastrous; effective ways must be found to control 
what inferences are made. Rule-based systems are usually discussed in the 
context of problem solving: given a set of starting conditions, roles must be 
fired to lead to the accomplishment of a set of goals. But there is a aatural 
translation of explanation in the contexts of such systems. If the goals are 
taken to be a set of facts to be explained, then an explanation consists of using 
roles to derive these goals using known information and roles that are 
matched-If the roles are universal generalizations, as they often are, then the 
explanation is deductive. Elsewhere I have described a computational model 
in which explaaation is taken to be in part a kind of role-based problem solv
ing (Thagard 1988). 

As we saw in Chapter 3, C. S. Peirce used the term "abduction" to refer to 
the formation of explanatory hypotheses. Implicit in most AI research on 
abduction is a conception of explanation as essentially deductive; O'Rorke 
and his colleagues (1990), for example. use deduction in the programming 
language PROLOG to perform explanations. So in AI as in philosophy, expla
nation is often viewed as deductive, but this is oaly part of the story. 

EXPLANATION AS STATISTICAL 

Wesley Salmon (1970) rejects the assumption of Hempel's model that expla
nations are arguments aimed. at showing why what is explained was to be 
expected. Instead, he describes explanation of an event as essentially c0n

cerned with describing what factors are statistically relevant to the oc::curleDCe 

of the evenL We might DOt be able to predict that an individual smoker will 
get cancer, but the statistical relevance of smoking to caacer provides us with 
an explanation. In contrast, Hempel saw statistical explanation as much lib 
deductive-nomological explaDation, in that it consists of an arpment from 
statistical geo.eraIizadons showing that the event was probabilistica1ly to be 
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expected. Railton (1978) showed how some kinds of statistical explanation 
could be understood in terms of deductive derivation from statistical laws. 

Although an exact characterization of the nature of statistical explanation 
bas proved difficult to achieve, there can be DO denying the importance of 
statistical explanation in science and everyday life. What is -needed is a theory 
that will both adequately account for typical statistical explanations and also 
cohere with other kinds of nonstatistical explanation. On Salmon's current 
view, statistical relevance is just one aspect of explaining things in terms of 
the causal patterns of the world. 

AI researchers have also been concerned with statistical explanation, al
though not usually characterized as such. Numerous systems have been devel
oped for medical diagnosis, which can naturally be understood as a process of 
finding explanations for symptoms associated only statistically with the dis
eases that cause them. The MYCIN project at Stanford developed a method of 
dealing with uncertainty that was not probabilistic; it used certainty factors 
that deviate from probabilities in numerous ways, for example in varying 
between 1 and -1 (Buchanan and Shortlitfe 1984). Other models of diagDosis 
by Peng and Regia (1990) and Pearl (1988) have used probability theory, but 
these researchers are fully aware that causal reasoning is not just a matter of 
calculating probabilities. 

It is obvious both in science and in ordinary life that explanation is often 
statistical. Any theory of explanation will have to incorporate the statistical 
st:rand, but it remains unclear how to tie this strand together with the deduc
tive and other aspects of explanation. 

EXPLANATION AS SCHEMA APPUCATION 

Deductive and statistical aspects of explanation have been susceptible to for
mal analysis, but there are less formal strands of explanation that cannot be 
ignored. Some researchers in both philosophy and AI have asserted that to 
explain a fact is to fit it into a pattern or system of beliefs. In a recent lecture, 
Smart (1989) descrlbes how the general conception of explanation as fitting 
into a system subsumes a variety of other conceptions. For example, the de
ductive-nomological model uses deductive relations to relate an explanandum. 
to the beliefs from which it follows logically. He also discusses how analogies 
fit beliefs into a system in a different way discussed below. An additional way 
of fitting, not discussed by SIII8It, involves applying schatDs. organized pat
terns, to a descrlption of what is to be explained. Following the emphasis of 
Friedman (1974) on the importance of explanations providing unification of 
disparate phenomena, Kitcher (1981) describes how theoretical explanation 
consists of providing unifications of phenomena using problem-solving sclle
mas. Kitcher describes patterns of explanation used repeatedly by Darwin and 
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Newton in applying their theories to a wide range of phenomena. On this 
view, explanation is not a matter of showing that an event is to be expected for 
deductive or statistical reasons; rather, explanation involves unifying a range 
of phenomena using schemas. 

In artificial intelligence. the view of explanation as schema application bas 
been championed by Schank and Abelson (1977). Their scripts are complex 
schematic representations that describe typical events. ExpIaining events is a 
matter of applying an appIoprlate script to them. For example, a script for 
restaurant contains a description of the typical sequence of events in a restau
rant: being seated, ordering, eating, paying, and so on. So an explanation of 
why someone left money on the table before leaving would come by matching 
the restaurant script to the situation and instantiating the tippiag part of the 
script by the episode of leaving money. The explanation is not deductive or 
statistical, but comes by fitting the event to be explained using a schema for 
typical restaurant behavior. Abelson and Lalljee (1988) discuss explanations 
as applications of explmu:uion prototypes, which are generalized versions of 
the explanation patterns of Schank (1986). 

Churchland (1989) has also espoused a view of explanation as prototype 
application, but he understands prototypes as patterns of activation distrib
uted over units in connectionist systems. He claims that explanatory under
standing is analogous to perception and consists in the activation of a specific 
prototype vector in a well-trained network. 'Ibis view would be more appeal
ing if connectionist models existed that WeJe capable of the kinds of high
level reasoning that normally contributes to explanation. Connectionist sys
tems have been successful in some kinds of perceptuaJ. and learning tasks, but 
have not yet been extended to cases that we normally describe as explana
tions. The connectionist prototype view is a suggestive way of thinking of 
schema application, but its contribution to the understanding of explanation is 
at best metaphorical until someone builds a connectionist expIanation pr0-
gram. Perhaps someday we will have connectionistlneurological models that 
subsume all the sttands of explanation I have been discussing, but such mod
els will require substantial additions to the power of CUI1.'ent models (see sec
tion 9.3.4). 

Earlier I described how one view of explanation-based learning in AI as
sumes a deductive model of explanation. In contrast, DeJong and Mooney 
(1986) have a schema-application model of explanation akin to Scbank and 
Abelson's. Mooney and DeJong (1985) describe a system that forms a new 
schema for 1cidntJp as the result of an attempt to fit a description of an abduc
tion and subsequent bargaining into a knowledge base of hierarchically or
ganized schemas. 

Obviously, there are many details that need to be filled in as part of a model 
of explanation as schema application. We need to specify what the schemas 
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consist of, how they are organized in the total conceptual system, and how 
they are applied to provide explanation of particular events. Nevertheless, 
there is much appeal in the view that explanation is schema application, in 
both science and in everyday life. But one should not try to defend a view that 
explanation is schema application rather than deduction, bat instead try to see 
how both functions can be performed within the same cognitive architecture. 

EXPLANATION AS ANALOGICAL 

In ordinary life, people often use analogies to explain events. Ask parents a 
question about a child malady and their answer will often draw on experience 
with their own children being sick rather than more general information. 
Dolnick (1989) used a revealing analogy in a recent article on pandas. After 
describing their digestive and reproductive inadequacies, he raised the ques
tion of how pandas have managed to survive for millions of years. He remarks 
that in evolution, as in television, it is not necessary to be good; you just have 
to be better than the competition. In philosoPhy of science, the use of analo
gies in explanation has been advocated by Campbell (1957) and Hesse (1966). 
In his discussion of theories, Campbell rejects the suggestion that analogy 
between gases and swarms of elastic particles is incidental to the dynamical 
theory of gases. He asserts that "analogies are not (just] 'aids' to the establish
ment of theories; they are an utterly essential part of theories, without which 
theories would be completely valueless and unworthy of the name" (Camp
bell 1957, 129). In explanation, analogies are essential in relating sttange 
phenomena to more familiar phenomena. Campbell overestimates the extent 
to which explanation is reduction to the familiar, and exaggerates the general
ity of the use of analogy in explanation; but he is undoubtedly on target in 
seeing that sometimes analogies are very important to scientific explanation. 
Darwin, for example, frequently used the analogy between natural and artifi
cial selection in his explanations (Chapter 6). Thus a full theory of explana
tion will undoubtedly have to accommodate the analogical component of 
some explanations. 

In AI, Schank (1986) and his colleagues have considered the use of analo
gies in explanations. When you explain an event, you store in memory the 
explanation as an explanation pattern that can then be used to explain analo
gous events. Schank describes a program that generated explanations for why 
the race horse Swale died by analogy to other events, such as the death of 
runner Jim FIXX. Analogical explanation is viewed as an addition to the 
schema-based explanations provided by more general structures such as 
scripts. Analogical explanation can conttibute toward schema application, 
since an analogy between two cases can be used to generate a schema that 
generalizes them both (Gick and Holyoak 1983). 
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AI now bas a body of research on ctlSe-based IWISOIIing, although more of 
it is concerned with analogical problem solving than with analogical explana
tion (Hammond 1989). Other AI work: on analogy has concerned how two 
analogs can be put in correspondence with each other (Falkenhainer, Forbus. 
and Gentner 1989; Holyoak and Thagard 1989). In explaining an unfamiliar 
phenomenon such as the structure of the atom in terms of a familiar one such 
as the solar system. it is crucial to be able to work out the systematic corte
spondences between the two analogs. One needs to notice that the location of 
a proton at the center of the atom corresponds to the place of !be SUD at tile 
center of the solar system. Analogies are often used in explanations in chem
istry and chemical education (Thagard. Cohen, and Holyoak 1989). 

'The AI view of analogical explanation as a supplement to otberexplaoatory 
techniques is more reasonable than Campbell's generalization that theoretical 
explanation is always analogical. But much nmains to be done to buDd a 
system that integrates analogy with other strands of explanation. 

BXPLANAll0N AS CAUSAL 

From the logical-positivist perspective that spawned the deductive-nomologi
cal model of explanation, the notion of cause was of scant philosophical re
spectability. In contrast, a growing band of philosophers contends that causal
ity is a central part of explanation. According to Salmon (1984), to explain In 

event is to show how it fits into the causal structure of the world. For Miller 
(1987). an explanation is an adequate description of underlying causes. 
Hausman (1982) and otben have argued that the asymmetries of explanation, 
for example that flagpole heights explain shadow lengths but not vice vena, 
should be understood. in terms of causal relations. While some philosopbers 
such as Achinstein (1983) have denied that all scientific explanation is causal, 
citing causes is clearly an important part of a great many explanations. 

Causality has been more peripheral to recent AI discussions of explanation, 
probably because it is not at all clear how to get a deep representation of 
causallmowledge. Qualitative physics is an active research topic in AI COD

cerned with computational models of simple physical systems and issues of 
causality frequendy arise (Bobrow 1985). Researchers on analogical mappiDs 
agree that causality is very important for putting analogs in con:espondeDce 
with each other, but provide no theory of causality (Holyoak and Tbaprd 
1989; Falkeobainer. Forbus, and Gentner 1989). Schank and his con.eas-s 
view schema application and the use of explanation patterns as causal reas0n
ing, but also have little to say about what makes it causaL If causality is IS 

imponaot to explanation as many philosophers think it is, then AI systems are 
going to require much more sophisticated notions of causality than they CD

ready possess. 
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LINGUISTIC AND CONTEXTUAL ASPECTS OF 
EXPLANATION 

For the sake of completeness in my quick summary of the recent pbilosophi
cal literature, it is necessary to mention the influential contributions of Achin
stein (1983) and van Fraassen (1980) that highlight aspects of explanation not 
so far discussed. According to Achinstein, an explanation is an illocutionary 
act, that is, a speech act like promising or warning that is intended to have a 
particular effect. Similarly, van Fraassen characterizes an explanation as an 
answer to a question, and points out that a request for an explanation often 
occurs in a context that specifies a topic of concern and a set of alternative 
explanations. To my knowledge, these aspects of explanation have not been 
investigated in AI, although they would have to be considered in a system 
fully capable of natural language understanding. The question "Why did John 
phone Mary?" requires a different answer from ''Why did John phone Mary?" 
or even ''Why did John phone Mary?" 

Such issues will have to be dealt with as pUt of a cognitive theory that 
includes discourse processing, a live area of research in cognitive science that 
unfortunately has not yet much addressed questions of exp1anation. Develop
ment of a theory of discourse processing will have to be built on top of a 
theory of language that is built on top of the general theory of cognitive oper
ations that I have been speculating about. Achinstein and van Fraassen have 
undoubtedly pointed to important features of the use of explanation, but their 
discussions do not eliminate the need to understand the nature of explanation 
in its deductive, statistical, analogical, schematic, and causal sttands. The 
Jinguisticlpragmatic strand is of relatively minor importance for understand
ing conceptual revolutions. 

One focus of AI research on explanation that I have not yet mentioned 
concerns the giving of explanations of why programs work the way they do. 
An expert system may, for example, give a medical diagnosis, but human 
users will have little confidence in the diagnosis unless some trace of the 
program's reasoning is presented to them in comprehensible form. Explana
tion here is not explanation of the symptoms, but explanation of how the 
program reached the conclusion that it did (see, for example, Buchanan and 
ShortIiffe 1984). 

We can expect various of the five major sttands of explanation to exhibit 
themselves in different historical cases. Lavoisier's explanations employing 
the oxygen theory are too informal to be generally characterized as deductive, 
although they sometimes do have a quantitative element. Statistical and 
analogical reasoning do not appear to play any role. There is, however, a 
schematic component to Lavoisier's explanations, as his basic assumption 
that air contains oxygen gets applied to different phenomena. Overall, the 
major strand of Lavoisier's explanations seems to be causal, since the oxygen 
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theory describes a causal mechanism for combustion and calcination. We 
shall see, however, that in other revolutionary theories different strands of 
explanation tend to dominate. 

5.3.2 Town l1li1",.",.4 CopitWe Model 0/ 
Eqlluultioa 

For both particular and general reasons, it would be astonishing if any neat 
definitional analysis of explanation were forthcoming. The particular reasons 
include the diversity of the six different views of explanation described 
above, and the fact that all of them seem to capture some relevant aspects of 
explanation in science and everyday life. The general reasons include the 
dubiousness of a sharp distinction between definitional, analytic knowledge 
and theoretical knowledge (Quine 1963), and the view, generally accepted in 
cognitive psychology and artificial intelligence, that concepts are better char
acterized by typicality conditions than by necessary and sufficient conditions 
(Chapter 2). So how can we give a general characterization of explanation? 

My answer is that a theory of explanation must be part of a theory of cogni
tive architecture. I shall briefly review what researchers in AI and cognitive 
psychology aim to accomplish by developing cognitive architectures, and 
then locate the place of a theory of explanation within a general theory of 
cognition. Developing such theories is obviously a gigantic undertaking, and 
this section is at best preparatory. 

COONITIVB ARCHlTBC'I'URES 

The notion of a cognitive architecture arose with the early attempt of Newell 
and Simon (1972) to develop a "general problem solver," but the term "cogni_ 
tive architecture" apparently originates with Anderson (1983). Anderson 
(1983, ix) put forward a theory called Acr* (pronounced "act star") as a 
"theory of cognitive architecture--that is, a theory of the basic principles of 
operation built into the cognitive system." The aim was to develop a general 
theory of mind that would embrace all higher-order cognitive operations, in
cluding problem solving, memory, learning, and language. ACf* is not a 
computer program, but a framework within which various programs exist to 
model different sorts of cognitive operations. ACf*'s representations include 
production (IF-THEN) rules and a memory consisting of propositions orga
nized into hierarchical networks based on their constituent terms. Its pr0-

cesses include firing of rules and search through memory by spreading acti
vation of nodes in the network. The main diJect competitor of Acr* is the 
SOAR architecture, also developed at Carnegi~Mellon University, which 
also uses production rules, although in SOAR these fire in parallel (LaUd, 
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Rosenbloom, and Newell 1986). SOAR has successfully modeled many tasks 
involving problem solving and sldIIleaming, but has not yet been applied to 
memory or language. Another approach to cognitive architecture is found in 
the FERMI project, which has at its core a frame-based problem solver 
(Larkin, Reif, Carbonell, and Gulgiotta 1988). 

Recently, a very different approach to the question of a cognitive architec
ture has arisen on a ''PDP'' view of cognition as "parallel distributed process
ing" (Rumelhart and McCelland 1986). The PDP view emphasizes the paral
lel operation of simple processing units that operate at a lower level than the 
explicit rules of systems such as Acr* and SOAR. The PDP approach does 
not yet constitute a cognitive architecture, since no unified scheme for model
ing problem solving, memory, and learning has been proposed, although there 
have been interesting particular models, for example of aspects of language 
learning. No one has yet proposed a cognitive architecture that takes logical 
deduction or probabilistic reasoning to be central processes. Cognitive archi
tectures have been proposed by psychologists and psychologically oriented 
AI researchers, to whom logicist approaches favored by some philosophers 
(e.g. Pollock 1989) and some AI researchers (e.g. Genesereth and N"IIsson 
1987) seem implausible. 

EXPLANA110N IN A COONITIVB ARCHlTECI'URB 

None of the architectures so far described have said much about explanation, 
which is, however, a major concern of the system PI (Thagard 1988). I shall 
now briely describe how explanation is simulated in PI. incorporating deduc
tive, analogical, and schematic kinds of explanation. A discussion of some of 
the limitations of PI will point the way to the development of a more success
ful and richer cognitive architecture. 

PI is a rule-based problem solver, in that given a set of starting conditions 
and a set of goals it can use IF-THEN rules to figure out how to achieve the 
goals. Use of such rules is quasi-deductive, implicitly involving inferential 
rules of universal instantiation and modus ponens, except that the rules do not 
need to be truly universal. Explanation in PI is seen as a kind of problem 
solving. If E is an explanandum. then the system is set the task of deriving E 
from other information that it has. However, exp1anation in PI is not simply 
deductive, since there are other processes involved than merely deciding what 
follows from what. PI is also a model of memory, in that not all rules are 
assumed to be immediately available. Search through memory retrieves past 
episodes of problem solving or explanation, and analogical reasoning is used 
to try to convert past solutions into ones for the current case. If a past case is 
used to solve a current problem. then PI scbematizes the two cases into a more 
general characterization that can be used for future purposes. PI thus inc0rpo
rates to a limited extent deductive, statistical, analogical, and schematic 
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sttands of explanation. The details of how this works are given elsewhere 
(Thagard 1988). PI falls short, however, of providing a vehicle for a full the
ory of explanation. My colleagues and I are now buDding a new system that 
uses more powerful methods of analogical reasoning and integrates them 
more fully with rule-based reasoning than PI did (Nelson, Thagard, and Hardy 
1991). Schema application will also playa role in the new system. 

CAUSAUTY 

Missing in PI, and in any other AI system I know of, is any subtle appreciation 
of causal reasoning. 1'here are programs that use causal nodons, but none that 
I know of that could disdnguish between cause and etIect, or between cause 
and specious correJ.ati.on, at a level of sophistication to handle problems like 
the flagpole example in section S.3.1. The achievement of such a system does 
not, however, seem to be beyond the range of AI accompJislunents. Whereas 
implementadon of each of the deductive, statistical, analogical, and schematic 
strands of explaaation appears to requiIe special inferential pmced.urea, 
causal reasoning is best viewed not as a separate module, but as something 
that is cmied out within the context of the other kinds of reasoning. IF-THEN 
rules can describe causa1 connections such as "if the ignidon key is turned. the 
car will start." Analogy can be useful in disdnguishing real causal relations 
from accidental ones: given a stock of relations we consider causal. new re1a
dons that are similar to establlshed ones are more likely to be seen to be causal 
than novel ones. In domains familiar enough to have become schematizedt 

general patterns describing causa1 processes such as gravitadonal aaraction or 
natural selection can be applied. I conjecture that a cognidve theory of causal
ity can be developed by woddng out how to implement the many heuristics 
that we ~ to detect causality. Discussions of such "cues to causality" have 
been given by psychologists (Binhorn and Hogarth 1986). Familiar elements 
on the list, such as covariation, temporal order, condguity, and similarity, fall 
far short of providing a theory of causality or an analysis of the concept of 
cause. But the heuristics provide a reconceptualization of the problems of 
understanding causality analogous to the reconceptualization of the problem 
of explanation that I have been urging. The task is no longer to define "cause. " 
but to embed a theory of causal reasoning within a general cognidve theory. 
In this section, I have only pointed in the general direction; the task of devel
oping such a theory that embraces causality and explanation remains to be 
accomplished. 

Development of a general copitive theory encompassing explaDation wD1 
go hand in hand with development of a computational model that can simulate 
a wide range of cognitive functions. Such a model wD1 help to assuaae wor
ries that ECHO relies on an unspecified view of exp1anatlon. An integrated 
cognitive 8ICbitectme would mate possible identification of deductive, ache-
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matic, and analogical explanations. ECHO would be an intrinsic part of this 
system., using parallel constraint satisfaction to evaluate explanatory hypothe
ses and revise beliefs as new evidence and hypotheses enter the system. The 
development of a system that gracefully integrates deductive, schematic, and 
analogical reasoning will contribute to the development of a general cognitive 
theory of explanation. The aim of this chapter bas been much more modest: 
to identify from current theoretical discussions the various strands of explana
tion. The historical chapters to come identify these strands in the major con
ceptual revolutions, and section 10.1.2 summarizes the historical findings. 

SA SUMMARY 

Scientific changes differ in the extent to which new theories incorporate old 
ones. Scientific revolutions are not strictly cumulative, since new theories 
involve at least some rejection of the theoretical claims of the theories they 
replace. The oxygen theory incorporated little of the conceptual system of the 
phlogiston theory, but was largely cumulative with respect to evidence. Other 
scientific revolutions vary with respect to the cumulativeness that occurred 
when new theories were adopted. 

There is sufficient continuity in scientific revolutions to justify the claim 
that adoption of new theories is in general rational. Theory acceptance is not 
much like religious conversion, and social factors alone do not explain the 
adoption of new theories. Acquiring a new conceptual system is somewhat 
similar to learning a second language, but the analogy tends to support the 
ratiouality of scientific revolutions. 

Explanation has many strands: deductive, statistical, schematic, analogical, 
causal, and linguistic. A theory of explanation should show how these strands 
can be smoothly entwined in an integrated cognitive architecture. Although 
such an architecture bas not yet been developed, the prospects for its develop
ment are good. 
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The Darwinian Revolution 

CHAPTERS 3 and 4 used the chemical revolution of the eighteenth century to 
expound a theory of revolutionary conceptual change. We saw that Lavoi
sier's revolution brought about major changes in kind-relations and part
relations, and that the replacement of phlogiston theory by oxygen theory 
reflected the greater explanatory coherence of the latter. In the century fol
lowing Lavoisier's, Charles Darwin brought even more substantial changes 
to biology than Lavoisier did to chemistry. Not only did he dramatically 
change the conceptual organization ofldnds of organic beings, he changed the 
principle of organization, making it historical rather than simply based on 
similarity of organisms. This chapter describes the development of Darwin's 
ideas and analyzes the changes in kind-relations that he brought about Dar
win's theory of evolution by natural selection was a direct cballenge to 
the dominant scientific view of the first half of the nineteenth century, that 
species were independently created by God. Darwin's argument against 
creationism is naturally understood in terms of explanatory coherence. 

Have there been biological revolutions besides the one that Darwin pr0-
duced? Mendelian genetics and molecular biology are the two major devel
opments after Darwin, but a brief discussion will show that they are not revo
lutionary in the same way, since neither required replacement of previously 
adopted theories or major conceptual reorganizations. At the end of this chap
ter, I reject the suggestion, popular among philosophers, that the development 
and acceptance of scientific concepts is analogous to biological evolution. 

'.1 THE DEVELOPMENT 01' DARWIN'S THEORY 

Since numerous histories of the Darwinian revolution are available (Bowler 
1984; Hull 1973; Mayr 1982; Oldroyd 1980; Ruse 1979), there is no need here 
to attempt a full smvey of the development of Darwin's theory. My historical 
sketch is intended only to provide the background information needed to pre
pare the way for discussion of cognitive mechanisms involved in the con
struction of the theory and of conceptual changes that Darwin accomplished. 

Darwin conceived the theory of evolution by natural selection in 1838, but 
did not publish On the Origin of Species until 1859. 10 understand the con
ceptual changes that his theories produced, we must appreciate the creationist 
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ideas that were dominant at this time. Today, when creationists who deny 
biological evolution are on the fringes of science, it is difficult to compre
hend Darwin's intellectual situation. VU1Ually everyone, including the lead
ing scientists of the day, believed that God bad created species individually. 
In particular, they believed that God bad separately created the human race, 
endowing our species with unique mental and moral capacities. Although 
geologists increasingly viewed the earth as having undergone gradual devel
opment over millions of years, developments in the biological world were still 
largely ascribed to divine intervention. Science and religion were not yet di
vided into separate spheres, and famous scientists wrote treatises proclaiming 
how the complexity of nature could only be explained by divine creation. 
Wtlliam Paley's (1963) natural theology, with its descriptions of wonderfully 
adapted biological structures such as the eye, impressed many scientists, in
cluding the young Darwin. Just as the development of Lavoisier's oxygen 
theory must be understood against the background of the phlogiston theory, 
so Darwin's theory of evolution must be seen as a direct challenge to the 
creationist views of his contemporaries. This challenge wai potentially heret
ical, as well as conceptually revolutionary, which partially explains why Dar
win kept his theory to himself and a few trustworthy friends for twenty years. 

What was Darwin's theory? He was by no means the originator of the 
hypothesis that species evolved. For example, Jean Lamarck in 1809 and 
Robert Chambers in 1844 published books that proclaimed the transmutation 
of species. Darwin's own grandfather, Erasmus Darwin, bad still earlier writ
ten a book in verse that advocated what we now call evolution. But Charles 
Darwin understood evolution very differently from these earlier thinkers, 
since he saw natural selection as the primary mechanism that produced evolu
tion. According to Lamarck, organisms have both an inherent tendency to 
increase in complexity and a capacity to inherit acquired characteristics that 
are useful in particular environments. Darwin did not reject the inheritance of 
acquired characteristics, a rejection that occurred only with the development 
of Mendelian genetics early in the twentieth century. But he viewed changes 
in species that resulted from environmental influences as much less important 
for biological evolution than the changes that resulted from random variation 
and natural selection. 

Darwin was born in 1809 and graduated, with no particular distinction, 
from Cambridge University in 1831. From December of 1831 until October 
of 1836 he served as unpaid naturalist aboard the British Navy ship the Bea
gle, traveling to South America and around the world. Darwin's autobiogra
phy describes the intellectual impact of this trip: 

Durina the voyage of the Beagle I had been deeply impn:ssed by diacoveriD& in 
the Pampean formation great fossil auimaIs covered with armour lite that on the 
existing armadillos; secoadly, by the III8DIIel' in which cJoaely aWed aoimaIs 
replace ODe another in proceecIiDg southwants over the CODtineat; and tbiIdly, by 
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the South American character of most of the productions of the Galapaaos archi
pelago, and more especially by the manner in which they differ sliptly on each 
island of the group; none of the islaDds appearing to be very ancient in a aeolol
ical sense. It was evideDt that such facts as these, as well as many others, could 
only be explained on the supposition that species aradually became modified; 
and the subject haunted me. (Darwin 1958, 41f.) 

But Darwin was not satisfied with available evolutionary hypotheses, because 
they could not explain such adaptations as the ability of a tree frog to climb 
trees. He rejected Lamarckian ideas about increasing complexity and the in
fluences of environmental conditions as implausible for explaining adapta
tion, especially of plants. In 1837 be began a series of notebooks to record 
reflections on a broad selection of readings relevant to the species question. 

The dramatic breakthrough came on September 28, 1838, when a book on 
population growth by Thomas Maltbus suggested to him the mechanism of 
natural selection. Malthus argued that aid to the poor was of limited v.., 
because the exponential rate of population growth would always outstrip tbi 
much slower rate of growth in food suppHes. Darwin showed no ~ 
interest in Malthus' political views, but be noticed that the discrepancy be
tween population growth and resomces such as food and land would produce 
intense competition leading to adaptations. Only organisms well adapted to 
their environments and to reproduction would survive the struggle for exis
tence. Here is the crucial passage from his notebook (Darwin 1987,37Sf.): 

One may say there is a fon::e like a hundred thousand wedges tryins fon:e into 
every kind of adapted structure into the gaps of in the economy of Nature, or 
rather forming gaps by thrusting out weaker ones. The final cause of all tbia 
wedgings, must be to sort out proper structure " adapt it to chaaJ&e. 

Darwin did not use the term "natural selection" in these notebooks. although 
it figures prominently in the rough sketch ofbis theory that be wrote down for 
his own purposes in 1842. In 1844 be wrote a much longer and more polished 
description of his views that has much the same structure as his landmmt 
Origin o/Species. The appearance of that book was prompted by a letter from 
a naturalist in Malaya, Alfred Wallace, who realized in 18S8 that Malthusian 
ideas about population growth leading to a struggle for existence could ex
plain evolution. 

In the Origin, Darwin did not address the explosive question of the evolu
tion of humans, but in 1871 be pubHsbed The Descent 0/ Mati, which placed 
our species within the evolutionary framework. Humans, like other animals, 
have evolved from simpler forms in response to pressures of natural and sex
ual selection. Wallace never accepted the extension of natural selection to 
humans, since be thought divine creation was needed to explain our mental 
and moral faculties. 

The next section will describe the dramatic changes in conceptual orpai-
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zation that Darwin's views brought with them. The principal question we 
must address at the end of this brief historical survey is: what were the princi
ple cognitive mechanisms involved in the generation of Darwin's theory? The 
two main hypotheses whose origins must be accounted for are: 

Species of organic beings bave evolved. 
Organic beings UDdergo natura1 selection. 

Because the first of these was not original to Darwin, there is no need to 
explain how he formed it himself. The passage from his autobiography quoted 
above shows that he pursued the hypothesis of evolution for reasons of ex
planatory coherence: evolution could explain the fossil record and other phe
nomena that he observed on the voyage of the Beagle. 

Darwin's formation of the hypothesis that selection occurs in nature was 
clearly explanation-driven: for more than a year he had been trying to find an 
explanation for why species evolve and adapL Malthus suggested a "wedg
ing" that would put pressure on species to evolve in adaptive directions. Dar
win's discovery of the hypothesis of natural "seleclion is therefore best de
scribed as abductive, although it is not so simple as the basic rul~based 
abduction described in Chapter 3. 

A full computational account of the development of Darwinism would also 
model the origin of the most important new concepts. By far the most impor
tant is natural selection, but other concepts invented by Darwin included sex
ual selection and the struggle for existence. How was natural selection 
formed? Since the term "natural selection" does not occur in the notebooks, 
we can say that he created the concept of natural selection after forming the 
hypothesis that species had evolved because of the Malthusian struggle for 
existence. Natural selection was clearly not formed by abstraction from exam
ples, nor does it involve coalescence or decomposition (see section 3.1). 
Rather, the concept arose from processes of conceptual combination produc
ing differentiation from other kinds of selection. Darwin of course possessed 
the ordinary concept of selection, and he spent much of his time, both in the 
18308 and later, studying selection by humans. Natural selection provided a 
differentiation of the concept of selection involving a new kind of selection 
performed by nature. The computational mechanism that can produce such a 
differentiation is conceptual combination, which can create new complex 
concepts out of previous ones. The concept of natural selection can be formed 
by taking the concept of selection and specifying what does the selection: 
nature. 

The combination of these concepts depended on Darwin's formation of the 
hypothesis that nature does a kind of selecting, a hypothesis that was sug
gested to him by Malthus. Previously, Darwin had seen how selection, which 
he often called '-picking," produced breeds of domestic animals adapted to the 
wishes of their breeders; but he was not able to see how there could be adap-
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tive selection in nature. Adding Malthus to the picture enabled Darwin to see 
an analogy between artificial and natural selection, because it suggested how 
nature could select and produce adaptations just as breeders do. Hence Dar
win's hypothesis seems to have arisen by a computational process involving 
both analogy and abduction (Tbagard 1988, 62). I expect someday we will 
have computational models of reasoning and learning that are rich enough to 
provide a much more detailed account of the conceptual generation displayed 
in Darwin's notebooks. 

U CONCEPI'UAL CHANGE IN EVOLlmONARY 
THEORY 

What was involved in abandoning the creationist explanation of adaptation in 
favor of Darwin's theory? Much more was required than simply rejecting ODe 

set of beliefs and accepting another. Darwin's theory was part of a very differ
ent conceptual framework: from the creationist ODe. Not only did Darwin's 
views involve the introduction of new concepts and the deletion of old ones, 
they also required conceptual reorganization and the reinterpretation of the 
kind-hierarchy. 

6.2.1 A44itiD" tIIIII Deletio" 0/ ColICqI8 

We have already seen a short list of new concepts introduced by Darwin: 
natural selection, struggle for existence, and sexual selection. Although no
lution was not a new concept. in the context of Darwin's theory it took on a 
new meaning. Darwin's early writings tended to avoid the term. In the fint 
edition of the Origin, Darwin never used the word "evolution," preferring 
instead to write of "descent with modification"; and the word "evolved" ap
pears only in the final sentence. By the sixth edition, however, Darwin fre
quendy used the term "evolution." His early avoidance of the term is ex
plained by the pre-Darwinian meaning of evolution as a perfection-directed 
unfolding of potentialities already present in an orpnism. For Darwin, evolu
tion was based on variation and selection, both of which occurred without any 
definite direction or guarantee of progress. So the conceptual change involv
ing the term "evolution" is best described as the deletion of central rules 
concerning evolution-such as that it operates with a goal of increasing per
fectio~ their replacement by rules describing random variations and 
natura1 selection. 

What concepts were deleted as the result of the supplanting of creationist 
exp1anations by Darwinian ones? Although Darwin himself became less and 
less relisious as he went along, it would be a mistake to say that the concept 
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of God was deleted from his conceptual system. The sixth edition of the Ori
gin contains, in its eloquent final paragraph, a reference to the Creator that 
was not in the first edition. Darwin's theory does not suictly contradict the 
existence of God, since one can always maintain that it was God who created 
the universe with laws that eventually resulted in natural selection and biolog
ical evolution. Section 6.3 will show, however, that Darwin's theory deci
sively undermined a powerful argument for God's existence based on the 
adaptations of organisms. 

Although the concept of God can survive in a post-Darwinian nonnatural 
theology, the concept of special creation was a casualty of the Darwinian 
revolution. 'Ibis concept referred to the hypothesized act of a designing Crea
tor producing individual species. Darwin's 8IJUDlent showed that the expla
nation of adaptation and many other biological phenomena does not require 
any assumption of special creation. 

In one of the most understatecl sentences in the history of science, o.win 
remarked in 1859 that by virtue of his theory, "light will be thrown' on the 
origin of man and his history" (Darwin 1964, 488). In the Origin he avoided 
the delicate question of the place ofbllmans in his evolutionary scheme, even 
though he bad been keenly interested in the subject ever since be first started 
thinking seriously about evolution in the late 18308. It was only in 1871 that 
Darwin published The Descent of MtIII, explicidy arguing that bumans fall 
within his evolutionary framework (Darwin 1981). He described the many 
physical similarities between bumans and other organisms that could be ex
plained only by the supposition that bmnans bad evolved like other animals. 
Even the mental powers and moral sense of bumans could be understood in 
evolutionary terms. From the penpective of the organization of concepts into 
kind-relations, this was an extremely radical suggestion. 

Section 3.1 described branch jumping, the kind of conceptual change that 
consists of a concept moving from one part of a hierarcby to another. Figure 
6.1 shows in schematic form the brancbjumping that took place when Darwin 
brought bumans into the evolutionmy picture. In the creationist conceptual 
framework, bllmans were a special kind of creature, differing decisively from 
animals in their mental and moral qualities. Darwin argued that bumans de
scended from other forms, so that they should be classifi.ed, in accoJd with 
principles of evolutionary descent described in the next section, as akin to 
apes. This shocking reclassification took 1Iurtrn, a concept that was previ
ously at an independent level in the hierarchy of concepts. and suboJdinated 
it to an existina category. 

A less S1riki.ng alteration in kind-relations concerned bow anjmals are 
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Figure 6.1. Bnmchjumpinl in the 
Darwinian mvolution. The strai&ht 
lines indicate kin4-mladoas. The 
dottalline shows the IIlOVeIDeIIt of 
the concept ..... in the Jdad
hierarchy. 

grouped into species or varieties. Before Darwin, there was a shmp distinction 
between species, produced independendy by God, and varieties within spe
cies that arose because of breeding or natural variation. Darwin broke down 
the shmpness of the distinction, conceiving of varieties as incipient species. 
There was thus a collapse of the concept of species and the concept of variety. 
Tbis conceptual change should DOt be described as coalescence (section 3.1), 
since DO common term. was invented to cover both species and varieties. Dar
win wrote (1964, 485): ''Hereafter we shall be compelled to acknowledge that 
the only distinction between species and wen-matted varieties is, that the 
latter are known, or believed, to be CODDeCted. at the present day by interme
diate gradations, whereas species were formerly thus CODDected. " The spe
cieslvariety distinction breaks down for the fundamental reason that the 
meaning of kind alters fundamentally in the context of the theory of evolution. 

The concept of kind used by Lavoisier and other chemists is no different 
from the everyday concept that is used in WordNet and artificial intelligence 
conceptual hieralcbies. Approximately, a kind is a group of individuals with 
similar properties. With Darwin, however, the concept of kind took on a fun
damentally historical chaIacter, since the classification of cqarrisms into ape-



138 CHAPTBR 6 

cies is to be based on questions of origin in the evolutionary process. Biolog
ical classification before Darwin was ahistoricallike the ordinary concept of 
kind. Aristode, Carolus Linnaeus, and Georges Cuvier devised classifications 
of organisms based on similarity. But as Oldroyd (1980, 19) notes: ''Ibere 
was no question of the element of time entering Unnaeus's taxonomy. His 
was an atemporal, or static, representation of the world, based purely on the 
observations of the external features of living objects. What was directly visi
ble to the naked eye served as the basis for the classification." Cuvier's classi
fication was much IIlOIe anatomical, sorting organisms on the basis of internal 
parts rather than external similarity, but it was still based on similarity rather 
than history. 

In contrast, Darwin argued that one advantage of his theory of descent was 
that it provided a new way of understanding classification. The "grand fact 
in natural history of the subordination of group under group" is explained by 
the fact that some groups are descended from others (Darwin 1964, 413). 
Whereas naturalists had attempted to determine the plan of God's creation by 
judging the similarity of species, Darwin asseited that the propinquity of de
scent was the only known cause of the similarity of organic beings. Similari
ties still play an unavoidable role in an evolutionary approach to classifica
tion, since we know so little about the course of evolution; but evolutionary 
theory including natural selection provides the basis for determining what 
similarities are importanL Similarities in important organs, for example, are 
more likely to indicate common descent than similarities of mere appearance. 
In sum: "Our classifications will come to be, as far as they can be so made, 
genealogies" (Darwin 1964, 486). 

'Ibis alteration of the fundamental nature of the kind-hierarchy is one of the 
most revolutionary conceptual changes in the history of science. In Chapter 3, 
I termed such changes tree switching, since the very nature of the hierarchical 
tree is transformed. Although the methodology of classifying organisms into 
species remains somewhat conttoversial, most biologists today accept Dar
win's view that classification should be based on the theory of evolution by 
natural selection and should take commonality of descent as the fundamental 
principle in consttucting a kind-hierarchy (Ridley 1986; Hull 1989). As David 
Hull (1973, 73) points out, with Darwin species become historical entities, 
not just groups that share a set of common ttaits. 

According to Hull (1989, 399f.), the hierarchy reinterpretation that comes 
with the Darwinian revolution is even more drastic than Darwin realized. Hull 
claims that organisms and species are both historical entities, and as such are 
connected by part-relations instead of Idnd-relations. An organism is pmt of 
an evolving species, not just a member of that species, and species are parts 
of higher taxonomic categories. The traditional part-hierarchy that describes 
genes as parts of cells, cells as parts of organs, and organs as parts of organ
isms" continues up into what traditionally bas been thought of as a kind-bier-
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archy. H Hull's analysis of species is correct, then the ttee switch that was at 
the core of the Darwinian revolution is the unusual kind that involves a move 
from kind-relations to part-relations. (In the next chapter, we shall see how 
plate tectonics involved a move from part-relations to kind-relations.) More
over, the part-relations in modern evolutionary theory are not simple ones in 
space alone or in time alone, but simultaneously involve space and time, since 
species are spatio-temporal entities. They therefore seem sim.ilarto the spatio
temporal part-relations that became crucial to modern physics with the intro
duction of general relativity (see section 8.3). 

Even without Hull's interpretation of species, Darwin's theory of evolution 
brought with it a fundamental change in kind-relations and in the nature of the 
kind-hierarchy. Now let us consider how explanatory coherence provides a 
mechanism for moving to this radically new conceptual framework. 

6.3 THE EXPLANATORY COHERENCE OF DARWIN'S 
THEORY 

6.3.1 Dtlrwila ~""U8 1M CrMtio. HypotINBU 

When Darwin was a student at Cambridge, the works of William Paley on 
natural theology were a central part of the curriculum, and Darwin was 
"charmed and convinced by the long line of argumentation" for divine crea
tion (Darwin 1958, 19). Paley's (1963) argument is naturally interpreted in 
terms of explanatory coherence. He started with an analogy: If I found a 
watch, I would naturally infer that the watch must have had a maker, for how 
else could such a complex and well-designed object have come into exis
tence? Sim.ilarly, the many manifestations of complexity in the world, illus
trated by chapters on such topics as anatomy and instincts, point to a designer. 
Figure 6.2 shows the sbUcture of the argumenL Just as the watchmaker's 
work explains the existence of the watch, so does the act of the Creator ex-

watcbmaker A/\./\./\ divine creation 

watch ~anatomy instincts 

Figure 6.2. 1be explaDatory cobeIalc:e of Paley's theory of 
diviDe creation. 1be straight lilies indicate explaDatory 
relaliODl, aDd the wavy lilies indicate aaalogies. 

etc. 
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plain the comple:Jdrties 0:1 the wc:wlcl. Although this style of reasoning is now 
restri.cted to creationists. it was &sta:ndard in Darwin's day. 

DaJIWin was fun!), aw.-e of thte g.enerally accepted view, held by scientists 
as well as tbeolosiians, t:hat species bad been separately created by God. To 
argue for evolutiom by n...aturaI seelelCtion, he bad to show that his theory pro
videc.f a better expbBnatio n than d:Jd the view of separate creations. That is why 
there are doz~ns o:-f places in tine tDngin where he explicitly considers the 
creation theory as an aaternatiV"'e t:O his view.1 Thus Darwin's argument is 
aim~ at showing Chat hi s theorr is better than the alternative creation theQry. 

6.3-2 BeaO A-'1* 0/ DtIrtri1J 

DanVin described abe O.ngin of.Spll1cies as "one long argument" (1964, 459; 
1958, 55). The 81}'SUIIlemt is natJurally interpreted as showing that Darwin's 
theon' of evolutioJD has greater csplanatory coherence than the creationist 
theon. The OngbfJ start:S, not 1Iritb the evidence for his theory, but with a 
disc .... ion of varia-.tion tPder do:·me:stication. As Darwin explicitly noted, the 
anaIO'gy between aartificL.al and rna.tmal selection was an integral part of the 
justification ofhis t:tIleor)- (Darwi:.n 1 969, vol. 3, 25). After discussing variation 
unde:Ir nature, DanJin de:scribed 1th81 struale for existence and how it leads to 
na.tur"'81 selection, wrhich in turn prClCIuces evolution (descent with modifica
tion) ... His main hypothesles. that -organic beings undergo natural selection and 
that 9IJeCies of organic b.eings have evolved, enabled him to explain a host of 
facts_ from the geosgraph.:ical disttrlbwon of similar species to the existence of 
vesti'" organs. Fi..-e 6.3 crudely sb...ows thee explanatory coherence of Darwin's theory. 
The explanatory COIhereJace of tbte h;ypothesis that species evolved derives pri
marily tiom the bo« of .-acts thad ic helps to explain. The analogy with artifi
cial selection also ~ its ecoberence, as does the fact that evolution is 
expteU.ned by the process; of natuual selection. Unlike Lavoisier's oxygen the
ory, J)arwin's theotry clearly exlnb-its the importance of analogy and of hy
potheseS being eXJDlainetd by otbaec hypotheses. 

A mote detailed BCmO anal~sis must attend to the explanatory roles of 
parti4:Ul.ar hypothesses. k:l Darwhn's explanations, two hypotheses, one about 
evolaltion and the other about IIl8tUta1 selection, do most of the work (see 
Table 6.1). But tbe:se pratpoSitiolIlS ""ere not simply cohypotbeses, for Darwin 
also -used the Iatterr to ellqJlain thIe formerl That is, natural selection explains 
why species evolwe: if popuIafiollS of animals vary, and natural selection 
pick8 out those wLth features wI"ell adapted to particular environments, then 

1 see Darwin (1964).. pp. 3, 6, 44, 55.",115,129,133,138.139,152.155,159,162.167, 
185. I.'" 199,203. 2.7!5. 303. 31S,352. 355,356, 365. 372, 389, 390. 393, 394. 396, 406. 414, 
420, "34. 435.437.459. 456, -45, 469, 470. 471, 472, 473. 474, 475. 478, 480, 412. 483. 488. 
Bam:=A Wei ....... t. ..... Oaal..eber (191: 1) is wry 1IIefaI for II'IICtiIIa ... lCifcalaal. 
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Malthusian principles 

struggle for existence 

natura18C1ection ~ artificial selection 

evolution ~ breeding 

embryology geographical etc. 

distribution 

Figure 6.3. Sketch of explanatory coherence of Darwin's theory. 
The straight lines indicate explanatory relations, aDd the wavy 
lines indicate analogies. For a more detailed ECHO aualysia, see 
Figure 6.4. 

new species will arise. Moreover, Darwin offered a Malthusian explanation 
for why natural selection occurs: population growth increases geometrically, 
as in the series 2, 4,8, 16; while the available land and food increase at best 
arithmetically, as in the series I, 2, 3,4. Hence population inevitably outsbips 
available resources, creating intense competition among organisms. Thus 
Malthusian principles explain why natural selection takes place, which ex
plains why evolution occurs, and natural selection and evolution together ex
plain a host of facts better than does the competing creation hypothesis. 

The full picture is even more complicated tban this, for Darwin cited the 
analogy between artificial and natural selection as support for his tbeory. He 
contended that, just as farmers are able to develop new breeds of domesticated 
animals, SO natural selection has produced new species. He used this analogy 
not simply to defend natural selection, but also to help in the explanations of 
the evidence: particular explanations using natural selection incorporate the 
analogy with artificial selection. FmaIly, to complete the picture of explana
tory coherence tbat the Darwin example offers, we must consider the alterna
tive theological explanations that were accepted by even the best scientists 
before Darwin pvposecl his tbeory. 
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Analysis of On the Origin of Species suggests the fifteen evidence state
ments shown in Table 6.1. EI-E4 occur in Darwin's discussion of objections 
to his theory, while the others are from the later chapters of the book in which 
be argues positively for his theory. Table 6.1 also shows Darwin's main hy
potheses. DH2 and DH3 are the core of the theory of evolution by natural 
selection, providing explanations of its main evidence, ES-EIS. DH4-DH6 
are auxiliary hypotheses that Darwin used in resisting objections based on 
EI-E3. He considered the objection concerning the absence of transitional 
forms to be particularly serious, but explained it away by saying that the 
geological record is so imperfect that we should not expect to find fossil evi
dence of the many intermediate species his theory requires. Darwin's ex
planations also use a variety of facts he defended with empirical arguments 
that would complicate the current picture too much to present here. Hence I 
sball treat them (DFI-DF1) simply as pieces of evidence that do not need 
explanatory support. Like EI-EIS, DFI-DF7 are marked as data in the input 
to ECHO (Table 6.2), but their role in the simulation is different since they 
serve as explainers rather than as evidence to-be explained. The creationist 
opposition frequendy mentioned by Darwin is represented by the single hy
pothesis that species were separately created by God. 

Table 6.2 shows the explanation and contradiction statements that ECHO 
uses to set up its network, which is displayed in Figure 6.4. Notice the hierar
chy of explanations, with the high rate of population increase explaining the 
struggle for existence, which explains natural selection, which explains evo
lution. Natural selection and evolution together explain many pieces of evi
dence. The final component of Darwin's argument is the analogy between 
natural and artificial selection. The wavy lines represent excitatory links 
based on analogy. Just as breeders' actions explain the development of d0-
mestic varieties, so natural selection explains the evolution of species. At 
another level, Darwin sees an embryological analogy. The embryos of differ
ent domestic varieties are quite similar to each other, which is explained by 
the fact that breeders do not select for properties of embryos. Similarly, nature 
does not select for most properties of embyros, which explains the many sim
ilarities of embryos of different species. 

DID, that species evolved, and CHI, that species were separately created 
by God, are specified as contradictory, so ECHO sets up an inhibitory link 
between them. In addition, on the basis of the Principle of Competition, 
ECHO sets up inhibitory links as follows: 

DH2 competes with CHI because of (HI E2 83). 
DH4 competes with CHI because of (HI). 
DRS competes with CHI because of (82). 
DH6 competes with CHI because of (E3). 

Figure 6.4 shows the inhibitory links that these competitions produce. 
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Darwin's evidence: 

18ble6.1 
Propositions for Darwin Example 

HI The fossil record contains few transitional forms. 
E2 Animals have complex organs. 
E3 Animals have instincts. 
E4 Species when crossed become sterile. 
ES Species become extinct. 
E6 Once extinct, species do not reappear. 
B7 Forms of life change almost simultaneously around tbe world. 
E8 Extinct species are similar to each other and to living forms. 
E9 Barriers separate similar species. 
EIO Related species are concentrated in tbe same areas. 
EI2 Species show systematic affinities. 
EI3 Different species share similar morphology. 
EI4 The embryos of different species are similar. 
HIS Animals have rudimentary and aIrophied olpDS. 

Darwin's main hypotheses: 

DHI Organic beings are in a sbUgle for existence. 
DH2 Organic beings undergo natural selection. 
DH3 Species of organic beings have evolved. 

Darwin's auxiliary hypotheses: 

DH4 The geological record is very imperfect. 
DDS There are transitional forms of complex olpDS. 
DH6 Mental qualities vary and are inherited. 

Darwin's facts: 

DFI Domestic animals undergo variation. 
DF2 Breeders select desired features of animals. 
Dl13 Domestic varieties are developed. 
DF4 Organic beings in nature undergo variation. 
DFS Organic beings increase in population at a high rate. 
DF6 The sustenance available to organic beings does not increase at a high 

rate. 
Df7 Embryos of different domestic varieties are similar. 

Creationist hypothesis: 

CHI Species were separately created by God. 
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1labIeU 
Explanations and Contradicdon for Darwin Bluunple 

Darwin's exphmations: 

(a) ofnaturalselecdon and evolution. 
(explain (DFS DF6) DHI) 
(explain (DHI DF4) DH2) 
(explain (DH2) DH3) 

(b) of potential counter-evidence 
(explain (DH2 DH3 DH4) BI) 
(explain (DH2 DH3 DHS) Bl) 
(explain (DH2 DH3 DH6) B1) 

Darwin's analoaies: 

(explain (DFl) DFJ) 
(explain (DFl) DF7) 

Creationist exphmations: 

(explain (CHI) BI) 
(explain (CHI) Bl) 

Data: 

(c) of diverse evidence 
(explain (DH2) BS) 
(explain (DH2 DH3) £6) 
(explain (DH2 DH3) B7) 
(explain (DH2 DH3) E8) 
(explain (DH2 DH3) 89) 
(explain (DH2 DH3) BIO) 
(explain (DH2 DH3) B12) 
(explain (DH2 DH3) B13) 
(explain (DH2 DH3) B14) 
(explain (DH2 DH3) BIS) 

(analogoas (DF2 DH2) (DF3 DH3» 
(analogoas (DFl DH2) (DF7 B14» 

(explain (CHI) B1) 
(explain (CHI) B4) 

(data (HI Bl B1 B4 BS £6 B7 E8 89 BIO B11 EI2 EI3 BI4 BIS» 
(data (DFI DF2 DFJ DF4 DFS DF6 DF7) 

Contradicdon: 

(con1l8dict CHI DH3) 

Darwin's discussion of objections suggests that he thought that creationism 
can naturally explain the absence of transitional forms and the existence of 
complex cqans and instincts. Darwin's argument was cbaIlensed in many 
ways, but on his own view of the relevant explanatory relations, at least, the 
theory of evolution by natural selection is far more coherent than the creation 
hypothesis. Creationists, of course, would marshal different arguments. 

Figure 6.S shows the coDDectivity of DH3, hypothesizing the evolution of 
species, in more detaill indicatioJ the strengths of the excitatory and inhl'b
itory JiDks established by ECHO and the ftaal activations of the various units 
IiDked to DH3. R1IDDing ECHO to adjust the network produces the expected 
result: Darwin's hypotheses are all activated while the creation hypothesis is 
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v 

EI E2 E3 B7 E8 E9 EIO El2 El3 StS El4 

CHI 

Figure 6.4. Network produced by BCHO from input in Tables 6.1 and 6.2. BI-BIS are 
evidence units. DHl represents uatunl selection, and DH3 represents evolution of species. 
These defeat CHI. which represents the hypothesis tbat species were iDdepeDdeDtly crated.. 
SoHd Hnes are excitatory links. while dotted Hnes are iDbibitory. 

deactivated. DH3 accrues activation in three ways. It gains activation from. 
above, from being explained by natural selection, which is derived from. the 
struggle for existence, and from below, by virtue of the many pieces of evi
dence it helps to explain. In addition, it receives activation by virtue of the 
sideways analogy-based links with explanations using artificial selection. 
Figure 6.6 graphs the activation histories of most of the units over the S3 
cycles it takes them to settle. Note that the creationist hypothesis CHI iDi
tially gets activation by virtue of what it explains, but is driven down by the 
rise of DH3, which contradicts it. 

What is the nature of the explanations used by Darwin? His derivation of 
natural selection from the struggle for existeo.ce is mugbly deductive, al
though much less rigorous than mathematical proof. As Kitcher (1981) sua
gested, Darwin's explanations have a major schematic component, since be 
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Figure 6.5. Counectivity of unit DH3 in the Darwin network. 1be 
numbers under the units are their activation values after the unit bas 
sett1ed. Thick lines indicate excitatory Iinb, wbiJe the thin tine 
indicates an inhibitory lint. Numbers on the lines indicate the weiPts 
on the links. 
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applied the same pattern of exp1anation involving evolution by natural selec
tion to diverse facts. In addition, we have also seen that analogy played a role 
in some of Darwin's explaDatioos. and his discussion of variability was im
plicidy statistical. Natural selection is undoubtedly a causal mechanism: we 
can interpret the ECHO analysis as saying that variability and the struggle for 
existence causes natural selection, and natural selection causes evolution of 
species. Thus Darwin's explaDations involve all the main sttands of explana
tion identified in section 5.3. 

Section 5.1 described various relations tbat a theory can have to one tbat it 
replaces. Darwin's theory of evolution by natural selection obviously in
volved a massive rejection of the theory of divine creation. While not strictly 
abandoning the concept of God. it rejected the proposition that God played a 
direct role in producing species. Moreover, ifremoved the traditiomd special 
place held by the concept 1umum in the claification of animals. and funda
mentally altel'ed the nature of the kind-hierarchy and the procedures of classi
fication. Divine intervention ceased to be among the explanatory principles of 
biology. so the relation between Darwin's theory and its creati.ooistpredeces
sor is best described as suppltmtation. Certainly. Darwin did DOt incorporate 
the divine creation theory within his own, but he did DOt ignore it either. The 
many comparisons of the two theories in the Origin show the premium he 
placed on showing the superiority of evolution to creation in explaining the 
biological facts. So Darwin did not disregard the alternative theory any more 
than he incorporated iL 

Although there was little theory cumulation from Paley to Darwin, there 
was substantial evidence cumulation, since Darwin bied in his discussion of 
objections to show how his theory could explain the facts tbat were most 
strongly explained by divine creation. His explanations of the gaps in the 
fossil record and of phenomena such as instincts were somewhat ad hoc, but 
he clearly did not abandon coocem with the evidence tbat creationists had 
cited for their theory: for both Darwin and Paley, adaptation was the key fact 
to be explained. Method also seems to be cumulative between Paley and Dar
win as far as aqumeot goes, since the explanatory structure of Paley is similar 
to that of Darwin, in that both use analogy and claims about what their the0-
ries explain. Of course, Darwin opened up a fertile new way of t:biok:ing about 
species in terms of populations described in statistical terms. and made many 
other conceptual advances. But the Danvioiao revolution had a substantial 
degree of evidence and method cumulation, even as the old theory was dra
matically abandoned. 
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Doren Recker (1987) and Elisabeth lloyd (1983) have cbalIengeci my earlier 
claim that Darwin's argument in Origin of Species should be understood as 
defending an inference to the best explanation (Thagard 1978). lloyd, in 
keeping with a semantic conception of theories, claims that Darwin was try
ing to show the empirical adequacy of his theory. Recker sees in the Drig", 
three strategies for showing the cQlUm efftcacy of Darwin's theory. The first 
involves ~wing that natural selection is a velD CQlUd (true cause), the sec
ond responds to objections, and the third concerns the explanatory power of 
the theory. 

lLOYD ON EMPIRICAL ADEQUACY 

According to lloyd, Darwin should be understood as defending the empirical 
adequacy of his theory. She reinteJprets his numerous statements COD.CeI'Din& 
the explanatory power of his theory as merely claiming that there is a lit 
between theory and data. 'Ibis account, which owes much to the views of van 
Fraassen (1980), seems to differ from an inference-to-the-best-explanation 
account on two dimensions. FlI'St, the latter account is explicitly comparative, 
advocating the acceptance of the but of available explanations. Second. the 
latter is much more consonant with a realist view of scientific theories, since 
the best explanation is typically inferred to be tIW. We have already seen that 
Darwin's argument was explicidy comparative, and there is also ample evi
dence that he was a realist. 

Darwin's statements in the final edition of the Origin and in other writings 
show that he took the explanatory power of his theory to be evidence of its 
truth: 

It can hanDy be supposed that a false theory would explain, in so satisfactory a 
IIl8IIDeI' as does the theory of natural selection, the aeverallarp classes of facta 
above specified. It bas recently been objectecl that this is an UDIIfe method of 
arguiua; but it is a method used injudaing of the COIDDlOD events oflife, aDd bas 
oftal been used by the greatest natural phi10a0pheD. (Darwin 1962, 476) 

I must fRely confess, the difficulties aDd objections are terrific; but I cannot 

believe that a false theory would explain, as it seems to me it does explain, so 
many classes of facts. (Darwin 1903. vol. 1, 4SS) 

But whether It [the assumption of preservation of vari.ati.ons] is true. we canjudp 
only by seeIDa how far the hypothesis acconIs with and explaiDs the geaeral 
phenomeaa of DatuIe. (Darwin 1962, 94) 
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Thus Darwin was not merely trying to argue that his theory was empirically 
adequate: be was maintaining that it should be accepted. as true because it 
provided a better explanation than the alternative creation theory. 

RECKER ON CAUSAL EFPICACY 

The three strategies that Recker sees Darwin using to support the causal effi
cacy of evolution by natura1 selection correspond to three parts of Darwin's 
book. The first part lays out the basic ideas of natura1 selection, the second 
discusses objections to the theory, and the third shows its explanatory power. 
What Recker sees as the third part of Darwin's strategy is obviously fully 
compatible with the view that Darwin was using inference to the best explana
tion. I shall show that the first two parts of the argument also are best under
stood as contributing to the explanatory coherence of his theory. 

Darwin had been led to suspect that species evolved early on, but had be
come convinced of it only when be nW.ized that natural selection could ex
plain how species had evolved. Moreover, he derived natural selection ftom 
the struggle for existence which in tum followed from Malthusian principles 
about the geomemcal rate of increase of population. Thus population pres
SUJeS explain the struggle for existence which explains natural 'selection 
which explains the evolution of species. Moreover, natural selection and spe
cies evolution together explain the host of facts that Darwin discusses in later 
chapters of the Origin. We saw how all these explanations, as well as Dar
win's use of analogy, can conmbute to exp1anatory coherence. Thus the first 
part of Recker's analysis fits well within my explanatory coherence account. 

Now let us look at Darwin's responses to objections. According to Recker, 
the chapters in which Darwin discusses the objections to his theory constitute 
a separate part ofhis argument for the causal efficacy of natural selection. But 
close examination, bearing in mind the comparative nature of Darwin's argu
ment, shows that they are in fact directly concerned with whether his theory 
is the best explanation of the evidence. 

The four major objections that Darwin considers are: the fossil record con
tains few transitional forms, animals have complex organs, animals have in
stincts, and animals crossed from different species are usually sterlle. Not 
only are these facts difficult to explain on Darwin's theory, they fit well with 
the alternative creation hypothesis. Separate creation would explain why few 
transitional forms have been observed, why animals were provided with com
plex organs and instincts, and why animal species separately created by Ood 
remain separate. Darwin's replies to these objections involve his postulation 
of auxiliary hypotheses to explain these facts, which he realizes are more 
simply explained on the rival view. For example, he explains the absence of 
fossils that show transitional forms by arguing that the geological record is 
highly imperfect, and be sketches explanations of how iDstincts and complex 
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organs might have evolved by natural selection. Thus the discussion of objec
tions is direcdy relevant to the explanatory power of his theory compared to 
the alternative creation hypothesis. Contrary to Recker's opinion, it is not a 
separate sb'ategy concerned with causal efficacy. Explanatory coherence the
ory is all one needs to appreciate Darwin's argumen~ 

6.3.5 TIle Recqtion 0/ Dt.trwila'. ArguNIIt 

For Darwin, the hypotheses of evolution and natural selection were both key 
parts of his theory, but in the decades following the publication of the Origin 
they received very different receptions. By 1870, most scientists had accepted 
evolution, a major turnaround from before Darwin's work. But natural selec
tion remained highly controversial, and did not become well established as a 
principle of biology until the development of the synthesis of evolutionary 
biology with genetics in the 1930s. ECHO has given an adequate account of 
the coherence of Darwin's theory for him, but it should also be able to account 
for why other thinkers found natural selection much less palatable than evolu
tion. I see two major reasons why natural selection might appear to Darwin's 
contemporaries as less acceptable than evolution, both based on incoberen
cies between it and strongly held propositions. Even religious people could 
give up the hypothesis of special creation, holding on to the view that God had 
designed evolution. But natural selection provided a mechanism based on 
random variations that challenged the easy retreat of the theological view. In 
Figure 6.4, I showed special creation as contradicting evolution, but Figure 
6.7 shows another theological hypothesis, divine design, contradicting natural 
selection. Divine design is much less specific than special creation and is 
much more easily made compatible with scientific facts about extinction of 
species and their appearance at different times. Special creation could be 
abandoned while retaining the more deeply rooted hypothesis that God played 
at least some role in designing the species that appeared1.ntermittendy. 

Another incoherency for natural selection was due to an inftuential argu
ment of Lord Kelvin's. Using the best physical ideas of the day, be calculated 
the age of the earth to be much less than would have been necessary for the 
inherendy slow process of natural selection to have bad time to bring about 
the development of so many different species. All Darwin could do was hope 
that Kelvin had miscalculated somewhere. As it turned out, Kelvin was 
shown to be mistaken decades later, when the discovery of radioactivity sug
gested a heat source in the earth that could keep it from cooling as rapidly as 
he had thought In the meantime, the hypothesis of natural selection could be 
seen as incoherent with well established principles of physics. So natural 
selection fares worse in a calculation of explanatory coherence than does evo
lutionary theory. 
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Malthusian principles 

struggle for existence 

natural selection 

evolution 

geographical 

dislribution 

........ earth is too yOWlg for 
.. .. .. .. .. natural selection to 

c .. .. .. .. .. have produced evolution 

- - - - - - - - - - - - - - God designed evolution 

etc. 

F"1&1UC 6.7. Incoherence of natural selection with other beliefs. Straight lines 
indicate the explaDatory relations of Darwin's theory, as in Figure 6.3. Dotted IiDes 
show the contradictions between natural selection and other widely held views of 
the time. 

There is an important lesson here about explanatory coherence. The coher
ence of a theory is not just a matter of how it competes head to head against 
alternative explanations of a body of evidence. In principle, coherence in
volves relations to everything else one believes. Hence a hypothesis with 
good explanatory credentials might nevertheless be rejected if it contradicts 
other well established parts of science. 

6.4 OTHER REVOLUTIONS IN BIOLOGY? 

Historians and biologists are agreed that the development of Darwin's theory 
of evolution was the most revolutionary episode in biology to date, but have 
there been other revolutions in biology? According to Cohen (1985), William 
Harvey initiated a revolution in the life sciences when be proposed his theory 
of the circulation of the blood. On my account of conceptual revolutions, the 
central features of radical conceptual change are: 
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1. replacement of one theory by another that bas greater expbmatory coher
ence; and 

2. conceptual reorganization substantially affecting kind-relations lDdIor 
part-relations. 

The first feature is clearly present in Harvey. He explicitly argued against 
Galen's view, dominant for many hundreds of years, that the heart propelled 
blood out to the body where nutrients were absorbed, without any circulation. 
An ECHO analysis of Harvey's theory should be easy to do, describing how 
he used the hypothesis of circulation to account for the functions of the ve
nous and heart valves and for quantitative facts concerning the volume of 
blood ftow. As Harvey (1962, 139) summarizes: 

All tbcse appearances, and many others, to be noted in the course of dissection, 
if rightly weighed, seem clearly to i1lustrate and fully confirm the truth conteaded 
fortbroughout these pages. and at the same time to oppose the vulpropinion; for 
it would be very difficult to explain in any other way to wbat purpose all is 
constructed and arranged as we have seen it to be. 

Working out in detail the explanatory relations of Harvey's and Galen's the0-
ries is left to other reseuchers. 

Harvey's theory also brought with it an interesting conceptual reorgaui
zation, particularly respecting part-relations. According to Cohen (1985), 
whereas Galen viewed the liver and veins as a system wholly distinct from the 
system of heart and arteries, Harvey initiated the medical view of all these as 
a single system. Harvey is considered to be the founder of modem medicine 
and it would be interesting to analyze the kind-relations and part-re1ations in 
his framework and to contrast them with the concepts of Galen. The adoption 
of Harvey's theory thus appears to be a full-blown conceptual revolution. 

The two major developments in biology since Darwin are genetics and 
molecular biology. Although both of these are scientific developments of 
enormous importance, they do not count as revolutiouary according to the 
account of conceptual change developed here. Before genetic theory there 
was no established theory of inheritance. Darwin had proposed his theory of 
pangenesis, according to which all parts of the body contribute genetic mate
rial to the reproductive organs, but even he did not find it very convincing. 
Thus genetics did not involve the overturning of a previous view. 1be JI8Dd 
synthesis of genetics with Darwin's theory of evolution by natural selection 
in the 1930s increased the coherence of Darwin's theory by explaining how 
inheritance takes place. Moreover, although genetics involved interesting 
new part-relations (Darden and Rada 1988), it did not require revision of 
previous part-relations. Genes are parts of chromosomes. Decomposition is 
an important strategy for introducing new parts, but it generally produces 
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incremental changes in the conceptual structure, not revolutionary ones. Sim
i1arIy, introducing quarks in subatomic physics added a new layer to the part
hierarchy, but did not require reorganizing higher layers (see section 8.S). The 
development of the concept of a gene is a fascinating and important topic 
(Darden 1991), but it is not part of a conceptual revolution. 

Molecular biology bas opened up wonderful new avenues of research, but 
has not required overturning the established theories of evolution and genet
ics. Genetic theory is improved dramatically by the understanding of genes as 
composed of DNA, but the discovery of DNA and later developments in mo
lecular biology primarily added part-relations rather than revising previously 
established ones. The advent of molecular biology did not require any notable 
abandonments of theory, evidence, or method. 

6.5 CONCEPI'UAL EVOLUTION? 

Darwin provided us with a theory of evolutiOn by natural selection that has 
great explanatory coherence in the biological sphere. Not surprisingly, at
tempts have been made to apply theories of the same type in other spheres 
(Darden and Cain 1989). Philosophers of science have appealed to evolution
ary models to account for the development of scientific knowledge (Toul
min 1972; Campbell 1988). Evolutionary epistemology is problematic be
cause of the numerous differences between conceptual development and spe
cies development. For example, concept generation in science is generally 
part of the problem solving process and is data-driven, explanation-driven, or 
coherence-driven. Organisms, on the other hand, do not generate mutations in 
order to overcome environmental problems. In my earlier book, I argued that 
a computational perspective highlights the inadequacy of using biological 
evolution as a model of scientific change (Thagard 1988, ch. 6). I shall not 
repeat those arguments here, but want to evaluate the recent sophisticated 
attempt by Hull (1989) to understand conceptual change by analogy with 
biological evolution. Especially for conceptual revolutions, the cognitive! 
computational approach advocated here has numerous advantages over the 
biological approach. 

Unlike many evolutionary epistemologists, Hull does not simply draw 
analogies between biological and conceptual evolution. Instead, he develops 
a set of high-level categories intended to apply to both. The key notions are 
(Hull 1989, 408f.): 

replicator--an entity tbat passes on its structure largely intact in suc:cessiverepli
cations. 

illtertlClOr--an entity tbat interacts as a cohesive whole with its enviromnent in 
such a way tbat this interaction CIlII8e6 repHcation to be dift'erential. 
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sele~ process in which the diffenmdal extinction and proliferation of in-
teractors ctIIISe the diffea:ential perpetuation of the relevant repHcators. 

In biological evolution, genes are the paradigmatic replicators, and organisms 
are the paradigmatic interactors. Selection is a process in which the differen
tial fitness of organisms causes the differendal perpetuation of their genes. 

In science, the replicators are ''beliefs about the goals of science, proper 
ways to go about realizing these goals, problems and their possible solutions, 
modes of representation, accumulated data, and so on" (Hull 1989, 434). The 
primary interactors are scientists who generate new replicators, including 
concepts. The process of selection in science involves competition among 
scientists to have their views accepted by other scientists. 

As far as it goes, this analysis of the process of science in terms of replica
tOIS, interactors, and selection is unexceptionable, and it is useful for charac
terizing the social side of science, which often bas different scientists com
peting with each other. But the biologically inspired analysis is inherently 
limited, since it cannot describe in any detail the processes by which new 
concepts and hypotheses are formed and evaluated, nor can it describe the 
organization of concepts. These are fundamentally psychological questions 
that the biological analysis cannot address. What is the organization of repli
cators? Scientific concepts are organized by kind-relations and part-relations, 
while hypotheses are organized by relations of explanatory coherence. Using 
cognitive notions rather than biological abstractions, we are able to character
ize many different kinds of conceptual change. 

Evolutionary epistemology usually assumes the orthodox interpretation of 
biological evolution according to which species evolve as the result of long 
periods of gradual changes. Conceptual revolutions, however, are better un
derstood by comparison with the controversial theory of pllllCllUlled equilib
rilllll, according to which biological evolution is not a steady, gradual process 
of variation and selection (Eldredge 1985). Instead, long periods with little 
change are interrupted by dramatic periods when species emerge or become 
extinct at a much greater rate. I sball not address the biological merits of this 
theory, but there can be no question that science is such a punctuated process. 
Scientific revolutions are rare, with only seven or eight major ones in tluee 
fields in a period of five hundred years. Comprehensive explanatory theories 
like Darwin's and Newton's are exceptional, and the overturDing of them 
once they are established is rarer still. Hull's biologically inspired analysis is 
useful for sociological description, but it cannot contribute to psychologi
cal understanding of the major conceptual changes that attend scientific 
revolutions. 

Defenders of evolutionary epistemology might claim. that I have merely 
been proposing a different analogy than them, modeling conceptual develop
ment in computational rather than in biological terms. But if the strong claims 
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of cognitive science are valid, thinking is not just 1i1ce computation, it is com
putation. Currently, we use computers dissimilar to the brain to develop cog
nitive theories, but we can aim to have computers that tbink much in the same 
way that people do. For computational philosophy of science, this aim in
volves the ambition of building programs that construct concepts and hypoth
eses in approximately the way that scientists do. The ambition is far from 
being realized, but the philosophical arguments against it are unconvinc
ing, and many promising research directions are currently being pursued. m
timately, the choice between the research program of evolutionary episte
mology and the cognitive/computational research program should be made 
according to which program generates theories with greater explanatory c0-

herence. I hope that impartial observers will view the current theory of con
ceptual change as evidence that the computational/cognitive approach can 
help to generate richer models of science than biological analogies. 

The development of Darwin's theory of evolution by natural selection was 
driven by the need to explain several puzzling biological facts. Using Mal
thusian principles, Darwin abductively formed the hypothesis that a struggle 
for existence had led to species diversity, and he aeated the combined con
cept of natural selection. With respect to the previously dominant CJeationist 
theory, Darwin's theory involved several kinds of conceptual change. It intto
duced novel concepts like natural selection and changed the kind-hierarchy by 
reclassifying humans as a kind of primate. Moreover, Darwin redefined the 
kind-hierarchy, since historica1lineage rather than similar features became 
the key principle of classification. Darwin's long argument in the Origin of 
Species justified the adoption of the new conceptual system by showing that 
his theory had much greater explanatory coherence than the opposing crea
tionist theory. He could explain more facts, and in addition gained coherence 
from the application of Malthusian principles and the analogy between natu
ral and artificial selection. Darwin's theory supplanted the creationist theory, 
whose concepts and principles were largely abandoned, although the evi
dence and method of arguing for it were largely preserved in the Darwinian 
system. 
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The Geological Revolution 

THE twentieth century has seen three major conceptual revolutions, associ
ated with the theories of relativity, quantum mechanics, and plate tectonics. 
The physics cases must wait until the next chapter, for I want first to consider 
the most recent scientific revolution, in geology. I During the 19608, the the
ory of plate tectonics became the dominant framework for understanding ge0-

logical phenomena. This chapter is an attempt to interpret the development of 
geological ideas in this century in terms of conceptual change and explanatory 
coherence. It traces the history of the hypothesis of continental drift that pre
ceded modem plate tectonics, and explains why the hypothesis was not gen
erally accepted until it became reformulated as part of plate tectonics. Tbe 
adoption of plate tectonics required major reorganization in the conceptual 
hierarchies that included concepts such as continent and seafloor. 

7.1 THE CONCEPTUAL DEVELOPMENT OF 
PLATE TECI'ONICS 

7.1.1 Hulorietll Sbtc" 

The history of ideas about continental drift and plate tectonics has been told 
in detail elsewhere (Hallam 1973; Glen 1975; Menard 1986), so only a brief 
outline is needed here. In 1915 Alfred Wegener, a German meteorologist, 
published a book in which he brought forward a mass of geological and pale
ontological evidence supporting the hypothesis that the continents had once 
been joined together and drifted apart. Although Wegener's book went 
through four German editions and was ttanslated into English and French, his 
theory of continental drift was not generally accepted.. The dominant g10bal 
theory for explaining geological phenomena at the time was based on the 
hypothesis that the earth was cooling and therefore contracting, with contrac
tion causing such phenomena as mountain building. 

Although continental drift had some supporters dmiug the following dec
ades, it remained on the fringe of geology until the early 19608. During the 
19508, the U.S. Navy sponsored expeditions to map the seafloor in both the 
Atlantic and Pacific oceans. These expeditions brought to light many new 

I This chapter is bued OD llticlea wdUea with Ole.., Nowat. 
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phenomena, in particular information about mid-ocean ridges. In 1960, Harry 
Hess (1962) and, independently, Robert Dietz (1961) proposed the hypothesis 
of se4floor splWlding, according to which the ridges were caused by an up
ward flow of mantle material which then spreads out, creating new seafloor 
and carrying the continents away from each other. This is 'a very different 
mechanism from the one Wegener proposed, as Hess (1962, 6(9) takes pains 
to make clear: '-rhe continents do not plow through the oceanic crust impelled 
by unknown forces; rather they ride passively on mantle material as it comes 
to the surface at the crest of the ridge and then moves laterally away from it." 

In 1963 F. Vme and D. Matthews used the hypothesis of seafloor spreading 
to predict magnetic anomalies that could be expected to appear parallel to 
oceanic ridges if seafloor spreading occurs. The initial evidence coDected by 
ocean surveys did not clearly confirm the Vme-Matthews prediction, but in 
1965 the survey ship Eltanin found stri.ld.ng magnetic patterns that fit per
fectly with what Vme and Matthews had predicted. The new view of the 
continents and seafloor was elaborated by J. Tuzo Wilson's (1965) concept of 
a transform fault, his proposal that the crust coDsisted of a Set of large, rijid 
plates, and Jason Morgan's (1968) development of a mathematical framework 
for what has come to be called plate tectonics. By the end of the 19605, plate 
tectonics provided the generally (but not universally) accepted framework for 
understanding diverse geological phenomena. More historical details are pr0-
vided below. 

What would be required for a full computational understanding of these 
important developments? At the least, we need a set of mechanjsms sufficient 
for generating the key concepts and hypotheses. In addition, we need an ac
count of the conceptual structures and transformations that took place as part 
of the geological revolution. Finally. we need algorithms for evaluating conti
nental drift and seafloor spreading; to be historically adequate, a model incor
porating these algorithms wiD have to account for the rejection of Wegener's 
theory and the acceptance of the 1960s view. 

The theses on conceptual revolutions in Chapter 1 conjectured that theoretical 
concepts and hypotheses arise primarily by the mechanism of conceptual 
combination and abduction. I shall DOW sketch how these mechanjsms, as 
implemented in the system PI (section 3.4 above; Thagard. 1988), can be ap
plied to the early development of continental drift. Although I shal1 describe 
an actua1 run of PI, I stop weD short of claiming to simulate the discovery of 
continental drift, since PI is given only the minimal amount of information 
needed to operate the relevant mechanisms. 

We have a direct quote from Wegener that reports bow be first came to 
think of continental drift: "The first concept of continental drift came to me as 
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far back as 1910, when considering the map of the world, under the direct 
impression produced by the congruence of the coastlines on either side of the 
Atlantic" (Wegener 1966, 1). Wegener noticed the large extent to which the 
coastline of Africa can be fitted to the coastline of South America. The hy
pothesis that the continents were once joined together and later drifted apart 
provides an explanation for the degree of fit. Wegener later collected a vast 
amount of paleontological and geological evidence in favor of continental 
drift, but the congruence of the coastlines was the stimulus for the initial 
discovery. 

A crude version of this discovery has been implemented in the processing 
system PI, which performs various kinds of induction in the context of pr0b
lem solving. Explanation is understood as a kind of problem solving where 
the facts to be explained are treated as goals to be reached, and hypotheses can 
be generated to help provide the desired explanations. Problem solving pr0-

ceeds by the spreading activation of concepts and the firing of roles. 10 get it 
started, PI is given the goals of explaining two propositions whose English 
representations are: 

Bl. South America and Africa fit together. 
B2. South America and Africa are apart. 

The concepts fit together and are apart have associated rules that can poten
tially provide explanations of these jointly puzzling facts. 

Rl. If:; split into % and y, then % and y fit together. 
R2. If % and y were together and drift, then % and y are apart. 

The abductive inference using Bl and Rl is more complicated than the kind 
described in section 3.4.2, since it requires positing that there was a% that split 
into South America and Africa: PI does abduction with II-place relad.oDS like 
44split" as well as simple predicates like "F'. In a kind of inference called 
existential abductiOIl, PI makes this inference, concluding that some % (what 
Wegener called Pangaea) split into South America and Africa; this hypothesis 
explains why they now fit together. Similarly, R2 can be used to explain B2 
by forming the hypotheses that South America and Africa drift. PI does not 
need to abduce that South America and Africa were together, since it deduces 
this fact using an additional rule: 

Rl. If:; split into % and y, then % and y were together. 

Having abduced that South America and Africa drift, PI can generalize that 
continents drift because it was also informed that they are continents. In PI, 
generalization of 44a1l A are B" occurs when there are enough Ns that are B's 
to justify the generalization given background information about variability 
(see Holland et at. 1986, ch. 8). The continental drift simulation would JequUe 
background information about how things like continents vary with respect to 
properties like drifting. Variability is normally calcu1ated on the basis of addi-
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tionallmowledge in the data base. Rather than build up the data base, I merely 
told the program that variability is low, so two instances (and the absence of 
counterexamples) suffice for the generalization that continents drift. This in
ference is triggered by the simultaneous activation of the propositions that 
South America and Africa are continents and the propositions that each drifts. 

Similarly triggered in PI is the attempt to combine old concepts into new 
ones. Here, PI joins CONTINBNT and DRIFT into CONTINBNT-DRIFT, 
which can be understood as the concept of a continent that drifts. This is still 
short of the full concept of continental chift, which refers to a process rather 
than instances of drifting continents, but it is a start. At the end of its shortnm, 
PI bas thus formed several hypotheses about South America and Africa and 
the general role that continents chift, as well as the new combined concept. 

This simulation bas many limitations. Unlike Wegener, PI is not capable of 
noticing for itself that the fit of South America with Africa needs explaining. 
PI was provided with only limited information: it lacks understanding of the 
various geological processes involved. A richer representation scheme may 
be needed, petbaps the qualitative process systein of Forbus (1985). I have not 
provided detailed description ofPI's mechanisms of problem solving, abduc
tion, and conceptual combination, since these are available elsewhere 
('Ibagard 1988). Nevertheless, this sketch indicates the relevance of those 
mechanisms to the problem of explaining the discovery of continental drift. 

7:1, CBANGFS IN CONCEPI'UAL STRUCTlJRE 

There were two major kinds of conceptual change in the geological revolu
tion. First, a host of new concepts arose, more in the 19608 with the develop
ment of plate tectonics than with Wegener's early theory. Wegener gave us 
continental chift, but the 19605 gave us such important new concepts as 
seafloor spreading, transform fault, plate, subduction, lithosphere, and asthe
nosphere. The developments of the 19605 involved many more additions to 
geological vocabulary than did Wegener's theory. 

Second, conceptual change is not merely a matter of adding new concepts, 
but also of reorgQIJidng them. According to the first two theses on scientific 
revolutions stated in Chapter 1, revolutions involve transformations in the 
kind-hierarchies and part-hierarchies that are the main organizing backbone 
of conceptual systems. The geological revolution in the 19608 displays a 
striking transformation that involves both kind-relations and part-relations. 
During the 19SOs, extensive surveys of the ocean floor began to cause prob
lems for the old view that continents and seafloor are both parts of crust that 
differed primarily only in that the latter is submerged. 'Ibis view was impor-
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tant for the contractionist alternative to Wegener's continental drift theory, 
which explained. the similarity of flora and fauna in Africa and South America 
by postulating tbat there had been continental land bridges that subsided and 
became seaftoor. Observations of the seafloor suggested, however, that 
seafloor and continents differed structurally and in composition, challenging 
the notion of land bridges: if the seaftoor and the landmasses were fundamen
tally different, one would not expect that parts of the continents would occa
sionally sink and become seaftoor. 

Hess's (1962) proposals about seafloor spreading explained why the 
seaftoor, which on his view was continuously being produced by molten ma
terial rising up at mid-ocean ridges, should be younger and different in con
stitution from continents. Once continents and seafloor were seen as more 
different than alike, it became more appropriate to think of seafloor and the 
continents as ldnds rather than parts of crust. Moreover, the notion of crust 
became much less important, because what really mattered. was that continen
tal crust and oceanic crust were merely surface features of the huge plates 
that, according to plate tectonics, were the primary structural components of 
the earth's surface. In contrast to older views that saw the continents and 
seaftoor as parts of a uniform crust, plate tectonics depicted continents and 
ocean floors as different kinds of surfaces of plates. C1IlSt came to refer to the 
surfaces of plates, but played no dynamical role in geophysics.1be geological 
revolution is the only case I know of a transformationjnJm part-relations to 
kind-relations. 'Ibis transformation is summarized in Figure 7.1, in which the 
top diagram shows the pan-relations before plate tectonics, and the bottom 
diagram shows the pan-relations and kind-relations after plate tectonics. In 
terms of the taxonomy of conceptual change in section 3.1, this transforma
tion is best understood. as an unusual case of tree switching, in which a frag
ment of the pan-hierarchy becomes a fragment of the kind-hierarchy. 

1be conceptual transformation just described is only part of the general 
development that occurred in the twentieth century. To give a fuller picture of 
what happened, we shall now fill in some of the relevant history, presenting 
diagrammatic summaries of several important stages in the development of 
ideas: Wegener, his opponents, and the 19608. 

FIgUre 7.2 portrays the central concepts and explanatory relations of Wege
ner's system. Wegener wanted to account for the formation of mountains, the 
existence of fossils of land animals of the same species on landmasses sepa
rated by oceans, and the apparent fit of the continents on opposite sides of the 
Atlantic. He beJieved that the crust originally contained a protocontinent that 
was fractured by the two mecbanisms he posited to account for contiDenta1 
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Figure 7.1. Part-relations aDd kind-relations before (top diagram) aDd after (bottom di8Jl'8lD) 
plate tectonics. Ellipses represent concepts. Part-relations are labeled P and kind-relations are 
labeled Ie, readiDgupwanls. For example, in the top diapam, contiDeDt is a part of the earth'. 
crust. 
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motion: a tidal folCe that tended to drag continents westward; and the 
Poljlucht force that moved continents away from the poles and toward the 
equator. Figure 7.2 and the other conceptual diagrams in this chapter are com
plicated and hard to follow, but I retaiD their complexity because they show 
the nature of conceptual systems more fully than the sketchy diagrams in 
other chapters. Even so, they only show a selection of the relevant concepts 
and their interconnections. 

Figure 7.2 shows that Wegener's tidal and Poljlucht fOJCeS were intended 
to be responsible for the motion of the continents and protocontinent. causing 
the protocontinent to split into the continents of today. Soon after Wegener's 
work was first: published, it was pointed out that both of these forces were too 
weak by about five orders of magnitude to accomplish their intended etfect. 
Wegener was able to explain the apparent "fit" of the continents, the creation 
of mountaiDs, the separation of fossil species, and glacial phenomena; but the 
relationship between the seaftoor and the continents was unclear. The conti
nents had to be denser than the seafloor so they could move through it. but 
lighter than the seaftoor so they could be conipressed by it into mountains. 
Secondly, Wegener misjudged the relationship between certain glacial mo
raines found in both Europe and Oreenland, assuming them to be related. 
Thus he conjectured an unreasonably recent date for the fission of Gieenland 
and Europe, and based his calculations of the rate of drift on this date. Faulty 
longitudinal observations actually seemed to corroborate Wegener's claimed 
figure for the rate of drift, but later, more accurate observations in the 19308 
showed no sign of drift more significant than statistical error. 

For Wegener's opponents, the basic folCe causing change in the earth's struc
ture was the cooling of the earth, causing shrinking and lateral compression 
in the crust Figure 7.3 provides a sketch of the conceptual system of 
Wegener's conttactionist opponents (see van der Gracht et al. 1929). After 
buildup of stress, the crust fractured into blocks. This description is repre
sented by the sequence of explanatory arrows at the upper left of Figure 7.3. 
One problem for a comprehensive account of the earth's geology was the 
presence in mountains of sedimentary rocks that had formed under water and 
contaiDed aquatic fossils. The problem was solved by positing that sedimen
tary rocks formed over subsided blocks that were later elevated by further 
compression of the crust. This also explained the formation of the mountains 
themselves. Several pieces of evidence later claimed as support for continen
tal drift found explanations within the conttactionist system. For example, 
evidence for ancient glaciation in what are now temperate zones was ex
plained. by assuming that the earth's pole had wandered. over the course of 
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Figure 7.3. Coaceptualsystem ofWeaeaer's cridcs. See Fipre 7.2 for description of the J:!Of8dOD. 
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time; the rotational axis of the cwth bad not always passed through the current 
North and South Poles. 

The presence of nearly identical fossils of early land-based flora and fauna 
on opposite sides of oceans was explained by the prior existence of land 
bridges, land connections between continents that spanned the oceans. These 
land bridges are no longer in evidence since they were part of blocks that bad 
subsided. The assumption that parts of the crust considered "land" could be
come parts of the crust considered "seafloor" presupposed that the continental 
crust and the seafloor were effectively identical in composition. Also, the 
ability of a large mass of crust to significandy change its relative altitude was 
in conflict with an accepted principle of geophysics. The principle of isostasy 
asserts that the crust is usually in gravitational equilibrium. A large piece of 
the crust that has not recendy been disturbed has equal forces holding it up 
and pulling it down: buoyancy with respect to denser strata below, and grav
ity. The conftict between the hypotheses of isostasy and land bridges was 
tolerated because they belonged to different disciplines. Only geophysicists 
were concerned with the Validity of isostasy, 8nd oJily geologists were cOn
cerned with the existence of land bridges. 

The contractionist program was not stagnant after the initial rout ofWege
nero By 1959, it bad been expanded to account for most of the major features 
of the cwth's surface. The authors of a major contractionist text (Jacobs, Rus
sell, and WIlson 1959) continued the geophysical tradition of ignoring the 
issue of land bridges in their discussion of isostasy, but were aware of one 
problem in their synthesis: the average heatflow from the ocean floor and the 
continents was the same, even though the greater amount of radioactive mate
rial in the continents should produce higher continental heatflow. This con
flict was discussed but not resolved by the texL Contemporary accounts that 
did discuss the issue assumed that isostasy was a rough approximation and 
that land bridges could exist for significant amounts of time, or that the forces 
governing continental uplift and subsidence were stronger than isostasy, or 
that the land bridges were little more than isthmuses not large enough to be 
subject to isostasy. 

7.2.4 Co • .". 0/ He •• "" P,,* Tedollie. 

The 19SOs saw a massive accumulation of data, especially about the seafloor. 
The ocean floor's central ridges, known since the laying of the transoceanic 
cables, were found to have rifts down the middle. These rifts were almost 
invariably locations of high earthquake activity, and maps of earthquake epi
centers were used to detect mid-ocean rifts. Heatflow profiles, measured in 
terms of units of energy per unit of area, became available. The seafloor 
heatflow profiles peaked at the central rifts, but there was no theoretical at
tempt at explaining the peaks. 
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Magnetic data also became significant in the 19505. When some molten 
rocks cool, they are magnetized by the earth's magnetic field. Like a bar 
magnet, they have a direction associated with them, pointing toward the loca
tion of the north magnetic pole at the time the rocks were magnetized. The 
data suggested that the earth's magnetic field had periodically reversed over 
time. Although rocks magnetized in the opposite direction from the clD'leDt 
magnetic field of the earth had been known since the 19205, the reality of 
periodic reversals was not accepted until the 19508. 

In 1959, Harry Hess first proposed his theory of seafloor spreading, which 
was eventually published in 1962. Robert Dietz, who coined the term 
"seafloor spreading," advanced similar ideas but gave Hess priority. Hess's 
theory took account of the mass of new data gathered about the seafloor dur
ing the 19508, and attempted to explain it in a way that supported the hypoth
esis of continental drift. Figure 7.4 gives a rough picture of the conceptual 
relations in Hess's theory. 

Hess hypothesized that convection in the mantle caused rising areas of 
mantle materia1 to surface at the crust at mid-ocean ridges. This rising mate
rial spread open the existing seafloor, cooled, and became new seafloor. In 
turn, old seafloor was consumed by the mantle at subduction zones located at 
oceanic trenches. One major difference between Hess's wort and previous 
views was that the ocean Boor was no longer considered pmt of the crust; 
since it was composed of cooling mantle, the seafloor was seen as "crustless" 
and the only crustal material was continental. Hence the diagram bas no part 
link joining crust and seafloor. Note the central importance of the relation 
between the concepts seafloor and spreads in the diagram; the proposition 
expressing this relation was used to explain most of the major featu:Ies of the 
seafloor and continents. 

Shortly after Hess's paper appeared, new magnetic evidence seemed to 
confirm it. Strata on land revealed that the earth's magnetic field bad reversed 
polarity in the past. Magnetic profiles of the seafloor revealed Unear patterns 
parallel to the mid-ocean ridges, and cores of sedjment taken from the seafloor 
also gave evidence of magnetic reversals. Vme and Matthews (1963) hypoth
esized that if new seafloor was being created at the mid-ocean ridges, then 
there should be patterns of magnetic stripes parallel to the ridges, which re
cord the direction of the earth's magnetic field at the time the seafloor was 
being created. A:fter many ambiguous measurements, relatively clear data 
were obtained to confirm the Vme-Matthews hypothesis that seafloor was 
constantly forming and recording the direction of the earth's magnetic field as 
it cooled. The time-scales of magnetic reversals obtained by three different 
methods--land-based sampling, horizontal striping around the mid-ocean 
ridges, and reversals recorded in columns of sediment above the seaftoor
were in general qreement. Other concerns such as mountain building were 
also addressed. Mountains were said to be created when continents crashed 
into each other or:resisted the motion of the seafloor. All the paleontological 
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Figure 7.4. Coaceptualsystem of Hess. See Figure 7.2 for description of the DOtation. 
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and geological data that originally were explained by continental drift also 
supported seafloor spreading since seafloor spreading allowed for drift. 

Many of the facts explained by seafloor spreading were relatively new 
pieces of evidence discovered in the 19508: the bigh heat80w of the mid
ocean rift, and gravitational and magnetic anomalies. Hess's main goal was to 
account for features of the seafloor, not to defend continental drift, but his 
theoIy implied that continental drift bad occurred. One minor internal conIict 
appeared for Hess's theoIy: some mid-ocean ridges ended abruptly in rela
tively undisturbed seafloor. If seafloor was being created by spreading at mid
ocean ridges, how could these ridges come to an end? 

Hess's hypothesis of seafloor spreading showed the benefits of a theory that 
embraced continental drift; the task remained to elaborate it beyond the level 
of the "geopoetry" proposed by Hess. In 1965, J. Tozo Wdaon poposed the 
existence of a new kind of fault that he called the trtmsform fault. Study of 
Hess's work bad led him to realize that if Hess was correct, a bitherto unob
served type of fault would be requiJ.ed to allow motion to parts of the earth's 
crust. Along with the existence of transform. faults, WJ.lson described the crust 
as being divided into large plo.tes that were composed of both seafloor and 
continental material; the mineralogical differences of the two types of crustal 
material were now considered less important than their structural unity. Plates 
could be bounded only by mid-ocean ridges, trenches or subduction zones. 
and transform. faults. 

Geophysicists borrowed a new organi7.ation of the interior of the earth from 
seismologists. Seismic waves exhibited a change in behavior at a depth of 
about 100 kilometers. Immediately below this level was a relatively plastic 
zone over wbich plates could slip with less resistance than would otherwise 
be suspected. Thus the depth of 100 kilometers could be interpreted as the 
thickness of the plates. The plates were the structural components of the lifho... 
sphere, wbich was the part of the earth's surface that moved; the astheno
sphere was the portion of the mantle in wbich convection occurred. Once 
again the crust included seafloor; it was the surface of the lithosphere and was 
thus broken into plates as well. Although many of the ideas of Hess were 
preserved in plate tectonics, their OIIaoization was different, and diffenmt 
points were emphasized. The development of plate tectonics made the conti
nents gradually less important for geophysics than the seafloor, and both COD

cepts became less significant than the concept of plates. The mature theory of 
plate tectonics arose when Jason Morgan (1968) developed a mathematical 
framework for plate tectonics that yielded quantitative predictions. Figure 70S 
depicts the qualitative concepts of plate tectonics. 

The richness of the history just sketched shows that much work: remains to 
be done in modeling the conceptual development of the key ideas in plate 
tectonics. Instead of pursuina that project further here, however, I want to 
move on and addtess questions about the evaluation of geological theories. 
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Figure 7.5. Conceptual system of plate tectonics. Sec Figure 7.2 for description of the notation. 
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7.3 EVALUATING THEORIES OF CONTINENTAL DRDT 
AND PLATE TEClOMCS 

So far, we have been addressing questions of discovery and conceptual devel
opmenL But computational modeling of scientific thinking should also pr0-

vide insights into how theories are evaluated and accepted. The key historical 
question that needs to be answered is: 

Why wcu Wegener~ theory of continental drift largely rejected in the 1920s, and 
why, in contrtlSt, were the MW idt!as lIbout seaJloor spretlding and ploJe tectonics 
largely tlCcepted in the 1960s? 

I shall answer these questions using the theory of explanatory coherence pre
sented in Chapter 4. 

1.3.1 TIN Coli ... ,," 0/ CoIlliMIIItIl Drift 

Between 1910, when he first formed the hypothesis, and 1929, when the 
fourth German edition of his book was published, Wegener amasse4 a wide 
variety of kinds of evidence explicable on the assumption that the continents 
were once joined and have drifted apart. He provided a unified explanation of 
many geological and paleontological phenomena, and he attempted to expJain 
how continental drift could take place through the mechanisms described in 
section 7.2.2. Thus the hypothesis of continental drift gains coherence both 
from what it explains and its being explained. 

Wegener's argument for continental drift was explicitly comparative in his 
attack on contrary contractionist views that had been used to explain related 
phenomena. According to the widely accepted contraction theory, a cool
ing, shrinking earth had a crust that buckled, fractured into blocks, and folded 
as the earth shrank. The interactions of these blocks during cooling were 
supposed to explain most of the significant geological and paleontological 
features of the earth. Blocks that overrode others, were raised, or tipped, ac
counted for mountain formation. Blocks that subsided and were covered by 
ocean explained the absence of visible land bridges that paleontologists had 
postulated to account for the widespread dispersal of many land-based fossB 
animal and plant species over several of today's continents. Wegener saw the 
contractionist hypothesis as con1r8dicting the geophysical theory of isostasy, 
which held that the continents were in gravitational equilibrium and thus 
could not rise or sink significantly. 

Analysis of the argument of Wegener (1966) produced forty propositions 
that constiblted for him the principal evidence and explanatory hypotheses. 
Tables 7.1 and 7.2 show the input given to ECHO. (Because of their length, 
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all tables for this chapter are placed in an appendix, section 7.5. Propositions 
labeled "NB" are pieces of "negative evidence" that contradict evidence.) 
ECHO takes these inputs and creates the network of excitatory and inhibi
tory links shown in Figure 7.6. Notice the large number of explanations par
ticipated in by hypotheses WS (the continents were once .connected) and 
Wll (continents are moving). In tum, these two propositions are explained 
by the mecbanisms postulated in WS and W9. ECHO notes the following 
competitors: 

C8 competes with C1 because of (B8). 

WIO competes with C1 because of (B8). 
WIO competes with CIO because of (BB). 
Wll competes with CI because of (BIS). 
WII competes with C9 because of (BIS). 
WII competes with C6 because of (85). 
WII competes with C4 because of (B2 83). 
Wll competes with CS because of (B2 83 85). 
WII competes with C3 because of (B2 83). 
W2 competes with C9 because of (B18). 
W4 competes with CIO because of (B12). 
W4 competes with C3 because of (B2 83). 
W4 competes with CS because of (B2 83). 
W4 competes with C4 because of (82 83). 
WS competes with C6 because of (85). 
WS competes with CS because of (85). 
W6 competes with C9 because of (BIS). 
W6 competes with CI because of (BIS). 
W8 competes with C4 because of (B2). 
W8 competes with CS because of (82). 
W8 competes with C3 because of (82). 
W9 competes with C3 because of (83). 
W9 competes with CS because of (83). 
W9 competes with C4 because of (83). 
W9 competes with CI because of (BIS). 
W9 competes with C9 because of (BIS). 

Figure 7.7 shows the connectivity of a sample unit. 
When the network is run, repeated updates of the activations of the units 

leads to the acceptance of the Wegener hypotheses and the rejection of most 
of the contractionist hypotheses. Primarily because Wegener's hypotheses 
bave more excitatory links with the evidence. their units smdually win out 
over the opposing theory of contraction. whose units lose activation. Figure 
7.S shows the activation histories of all units mpreaenti.ng hypotheses. Some 
of the contractionist units. C8, C9, and Cio. finish with high acd.vation. since 
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Figure 7.6. 1be explaDatory cohereDce of continental drift, from We ..... point ofYiew. 
1-20 represent evidence UDits BI-820. NB6 and NEll are pieces of neptive evidalce 
contradicting evideDce statements. WI-Wll are Wegeuer hypotheses, aDd CI-CI0 are 
contractioniat hypotheses, except that CS, isostasy, is common to both sidea aDd is sbown 
twice. Sold lilies iDdicate excitatory 1inb repmsentiDg cohermce, while dotteclliDes iDdicale 
inhibitory Jinks established by CODtradictiODS. IDbibitory HDb establisbed tbroUJh 
competition are DOt shown. A1so DOt shown are the special evideDce UDit aDd tile IiDb 
between it aDd the evideDce unit. 
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are their activation values after tile unit has seuIed. 'lbick Jines 
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Numbers on the Jines indicate the weights on the IiDb. 



Figure 7.8. Activation histories of propositions in Wegener simuJation. Bach 8f8Ph shows 
the activation of a unit over 99 cycles of updating. on a scale of -I to I, with tile hodzoatal 
line indicating the initial activation of O. Note that drift hypotheses WI-WI I are all accepted, 
while most of the contractionist hypotheses are rejected. 
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they are not in contlict with the views of Wegener. who agreed with the theory 
of isostasy. Let me stress that this simulation models Wegener's own beHef 
system as put forward in his book; his later critics require separate treatment. 

From Wegener·s own perspective. the theory of continental drift is highly 
coherent. explaining a broad range of facts. But most geologists did not share 
Wegener's conclusion that continental drift should be accepted. In 1928, the 
American Association of Pettoleum Geologists pubHshed a symposium on 
Wegener's views (van der Gracht et al. 1929). Most (but not all) symposiasts 
were highly critical of Wegener. We have accordingly compiled a composite 
pict;ure of Wegener's opponents by amalgamating the various criticisms ofhis 
account. most of which asserted that his hypotheses contradicted wen estab
Hshed evidence. The input to ECHO based on our analysis of the criticisms 
Wegener received is presented (section 7.5) inTables 7.3 and 7.4, wbich show 
the relevant propositions. explanatory relations. contradiction relations. and 
evidence. Given this input ECHO produces the network shown in Figure 7.9. 
Note the large number of HE statements, pieces of "negative evidence." 
which are consequences of Wegener's view that, according to his critics. con
tradict actual evidence. Hypotheses WI-W6 are hypotheses of Wegener, 
while CI-C7 are hypotheses of the alternative contractionist view. CWI is 
common to both Wegener and the contractionists. 

The result of running this network, updating the activation of each node 
based on the activation of the nodes with which it is connected. is that the 
contractionist hypotheses are accepted and the Wegener hypotheses that con
tradict them are rejected. Figure 7.10 shows the activation histories of the 
units representing hypotheses. Wegener's critics rejected his views for sev
eral reasons. FIl'St, they saw his hypotheses as having impHcations contradic
tory to much of the available evidence; hence the raft of HE statements in 
Table 7.4. Second. they were satisfied with the available contractionist expla
nations of the evidence. 

Ronald Giere (1988) bas offered a very different account of why Wegener 
favored his theory and why his critics were not convinced. Giere contends that 
scientific theory choice should be understood in terms of a "satisficing" model 
of decision mating (Simon 1945). According to Simon. decision makers do 
not optimize; instead, they "satisfice" by choosing some less than optimal 
decision that is nevertheless satisfactory according to some relaxed criteria. 
Giere says that the choice faced by Wegener and his opponents was whether 
to accept mobillsm (continental drift) and reject the prevailing stabilist views. 
or to reject stabilism and accept mobilism. The decision is based on both 
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Figure 7.9. 'lbe exp1aDatory coherence of contractiODist hypotheses venus Wegener's 
hypotheses, from the point of view of Wegener's criIics. WI-W6 mpmseDt Wegener's 
hypotheses, while CI-C1 mpmseDt contradiODist hypotheses.. CWI is common to both. 
Numbers I-IS represent the pieces of evideDce JabeJedBI-BIS in Table 73. NES-NBIS are 
pieces of aeptive evideDce that contradict pieces of evideDce. SoHd lines iDdicate excitatory 
links rqJreSeDtiDa cobcn:nce, while dotted lines indicate inhibitory lints mpmsenting 
incohereDce. IDbibitory lints c:lerivina from competition are DOt shown. 



Fipre 7.10. Activation bistories of selected units in simulaIion ofWqeaer's opponents. 
Bach graph shows the activation of a unit over 70 cycles of updatiDg, on a scale of -I to I, 
with the horizontal tine indicatiDg the initial activation of O. Note that COD1IBctiODist 
hypotheses CI-C7 are all.:cepted. while drift hypotheses WI-W6 are all rejected. 
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epistemic and DOnepistemic interests of the participants. The epistemic ones 
concern conditional probabilities; for example, if the existence of a good fit 
between the shapes of the continents on either side of the Atlantic is more 
probable given continental drift, then that counts in its favor. The DOnepis
temic interests include the personal concerns of the participants. For example, 
Giere says that the most adamant critics of Wegener were those who were 
most entrenched in the professional community of geologists, while Wegener 
was an outsider and had little to lose in professional standing by taking an 
audacious position. 

The explanatory coherence account of Wegener and his opponents is supe
rior to Giere's in several ways. First, his talk of probability is metaphorical at 
best, since he gives no account of how one could go about assessing condi
tional probabilities involving qualitative hypotheses such as continental drift. 
In contrast, Wegener and his opponents do explicidy speak of what can and 
cannot be explained using continental drift. Second, there is DO reason to 
invoke nonepistemic interests in accounting for the difference in conclusions 
between Wegener and his opponents. They were all assessing the hypotheses 
with respect to coherence with their overall beliefs. 1bird, Giere's model pr0-
vides no way of integrating the factors that he claims are operating in this 
case. In contrast, ECHO shows how disparate claims involving numerous 
explanatory relations can be collectively assessed using a connectionist algo
rithm for maximizing explanatory coherence. I therefore conclude that early 
disputes about continental chift are better understood in terms of explanatory 
coherence than in the decision-theoretic terms favored by Giere. 

1.3.3 n.. Accqlllllee 0/ P,,* Tecto.ie8 

Continental chift fared much better several decades later. ECHO bas been 
used in an analysis of the seminal paper of Harry Hess (1962) that tint devel
oped the concept of seafloor spreading. Hess explicidy presented his views as 
a set of propositions and indicated numerous phenomena that seafloor spread
ing can explain. His proposition that the seafloor spreads (816) directly com
petes with the contractionist proposition that the crust is contracting (0) 
since they function as opposing accounts of many crustal features. Hess him
self did not do a systematic comparison ofhis account against the contraction
ist theory; because that theory was undoubtedly in the background, the ECHO 
analysis includes standard 19SOs contractionist explanations, taken mostly 
from Wilson (1954). The input given to ECHO is shown in Tables 7.s and 7.6 
(see the appendix). Figure 7.11 shows the coherence relations of the most 
important hypotheses of Hess and the contractionists. C2, asserting that the 
earth contracts, contradicts S4, the main hypothesis of the seafloor spreading 



180 CHAPTER 7 

Cl 

NE14 NE20 
I I 

I 
I 
I 
I 
I 
I 
I 

El E2 E4 ES E14 E20 

57 S4 52 

Figure 7.11. Partial depiction of the explaDatory coherence of Hess's theory of 
seafloor spreading. Tbe notation is the same as in Figure 7.9. Shown are iDhibitory 
lints deriving from both contradiction (Cl and 84) and competition (0 and S2, C3 
and S2, C3 and 84). 

model. Several hypotheses of the contractionists are explained by CI, the 
hypothesis that the earth's mantle bas been cooling. But this hypothesis im
plies "negative evidence" NEI4 andNE20 about the measuredheat80w of the 
crust, which contradict actual observations represented by BI4 and H2O. The 
spread model explains these observations. The contractionist and spread mod
els have about the same number of mutually coherent hypotheses. As the 
abbreviated diagram of Figure 7.11 suggests, the spread model derives its 
advantage by explaining pieces of evidence that the contractionist model does 
not, and by explaining actual observations that contradict the implications of 
the contractionist model. Of the propositions shown in Figure 7.11, ECHO 
finds the following hypotheses to be competitive: 

Cl competes with 84 because of (B2 FA B9). 
C2 competes with S2 because of (B2 B3 FA B9 B12 823). 
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C3 competes with 82 because of (B2 B3 B4 89 B12 B23). 
C3 competes with S4 because of (B2 B4 89). 

When the network produced by the input in Tables 7.S and 7.6 settles, 
Hess's seafloor spreading hypotheses win oot, while those contraclionist hy
potheses that contradict Hess are deactivated. Proposition CS, that the earth's 
magnetic pole has wandered overtime, is DOt rejected, but it is consistent with 
Hess's position. From Hess's perspective, seafloor spreading and its c0nse

quences for continental drift should he accepted as possessing more explana
tory coherence than the contractionist theory. 

This ECHO ron only models Hess, DOt the entire geological community, 
which did not immediately accept Hess's views. For some geologists DOt as 
familiar with seafloor phenom.eoa as Hess, later developments were important 
in making seafloor spreading acceptable. I bave already mentioned devel
opments such as the confirmation of the Vme-Matthews hypothesis by the 
Elttmba magnetic data and Wilson's ideas of transform faults and plates. In 
my view, the importance of the magnetic data has been overemphasized by 
philosophers of science who think that prediction and confirmation is more 
important than expJanatory coherence (Frantel1979; Giere 1988). For SODte 

geologists such as Menard (1986), the magnedc data were important in lip
ping the baJance in favor of the seafloor spreading hypothesis. But for other 
leaders in the field such as Hess (1962), Dietz (1961), and Wilson (1963), 
seaftoor spreading was already accepted before the magnetic data was in. 
Wilson is a particularly interesting example, since he had been a leading ex
ponent of the contractionist view, but was an early convert to the DeW ideas. 
The simulation of Hess can he expanded, adding explanation of the magnetic 
data by seafloor spreading. The additional excitation increases the activation 
of the node representing seaBoor spreading in comparison to that possessed 
by its competitors, but the improvement is slight. The Elttmln data by DO 

means constituted a crucial experiment. 
We can DOW answer the question with which this section began: Wby was 

Wegener's theory of continental drift rejected while the 19601 theory was 
accepted? The short answer is that the 19608 theory had much more explana
tory coberence than Wegener's theory. There are three principal masons for 
the relative superiority of the later theory. First, by the 19608 much more 
evidence had been collected that was explained by hypotheses of aeaftoor 
spreading and contiDental drift. Many facts bad been brought to light by the 
explorations of the seafloor in the 19508 that were much more easily ex
plained by seafloor spreading than by the contractionist theory, even though 
the laUer had seemed superior to Wegener's theory. Second, Hess's theory of 
seaftoor spreading, as well as the fully developed theory of plate tectonics, did 
not bave the iDcoberence that Wegener's theory bad with various geolOJical 
facts and physical theory. TIle mechanisms postulated for seaftoor spreadina 
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and plate movement do not contradict accepted principles in the way that 
Wegener's views of the continents plowing through the seafloor did The third 
reason for the relative preferability of the 19605 theory over Wegener's is that 
the alternative conttactionist theory was on the wane. Accumulating geophys
ical evidence, such as detailed information about the amouat of heat-generat
ing radioactivity in the earth's crust, made the view that the crust was cooling 
less tenable. Thus explanatory coherence theory and ECHO appear adequate 
for accounting for the evaluation and acceptance of theories in the geological 
revolution. 

What is the relation between plate tectonics and the conttactionist theory 
that it succeeded? As with the theories of Lavoisier and Darwin, plate tecton
ics absorbed too little of conttactionist theory to be described as incorporating 
or sublating iL Instead, we should say once again that plate tectonics sup
planted the previous theory, since it involved rejection of central hypotheses 
of the conttactionist theory. Moreover, as we saw in section 7.2, the adoption 
of plate tectonics required substantial reorganization in the conceptual hierar
chies involving kind-relations and part-relations. There appears, however, to 
have been considerable cumulation of evidence and methods. 

Fmally, what strands of explanation were used by geologists arguing about 
continental drift and seafloor spreading? Until Morgan's mathematic8l theory 
of plate tectonics, geological explanations were at best loosely deductive. 
They appear to have a schematic aspect, since similar patterns of explanation, 
involving continental drift or seaftoor spreading, were repeatedly applied. 
Common to all the geological explanations was an attempt to provide a causal 
mechanism sufficient to produce the observed phenomena, so explanations in 
the geological revolution are probably best characterized as causal. 

7.4 SUMMARY 

Cognitive mechanisms of abduction and conceptual combination contrib
uted to the discovery of the theory of continental drift, which was the fore
runner of the theory of plate tectonics. The acceptance of plate tectonics de
pended on new concepts such as seafloor spreading. Acceptance also required 
a conceptualization of continents and ocean loors as different kinds of sur
face and parts of plates, instead of as parts of the earth's crusL The theory of 
explanatory coherence and ECHO can be used to model Wegener's case for 
continental drift and its criticism by the dominant opposition. Explanatory 
coherence theory makes it clear why Hess's theory of seaftoor spreading and 
the theory of plate tectonics that grew out of it were much more acceptable 
than Wegener's views. The later theories explained much new evidence and 
avoided numerous incoherent aspects of Wegener's theory. 
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7.5 APPENDIX 

'Illble 7.1 
Propositions for Simulation of Wegeocr 

Bvidence: 

BI Tbe shape of the Atlantic coastlines match. 
B2 There lie several North-South mountain cbains. 
B3 Major folding also occurs along Bast-West lines. 
E4 Tapering Nortb-South blocks curve to the Bast. 
ES Many species of fossils are represented on both sides of the 

Atlantic. 
E6 Tbe current slow heat loss of the earth requires relatively low 

temperatures for the ancient crust. 
NE6 Tbe earth's crust was siguificandy hotter in the ancient past. 
E7 Tbe ocean floor is largely level, and continental surfaces are 

generally S Ian. above iL 
E8 Shallow-sea but no deep-sea fossils are found on land. 
E9 Scandinavia appears to be rising with respect to the seaftoor. 
BIO No anomalous gravity measurements have been observed near 

mountains. 
BII 'The sea800r and continents are of different composition. 
NEll Large amounts of continental crust can be found under the oceans. 
Bl2 There are no folded mountains on the seafloor. 
Bl3 Strata on opposite sides of the Atlantic match. 
Bl4 There lie no ancient species in the Atlantic, but there are some in 

the Pacific. 
EIS During the Cretaceous period, Spitzbergen was tropical and Central 

Africa (90 deg. south) was polar. 
B 16 Seemingly contradictory evidence about location of earlier poles. 
Bl7 Measurement of the position of GmenIand indicates motion in excess 

of standanI error. 
El8 Gravity deficiencies have been measured at oceanic trenches. 
El9 Most ancient rocks are greatly folded. 
H2O Tbe Atlantic is earthquake-fiee, but the Pacific has many. 

Contractionist hypotheses: 

Cl Tbe geographic poles have moved with respect to the crust. 
C2 Tbe earth has been contracting since birth due to cooling. 
C3 Tbe crust is com.pn:ssed and fractura into blocks. 
C4 Blocks can ovenide ODe another. 
CS Blocks can subside and become ftooded or rise and tip. 
C6 Land bridges once CODDeCted the contiDents. 
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C1 Isthmus connections served as land bridges. 
C8 Large sections of the crust are in gravitadoual equilibrium (Isostasy) 
C9 The crust swims in a layer of maama. 
CIO The continents do not move vertic:ally on a large scale.. 

Wegener hypotheses: 

WI The beat content of the earth is rising. 
W2 The seafloor is depmssed around continents by their weight. 
W3 Crustal blocb swim in magma with only top S km. showing. 
W4 The resistance of cool oceanic crust to continental movement causes 

mountain formation. 
WS The continents were once all connected. 
W6 The earth's pole of rotation baa moved with respect to the crust. 
W8 1tdal forces pull apart the continents and move them westward. 
W9 Polftuchtkraft moves continents towant the equator. 
WIO Sballow seas may once have been isthmus connections. 
WII Continents move with respect to ~ other. 

'DdJIe7.2 
Explanations and Contradictions for Simularion of Wegener 

Explanations: 

(explain (C6) NEll) 
(explain (CS) W3) 
(explain (C2) NB6) 
(explain (C2) C3) 
(explain (C3) CS) 
(explain (C3) C4) 
(explain (CS) C9) 
(explain (CS) CIO) 
(explain (W8 W9) WII) 
(explain (W8) WS) 
(explain (Wll WS) BI) 
(explain (Wll W4 W8) El) 
(explain (WI I W4 W9) B3) 
(explain (WII W8) PA) 
(explain (WI I WS) BS) 
(explain (WI) B6) 
(explain (W3 CS) B7) 
(explain (CS WIO) B8) 
(explain (W3 CS) B9) 
(explain (CS) BIO) 

(explain (W3 CS) Bll) 
(explain (W3 W4) B12) 
(explain (Wll WS W8) B13) 
(explain (WI I WS W8) B14) 
(explain (WI I W6 W9) BIS) 
(explain (WI I WS W6 W9) B16) 
(explain (Wll WS W8) BI7) 
(explain (W3 C8 W2) B18) 
(explain (WI I W4) B19) 
(explain (WII WS) H2O) 
(explain (C3 CS C4) El) 
(explain (C3 CS C4) B3) 
(explain (C6 CS) BS) 
(explain (CIO C7) BS) 
(explain (CS C9) B9) 
(explain (CS C9) BIO) 
(explain (CIO CS) Bll) 
(explain (CIO) B12) 
(explain (CI C9) BIS) 
(explain (CS C9) B18) 
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Contradictions: 

(contradict B6 NE6) 
(contradict Ell NEll) 

Data: 

(contradict CS C8) 
(contradict C2 WI) 

(data(El B2E3B4BSE6E7E8E9BIOEll B12B13 B14ElS B16B17B18 
B19 B2O» 

1Bble7.3 
Propositions for Simulation of Wegener's Oppcments 

Evidence: 

Bl Mountains occur in chains, especially in the 'Iatiary period. 
B2 Large sbie1ds on the continents are flat and stable. 
E3 The outlines of continents on the opposite sides of the Atlantic are 

similar. 
FA Many mountains were formed prior to the Cretaceous period. 
BS North America and Eurasia are still north of the equator. 
NBS Continents that were origiDally north of the equator should be 

equatorial by now. 
B6 Many earthquakes occur under the oceans. 
NE6 A plastic ocean floor would not exhibit signs of stress such as 

earthquakes. 
B7 There are trenches and ridges on the ocean bottom. 
NB7 A plastic ocean floor would gradually lose its surface features. 
E8 The continents bordering the Atlantic can't be made to fit together 

consistently. 
NEB The parts of an early supercontinent would fit together very well. 
B9 There is no faulting due to tensile strain on the eastern edges of 

continents. 
NE9 The drag on westward-moving continents would create stress faults 

in their eastern edges. 
BIO There are no mountains on the ocean floor. 
NEIO Rigid ocean flOOR would also be compressed and form mountains. 
Ell P:re-Cretaceous mountain chains parallel current coastlines. 
NEll Features associated with the Atlantic coastlines would date from the 

Cretaceous or 1ater periods. 
B12 Bpi-continenta1 seas are ancient. 
NE12 Features associated with continental boundaries would date from the 

Cretaceous or later periods. 
B13 Australia experienced folding befole but not after the Cretaceous 

period. 
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NEI3 Austra1ia would exhibit Cretaceous and later folding and mountain 
building. 

BI4 Rock formations on opposite sides of the Atlantic do not match. 
NEI4 Rock formations on COlTClponding couts of the Adantic would be 

ncarly identical. 
BIS Bualt at the ocean bottom is denser and more rigid than dccpcr 

basalt. 
NElS The ocean floors arc less rigid than the continents. 
BI6 There arc many differences between pre-Crctaccous flora and fauna 

on different continents. 
NEI6 Fossil remains ofpre-Crctaccous flora and fauna should be identical 

on COITCIponding coasdines of the Adantic. 
BI7 Islands in the Guinea Gulf arc older than the Crctaccous period. 
BIS Mcasurcmcnts made in 1926 show no movement of GrccnIand. 
NElS Measurement would indicate motion of GrccnIand. 

Hypotheses of Wcgcncr: 

WI The crust originally covered the earth, then folded together in the 
Paleozoic to create Pangaea. 

W2 1idal forces break up the continents and move them westward. 
W3 Polflucbtbaft moves the continents toward the equator. 
W4 Pangaea broke up in the Cretaceous period. 
WS Continents move through the less rigid ocean loors. 
W6 Continents arc folded and form mountains due to the resistance of the 

more rigid ocean floors. 
CWI Large sections of the earth's crust arc in gravitational equilibrium 

(isostuy). 

Hypotheses of Contractionists: 

CI The earth bas been contracting since birth due to planetesimal 
scttJing. 

C2 The crust is compressed and fnIcturcs into blocks. 
C3 Blocks can override one another and tip. 
es Isthmus connections bctwccn continents served u land bridges. 
C6 Oceans and continents remain m1atively the same. 
C7 Continental crust can move vertically but not 1atcrally. 

1\abIe7A 
Explanations and Contradictions for Simulation of Wcgcncr's Opponents 

Explanations: 

(expJain (W3) NBS) 
(expJain (WS) NB6) 

(explain (WI W2 W3) FA) 
(expJain (W2 W4 WS) B3) 
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(explain (WS) NE7) 
(explain (W4) NBS) 
(explain (W2) NE9) 
(explain (W6) NEIO) 
(explain (W4) NEll) 
(explain (W6) NEil) 
(explain (W4) NE12) 
(explain (W6 W4) NE13) 
(explain (W4) NE14) 
(explain (WS) NElS) 
(explain (W4) NE16) 
(explain (WS) NE18) 
(explain (W2 W3) WS) 
(explain (W2) W4) 
(explain (W3 W6) BI) 
(explain (WS CWI) B2) 

Contradictions: 

(contradict WS W6) 
(contradict C3 W6) 
(contradict WI e6) 
(contradict W4 e6) 
(contradict WS C7) 
(contradict BS NBS) 
(contradict NB6 86) 
(contradict NB7 B7) 
(contradict NBS 88) 

Data: 

(explain (el) C2) 
(explain (el C3) BI) 
(explain (el C2) B2) 
(explain (e6 C7) BS) 
(explain (el C2) 86) 
(explain (C2 C3) B7) 
(explain (e6 C7) 88) 
(explain (e6 C7) B9) 
(explain (el C2 C3) FA) 
(explain (C2 C3 e6) Bll) 
(explain (e6) B12) 
(explain (e6 C7) B14) 
(explain (el C2) HIS) 
(explain (e6 c:1 CS) B16) 
(explain (e6 C7) BI7) 
(explain (C7) B18) 

(contradict NE9 89) 
(contradict NEIO BIO) 
(contradict NEll Bll) 
(contradict NEI2 B12) 
(contradict NEI3 B13) 
(contradict NEI4 B14) 
(contradict NElS BIS) 
(contradict NEI6 BI6) 
(contradict NEI8 B18) 

(data (81 B2 B3 FA BS B6 B7 88 89 BII BI2 BI3 BI4 BIS BI6 BI8 BI9 
820» 

Bvidence: 

'DIble 7.5 
Propositions for Simulation of Hess 

BI Many fossil species are divided by water. 
B2 Tbere are sedimeDtaIy strata at high elevations. 
B3 Oceanic earthquakes produce steeply dipping faults. 
FA Tbere are nearly horizontal faults in mountain ranges. 
BS The geology of opposite sides of die Atlantic is similar. 
E6 1nnsoceanic continental margins are congruent. 
m ~~Mviais~I~. 
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'lBb1e 7.S colli. 

B9 Existence of IIlO1IDtains.. 
BIO Structure of Alps teqUiJ:a major compession. 
Bll Seismic refraction indicates that oceanic crust is very uniform. 
B12 Tbere are gravity deficiencies at oceanic trenches.' 
B13 Deep earthquakes occur near oceanic trenches, at an auaJe to 

surface. 
B14 1ieacbes are colder than the rest oftbc ocean floor. 
NB14 1ieacbes over a cooling mantle should be u warm u tbc rest of tbc 

ocean floor. 
BIS Mid-ocean ridges have hip beatflow. 
B16 Tbe.re is a mid-Paciftc Mesozoic ridp. 
B17 Tbe.re are J.elaIively few volcanic seamounts on tbc ocean floor. 
NB17 An ancient ocean floor should display many volcanic seamounts. 
B18 Tbere are no pre-Cn:taceous rocb on tbc ocean floor. 
NB18 An ancient ocean floor should indadc rocks of all epochs. 
B19 Apparent polar wander patbs indicate that tbc north magnetic pole 

wu not always where it is today.' . 
H2O Average heatflow in oceans about same u that of c:ontinents, despite 

radioactive met. 
NB20 A cooling mantle would leave tbc ocean floor cooler than tbc 

continents. 
B21 Tbere is a relatively thin veneer of aectiments on tbc ocean floor. 
NEll An ancient ocean floor should be covered with a thick layer of 

sediment. 
B22 Apparent polar wander patbs differ between continents, but are 

consistent within continents. 
B23 Tbere is a worldwide system of mid-ocean ridges. 
B24 Most oceanic earthquakes occur on central rift. 
B2S Seismic velocities under tbc crests of ridges are lower than normal. 

but become normal &pin on ridge flanks. 

Contractioniat hypotheses: 

Cl The upper mantle of tbc earth has been gradually cooJins. 
C2 The earth has been contracting since birth. 
C3 The crust is compressed and fractures into blocks. 
C4 Blocks subside and become elevated. 
C8 Barth's mapetic pole has W8Ddemd over time. 
C9 Ocean basins are older than c:ontinents. 
CIO Ocean basins are parts of tbc original crust that have been least 

aItaed. 
Cll ContiDents IIOw over former ocean ftoors, starting with acaetion of 

delta. 
C12 Topography of ocean floors is complex, IIlOIe rugcd than that of 

conduents. 
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CI3 Tbae are large numben of is1aDds aDd seamounts on the ocean basin 
that originated as volcanoes. 

CI4 After shelf accraion, a coDical fracture zooe forms further offshore 
than the shelf, located by earthquake foci. 

CIS Volcanism starts as a result of the fracturing aDd produces a 
volcanic are. 

CI6 Continental mataial accumulates from volcaDic residue and erosion 
of the continents, creating shallow inJaDd seas. 

CI7 Further depression, compression, aad uplift convert inland seas to 
land aad volcanic arcs into mountain arcs. 

CI8 Primary arcs of mountain building meeting at an acute angle create a 
short mountain range of great height. 

CI9 Measures of the earth's radioactivity are too high. 
C20 Ocean tnmches are due to overriding by imler blocks of arcs. 

Hess's seafloor spreading hypotheses: 

CSI Mantle is viscous. 
C82 Ice sheets are heavy enough to depress continental maqiDs. 
82 Tbe mantle is convecting at the rate of I cmJyr. 
S4 Tbe continents are carried passively on the mantle at a uniform rate 

by convection and do DOt plow tbmugh oceanic crust. 
87 Continents were once aU connected. 
88 Tbe earth's pole of rotation has moved with respect to the crust. 
810 Rising timbs coming up under continental areas fracture them and 

move the fragmented parts away from one another. 
8 II Mountains form on the leading edges of coDtiDents undertbrustiDa 

ODe another. 
814 Continental and oceanic crust are very ditJerent. 
81S Tbe mantle's convection cells have rising limbs under mid-ocean 

ridges. 
816 Mantle material comes to the surface at the crest of mid-ocean 

ridges and becomes oceanic crust. 
817 Tbe uniform thickness of the oceanic crust results from the 

maximum height that the SOO degree C. isotherm can rach under the 
mid-oceanic ridge. 

818 Higher temperatures and intense fractures under ridge crests explain 
lower seismic velocities tbeIe. 

819 Mid-ocean ridges are ephemeral features having a life of 200 to 
300 million yean, the life of a convecting celL 

820 Tbe whole ocean is virtually swept clean (replaced by new mantle 
material) every 300 to 400 mi11ion years. 

821 Tbe leading edges of continents are strongly deformed when they 
impinge upon the downward moving 6mbs of convecting mantle. 

822 Tbe oceanic crust, buckling down into the descending limb, is 
heated and loses its water to the oceans. 
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18ble7.6 
Exp1anations and Contradictions for 8imulation of Hess 

Explanations: 

(explain (Cl) Cl) 
(explain (Cl) NB2O) 
(explain (Cl) NB14) 
(explain (84 87 810) El) 
(explain (Cl C3 Cll C14 Cl7) El) 
(explain (82 84 811) El) 
(explain (Cl C3 C14) 83) 
(explain (82 8lS 818 822) 83) 
(explain (Cl C3 C14 CIS C16 C17 

C18)E4) 
(explain (82 84 811 821) E4) 
(explain (82 84 87810) BS) 
(explain (82 84 87810) E6) 
(explain (C82 C8l) E7) 
(explain (Cl C3 C4 C17) E7) 
(explain (82 84 811) E9) 
(explain (Cl C3 C4 Cll C14 C16 

C17)E9) 
(explain (82 84 811) ElO) 
(explain (Cll C14 C16 C17 C18) 

ElO) 
(explain (82 814 8lS 816 817) Ell) 
(explain (C9 ClO) Ell) 
(explain (82 822) E12) 

Contradictions: 

(contradict E18 NE18) 
(contradict Ell NEll) 
(contradict E20 NE2O) 
(contradict E17 NEl7) 
(contradict E14 NB14) 
(contradict C9 820) 

Data: 

(explain (Cl C3 C4 C14 CIS C20) 
E12) 

(explain (82 821 822) E13) 
(explain (Cll C13 C14) E13) 
(explain (82 822) B14) 
(explain (82 8lS) BlS) 
(explain (C9 CIO C12 C13) B16) 
(explain (82 8lS 819) B16) 
(explain (C12 C13) NEl7) 
(explain (82 8lS 816 820) Bl7) 
(explain (82 8lS 816820) B18) 
(explain (C9 ClO) NE18) 
(explain (84 87 S8 810) B19) 
(explain (CB) B19) 
(explain (82 CSI 8lS) H2O) 
(explain (C19) H2O) 
(explain (82 8lS 816 820) Ell) 
(explain (C9 ClO) NEll) 
(explain (84 87 88 810) 822) 
(explain (C8) 822) 
(explain (82 810 8lS) B23) 
(explain (Cl C3 C12) B23) 
(explain (82 8lS 816 818) E24) 
(explain (82 8lS 816 818) E2S) 

(contradict CIO 816) 
(contradict C13 820) 
(contradict C17 811) 
(contradict C18 821) 
(contradict C20 822) 
(contradict Cl 84) 

(data (El El 83 E4 BS E6 B7 E9 BIO Ell B12 B13 B14 BIS B16 B17 E18 
B19 E20 Ell 822 B23 E24 E2S» 
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Revolutions in Physics 

OvER the past five hundred years, physics has had no fewer than four con .. 
ceptual revolutions. In the sixteenth century, Copernicus developed an astro
nomical theory that removed the earth from the center of the universe, where 
the conceptual systems of Aristode and Ptolemy had placed it In the seven
teenth century, Isaac Newton developed a mechanical theory that embraced 
both celestial and terresttial motion and supplanted the vortex theory of Des
cartes. Newton's views held sway until the twentieth century, when Binstein's 
theory of relativity offered a radically new way of viewing matter in motion. 
Also in this century, quantum theory revolutionized how physicists think of 
Hght and subatomic particles. 

The analyses in this chapter will not be as detailed as the three earlier 
discussions of revolutions, but will nevertheless show that the revolutions in 
physics are well understood in terms of conceptual change and explana
tory coherence. The Copernican, Newtonian, Einsteinian, and quantum revo
lutions all involved substantial change in kind-relations, and the latter in
volved radical change in part-relations as well. In each of the four cases, 
analysis shows that the new theory had greater explanatory coherence than its 
predecessor. 

8.1 COPERNICUS 

When Copernicus pubHshed his major astronomical work in 1543, the domi
nant picture of the universe was still the one that the Greek philosopher Aris
tode had sketched in the fourth century B.C, About five hundred years after 
Aristotle, the Egyptian asttonomer Ptolemy developed a mathematical system 
that made possible detailed predictions of planetary observations. Coperni
cus's work was intended as an expHcit alternative to Ptolemy's. I shall give 
only a brief summary of the development of Copernican ideas sufficient for 
the analysis of conceptual change; excellent detailed discussions are available 
by Boas (1962), Butterfield (1965), Kuhn (1957), and Holton and Brush 
(1985). 
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8.1.1 A.ri8tD6 

Aristode's essay On the Heavens was the central text on the structure of the 
heavens during the later Middle Ages. Aristode's conceptual system was very 
different from ours, but careful examination ofhis writings displays how co
berendy it integrated various phenomena. Figure 8.1 is a sketch of the rela
tions of some of the major concepts in Aristode's system. Notice first that 
celestial bodies such as the sun and the planets (not counting earth) are a 
distinct kind of thing from terrestrial bodies, the physical objects one finds on 
earth. TeD'eStrial bodies are composed of mixtures of the four basic elements, 
earth. water, air, and fire. These bodies are subject to change, but the celestial 
bodies are unchanging: "For in the whole range of time past. so far as our 
inherited records reach. no change appears to have taken place either in the 
whole scheme of the outermost heaven or in any of its proper parts" (Aristotle 
1984,451). 

Most important. the celestial bodies are naturally in motion; whereas the 
nature of terrestrial bodies is to be at rest. Motion and rest can each be either 
natural or UDDatural; if constraint is required to make a body move or stay at 
rest. then that is an UDDatural state for it. "A thing moves naturally to a place 
in which it rests without constraint. and rests naturally in a place to which it 
moves without constraint" (Aristotle 1984,458). For celestial bodies such as 
the stars, cinmlar motion is the natural state. But for terrestrial bodies, the 
natural state is rest in the proper place, which varies depending on their con
stituents. For the elements earth and water, the natural resting place is the 
center of the earth, which is also the center of the universe. Hence bodies 
containing earth and water naturally move toward the center of the earth, with 
ones containing more water resting on top of ones containing more earth. In 
contrast, the natural movement of air and fire is upward toward the heavens. 
In all these cases, the natural motion is rectilinear and straight up or down. 
The natural motion of a terrestrial body is to a place where it can assume its 
natural state of rest. As Cohen (1980) points out. motion for Aristotle was not 
a state, but a process in which a potentiality achieves an actuality. 

On Aristotle's view, the stationary earth is at the center of the universe, 
surrounded by the spherical heaven. The spherical earth is surrounded by the 
larger sphere of the heavens, on which rotates the stars which are themselves 
spherical. Aristotle did not discuss the motions of the planets in On the 
Heavens, but Ptolemy later worked out an intricate system to explain their 
apparent motion as well. Copernicus, Galileo, and Newton together over
turned the entire Aristotelian system. Copernicus rejected the spatial arrange
ment. removing the earth from the center of the universe, and he alteRd the 
kind relations concerning celestial bodies, installing earth as a kind of p1anet. 
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Figure 8.1. Conceptual system of Ariatode. Straight IiDes indicate kiDd-relations. except for 
the part-relation ID8Ited c'P." Curved Hoes indicate rules: cin:ular motion is natural for 
celestial bodies and rest is natural for tel:restrial bodies. For terrestrial bodies not at rest. the 
natural motion of air and fire is UPWard. and the natural motion of earth and water is 
downward. 

Galileo's principle of inertia abolished the distinction between natural and 
unnatural motion and rest, and Newton finally eliminated the distinction be
tween celestial and terrestrial bodies, showing them all to be subject to the 
same laws of motion. But we should appreciate how Aristotle's conceptual 
organization conb'ibuted to explanations of such important facts as the move
ments of the planets and the behavior of falling bodies. 

B.l.l ".,.., 

Around ISO A.D., Ptolemy's Almagest set out a system of the world that was 
to dominate astronomy for over 1400 years. Ptolemy went far beyond Aris
totle's general picture of nested spheres, for he developed the mathematics to 
account for the detailed motioDS of the planets. He provided several 8IJU-
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FiJUle 8.2. Conceptual system of Ptolemy, supplementing Figure 8.1. Straight 
lines indicate kind-relations. 

ments that the heavens are spherical and rotate: this hypothesis explains why 
sundials work; the motion of the heavenly bodies is free and unhampered; and 
the sphere is the greatest of all solids (Ptolemy 1984, 39-40). A similar com
bination of empirical and not-so-empirical arguments supported the conclu
sion that the earth is spherical, is in the middle of the heavens, and does not 
move. Most of the volume is a bigonomebic tOlD" de force in which Ptolemy 
shows how to calculate the occurrences of many astronomical phenomena 
such as eclipses. 

To account for the motions of the planets, Ptolemy was forced to deviate 
from the letter of the Aristotelian description of the universe. Ptolemy bied to 
maintain the use of uniform circular motions around a stationary earth, but 
had to introduce several kinds of motion to handle the planets. Ptolemy al
lowed the planets to move in eccentric paths around the earth, accounting for 
their seeming to be closer to the earth in some seasons than in others. To 
explain the retrograde motion of some of the planets, which seem to go for
ward and then backward in the sky, Ptolemy postulated epicyclic motion in 
which a planet moves in small circles around points on the large circle that 
takes it around the earth. Ptolemy also introduced the eflUlJ1ll, a point offset 
both from the center of the universe and the DOw-eccentric earth. So planets 
were no longer said to revolve with uniform circular motion around the earth, 
but only with respect to the equant and the planet's epicycles. 

The structure of Ptolemy's conceptual system was very different from oun 
today. Figure 8.2 shows the kind-relations of the astronomical bodies dis
cussed by Ptolemy. Note that the earth is a unique kind, and that, in a usage 
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Celestial bodies 

Figure 8.3. CODceptual system of modern astronomy, to be contrasted with Figure 
8.2. Straight lines indicate kind-relatioos. 

still found in GaIi1eo (1957), the planets are wandering stars. The moon and 
sun are both counted as planets. With Copernicus, the earth joins the l'8Dks of 
planets, and the sun and moon take on a special status. The general concept of 
a planetary moon arose only with GaIi1eo's discovery of the moons of Jupiter 
in 1609, and the sun was not recognized as a star until around 1800. Figure 8~3 
shows the modern reorganization of the conceptual structure found in Figure 
8.2. 

Although it suffered from problems such as an inability to account for the 
perceived size of the moon, the Ptolemaic system was highly coherent both 
with observation and with other dominant views. Its predictions of the paths 
of the planets were awkward, but they were the best available until Kepler in 
1609 rea1ized that the planetary orbits are ellipses rather than circles, and it 
did not violate commonsense views that the earth is stationary and the sun and 
stars move. In addition, Ptolemy's system fitted with Aristode's physics and 
his explanation of gravity as due to the movement of things to their natural 
resting place at the center of the universe. Ptolemy's system thus possessed 
great explanatory coherence. 

Copernicus, however, found the Ptolemaic system lacking and sought to de
velop a superior account. In his major work, On the Revolutions o/the Celes
tial Orbs, Copernicus (1978, 4) outlined several sources of dissatisfaction 
with Ptolemy's account. First, it did not give the motion of the sun and moon 
exactly enough to establish a constant length for the tropical year. Second, to 
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account for the motions of the planets, Ptolemy and his followers introduced 
eccentrics and epicycles that contradict the "first principles of uniform mo
tion." Finally, the Ptolemaic system does not fix the relative location of the 
planets and the structure of the universe. Copernicus reacted to this confusion 
by reading the works of a wide range of ancient philosophers, and encoun
tered the view of Heraclides and others that the earth moves. He states (C0-
pernicus 1978, 5): 

And even though the idea seemed absurd, nevertheless I knew that others before 
me had been granted the freedom to imagine any circles whatever for the purpose 
of explaining the heavenly phenomena. Hence I thought that I too would be 
readily permitted to ascertain whether explanations sounder than those of my 
predecessors could be foUDd for the revolutioDS of the celestial spheres on the 
assumption of some motion of the earth. 

Copernicus adopted the view that the earth moves around 1510 and shortly 
thereafter wrote a short essay, the Commentariolus (Copernicus 1959). 'Ibis 
essay contains the essence of the Copernican view that places the sun at the 
center of the universe with the earth and the other planets revolving around it, 
but it lacked the detailed mathematical apparatus that Ptolemy provided for 
calculating astronomical occurrences. Copernicus therefore devoted· years to 
making observations that enabled him to set key parameters and to doing 
trigonometric calculations of the sort that Ptolemy had offered in the Alma
gest. Most of On the Revolutions is trigonometry, as Copernicus tried to ac
count for Ptolemy's phenomena within his heliocentric system. 

Although the details of Copernicus's discovery are not known, it seems that 
it is better characterized as cohemace-driven than as dIlta-driven or explana
tion-driven. To be sure, Copernicus wanted better accounts of the observa
tions of the sun and moon, but most of all he wanted accounts that did not 
violate Aristotelian principles of uniform circular motion. For Copernicus, 
the Ptolemaic system had an internal contradiction, exalting the perfect mo
tion of the heavenly spheres while postulating epicycles and other deviations 
from perfection. Copernicus did not himself generate the hypothesis that the 
earth revolves around the SUD, since he was able to borrow it from the an
cients, but he did work out the details that made possible the explanation of 
numerous observations. 

As many commentators have pointed out, Copernicus's system was far from 
a complete break with the Ptolemaic one. In one respect, Copernicus was 
more Aristotelian than Ptolemy was, since he took so seriously the idea of 
uniform circular motion. He introduced no new concepts and maintained the 
central concepts of the AristodelPtolemy system. Although he rejected the 
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analysis of the planets in terms of epicycles and equants, he certainly did DOt 
reject these mathematical concepts themselves. Adoption of the Copernican 
system did, however, require substantial betiet revision, in particular rejec
tion of the betief in the stationary earth in favor of the betiet that the earth 
moves, and revision in betiefs about the center of the universe. These beJiefs 
had a large degree of explanatory entrenchment, as defined in section 4.4. 

Moreover, revision of these betiefs required much conceptual re0rganiza
tion. Copernicus's postulation that the earth was a planet, one of the wander
ing stars, required a major reorganization of the astronomical kind-hi.erarehy 
(see Figures 8.2 and 8.3 above, but keep in mind that the second of these is in 
part post-Galileo). This reorganization is an excellent example ofwbat Cbap
ter 3 called brtlllCh jumping, since earth jumps from its own branch in the 
kind-tree to reside under planet, while the SUD and the moon jump from the 
class of planets to other classifications. Thus Copernicus's system involved 
more than rejection of Ptolemaic betiefs about the earth being stationary aad 
at the center of the universe. Alterations in the kind-hierarchy amounted to 
substantial conceptual change. 

Copernicus was still operating with the Aristotetian concepts ofnatural and. 
unnatural motion. He said, for example, that rotation is the natural motion of 
a sphere, so that it is natural for the earth to rotate. He countered Ptolemy's 
argument that movement of the earth would be destructive for everything on 
it by saying that motion so natural cannot be destructive (Copernicus 1978, 
IS). In contrast, the immensity of the heavens mates it less natural for tt.n 
to revolve. Copernicus also bad to deal with the problem of gravity, since 
Aristode's concept of gravity as natural movement toward the center of the 
universe no longer appties when the earth is moved from the center. Coperni
cus instead suggested that "gravity is nothing but a certaln natural desite. 
which the divine providence of the Creator of all things has implanted in 
parts, to gather as a unity and a whole by combining in the form of a sJ,obe" 
(1978, 18). This impulse is found not just in the earth, but in the sun, JIlOOD, 

and other planets. The history of the concept of gravity is fascinating; we sha1l 
return to it in later sections on Newtonian mechanics and relativity theory. 

Copernicus's system thus requires substantial betief revision and con
ceptual reorganization compared to Ptolemy's. The abandonment of Ptol
emy's theory was justified by the Copernican system's greater explanatory 
coherence. 

NowaltandTbagard(1991a)bavedoneacletailedBCHOanalysisofthecom
parative exp= coherence of the Copernican and Ptolemaic systems, 
based on the ori' texts of On ,. Revolutions and the Almagut. I sbaII DOt, 
however, Jepeat the analysis bere, since the simulatioa is large aDd compli-
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cated, requiring more than 140 propositions, 60 of which represent the astro
nomical evidence that the two systems explain. Copernicus modeled his book 
on Ptolemy's, and they both can be understood as providing explanations of 
the observed motions of: (1) the superior planets, Mars, Jupiter, and Saturn, 
which are outside the sun's orbit for Ptolemy and the earth's orbit for Coper
nicus; (2) the inferior planets, Mercmy and Venus, which are inside the 
earth's orbit for Copernicus; (3) the moon; and (4) the sun and stars. Coperni
cus's most important hypotheses were that the sun is immobile at the center 
of the universe and that the earth revolves around the sun once a year, uni
formly in a circle. These hypotheses conttadicted Ptolemy's central hypothe
sis that the earth is always at the center of the heavenly sphere. Based on the 
input we gave it, ECHO finds the Copernican position much more coherent 
than the Ptolemaic, not surprising since we were modeling Copernicus's 
view. Copernicus dominates Ptolemy for four reasons, although computa
tional experiments revealed that the last two are not very important in the 
simulation. Fust, Copernicus explained more than Ptolemy, who did not ex
plain why the moon's size and parallax do not change visibly, why Mercury 
and Venus never appear in opposition to (across the sky from) the sun, or why 
Mars, Jupiter, and Saturn often appear in opposition. Second, the system of 
Copernican hypotheses is simpler than the Ptolemaic set; our ECHO analysis 
identified 29 hypotheses for Copernicus and 39 for Ptolemy. The reason for 
the difference is that Copernicus had a much more economical way of ex
plaining the motions of the superior and inferior planets. Ptolemy, in contrast, 
had to make different assumptions about the epicycles of the superior planets 
and the epicycles of the inferior planets. At the level of qualitative explana
tions, Copernicus is clearly superior, since he explains more with less. Kuhn 
(1957), however, points out that Copernicus found it necessary to complicate 
his system with additional circles and motions in order to predict the position 
of planets with accuracy comparable to Ptolemy's system. Nevertheless, C0-
pernicus held that his view was to be preferred for its simplicity: 

We therefore assert that the center of the earth, carrying the Moon's path, passes 
in a great circuit among the other planets in an annual revolution round the Sun; 
that near the Sun is the center of the universe; and that whereas the Sun is at rest, 
any apparent motion of the Sun can be better explained by motion of the 
Earth. .•• I think it easier to beHeve this than to confuse the issue by assuming 
a vast number of Sphera, which those who keep earth at the center must do. We 
thus rather follow Nature, who producing nothing vain or superftuous often pre
fers to endow one cause with many effects. (quoted in Kuhn 1957, 179) 

There are two additional minor reasons why ECHO prefers Copernican 
hypotheses to Ptolemaic ones. The third reason, in addition to the major ones 
of explanatory range and simplicity, is that Ptolemy's hypotheses do not sim
ply fail to explain some facts about the moon, but imply incorrectly that the 
moon's size and parallax should change visibly in tile course of its orbit (neg-
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ative evidence). The fomth reason is that, on Copernicus's account, Ptolemaic 
epicycles contradict the central principle that the motions of heavenly bodies 
are uniform and circular. A logician might exclaim: "If the Ptolemaic system 
really is self-contradictory, that would be grounds for rejecting it immedi
ately, so explanatory coherence is irrelevant" But there is much more to be
lief revision in complex systems than a simple logical model could hope to 
handle. ECHO treats the contradiction in the Ptolemaic system as an internal 
tension that counts against it but that is not in itself devastating. 

If Copernicus's system really was more worthy of acceptance than Ptol
emy's, why did it take more than 100 years for it to be adopted? One sociolog
ical reason was the opposition of the Catholic Church, which declared the 
heliocenbic universe heretical, eventually prosecuting Galileo for his defense 
of it But the slowness of acceptance of the Copernican system also can be 
understood in cognitive, explanatory-coherence terms. We saw that the sub
stantial advantage in qualitative explanations of general phenomena pos
sessed by Copernicus did not carry over to quantitative explanations of partic
ular observations. Only when Kepler discovered that planets move in ellipses 
did the predictive accuracy of the heliocenbic system become adequate with
out proliferation of circles. In addition, some astronomers found unconvinc
ing Copernicus's attempt to explain the absence of stellar parallax. Another 
limitation on the coherence of the Copernican system was that its central 
hypothesis asserted that the earth moves, contradicting the accepted proposi
tions of Aristotelian physics and everyday observation. The Copernican sys
tem was a cbal1enge to more than just Ptolemaic asttonomy, calling into ques
tion the Aristotelian explanation of gravity as tendency to move to the ceoter 
of the earth. An ECHO analysis of the full conceptual system of the sixteenth 
century would require confronting Copernicus propositions with a tag-team 
of Ptolemy and Aristotle. Only when Galileo joined the fray with his chal
lenge to traditional terrestrial physics could the ancient system be cbal1enged 
as a whole. 

What is the relation between the Copernican and Ptolemaic theories? Even 
though Copernicus did not introduce any new concepts, be did initiate a re
organization of the kind-relations involving the earth, and be rejected the by 
Ptolemaic tenets concerning our planet's immobility and centrality. Hence the 
Copernican system is better described as potentially suppltmting the Ptole
maic system than as incorporating or sublating it Historically, however, the 
PtolemaiclArtistotelian system was not completely routed until Newton pr0-

duced his grand synthesis of celestial and planetary motion. 

8.2 NEWTON 

Isaac Newton was born in 1642, almost a hundred years after Copernicus's 
death. Newton's PrincipitJ, published in 1687, used three basic laws ofmo-
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bon to explain a very wide range of terrestrial and celestial phenomena, thus 
tying together and solidifying the insights of Copernicus, Galileo, Kepler, and 
Descartes. Appreciation of Newton's theory requires understanding of four 
concepts integral to Newton's explanations: inertia. mass, force, and gravity. 
In all four cases, Newton took existing concepts, modified them substantially, 
and melded them into a theory of unprecedented explanatory power. This 
section will trace out the conceptual changes that Newton produced and dis
cuss the explanatory coherence of bis theory, which Newton compared with 
Descartes's theory of vortex motion. 

Newton did not leave much trace of the development of bis theory, so it is 
impossible to reconstruct it in enough detail to model it computationally. He 
appears to have arrived at many of the key mathematical ideas of bis system 
in the mid-166Os, when he developed the differential calculus and deduced 
that the force keeping the planets and the moon in their orbits is inversely 
proportiooal to the sqll81'e of the distance between them and the centers 
around which they revolve. He returned to the examination of astronomical 
questions in 1684, prompted by a query from Edmund Halley. Eighteen 
months of intense labor produced Newton's landmark theory and the book, 
PhilosophitJe NaturtJlis Principia Mtlthematica, that presented it. 

Newton presented his theory in Buclidean form, with definitions and 
axiom-like laws. The conceptual novelties of the Newtonian system are em
bedded in the three famous laws, the first of which is: 

Bvery body continues in a state of rest, or of uniform motion in a right Jine, unless 
it is compelled to change that state by forces impressed upon it (Newton 1934, 
voL 1,13) 

This law embodies a concept of inertia, which Newton earlier (p. 2) defined 
as "a power of resisting, by which every body, as much as in it lies, continues 
in its present state, whether it be of rest, or of moving uniformly forwards in 
a given line." He also described inertia as an "inaate force of matter." New
ton's first law and the concept of inertia dramatically cballenge the Arist0-
telian view of motion discussed in section 8.1.1, according to which the na
tural state for celestial bodies is motion and the natural state for terrestrial 
bodies is rest. For Newton, motion and rest are equally natural, and there is no 
distinction made between celestial and terrestrial bodies. Newton thus offered 
a conceptual organization very different from that shown in Figure 8.1, col
lapsing distinctions that were central to the AristoteliaD system. The concepts 
of natural and unnatural motion are deleted, and the division of bodies into 
two sublrinds, celestial and terrestrial, is abandoned for physical purposes. 
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Compare Darwin's collapse of the distinction between species and varieties 
described in section 6.2.2. 

Newton did not form this concept of inertia himself, but borrowed it from 
Descartes's Principles of Philosophy, published in 1644. Descartes bad stated 
as the first law of nature that "every thing, in so far as it can, always continues 
in the same state; and thus what is at once in motion always continues to 
move" (Descartes 1985, vol. 1,240). Sbortly before, Galileo had come close 
to the modem concept of inertia, but his system retained elements of the 
impetus theory that medieval thinkers such as Buridan had proposed to over
come the difficulties of explaining some kinds of motion within the Arist0-
telian system. For Aristotle, it was a problem to explain why a thrown object 
should continue to move after it left the thrower's hand According to impetus 
theory, throwing the object imparted impetus to it, making the object continue 
to move until the impetus expired. Galileo can be interpreted as viewing the 
planets as moving because of a kind of circular impetus, rather than because 
of Newton's rectilinear inertia (Sbapere 1974). 

Newton's second law is: 

The change of motion is proportional to the motive force impressed; and is made 
in the direction of the right IiDe in which that force is impressed. (Newton 1934, 
voL 1, 13) 

This statement difJers from the modem statement of Newton's second law, 
F = ma: force equals mass times acceleration. Newton defined "quantity 
of motion" as "arising from the velocity and quantity of matter coqjoindy" 
(p. 1). In modem terms, change of motion is change in momentum, where 
momentum is defined as mass times velocity, my. 

Newton's tersely stated law conceals major innovations in two key con
cepts, mass and force. Newton was one of the first to distinguish mass, or 
quantity of matter as he also termed it, from weight. Using the terminology of 
Chapter 3, the conceptual change involved here is best described as difJerenti
ation, since a vague single concept is divided into two. The difJerentiation 
makes possible understanding of the weight of an object as the combined 
result of its mass and the force of gravity. 

Newton distinguished between two kinds of force, impressed and cen
tripetal. An impressed force is an action exerted on a body to change its state. 
A centripetal force, in contrast, draws bodies "towards a point as to a centre" 
(p. 2). Before Newton, the primary meaning of force was the first of these, 
consistent with the everyday notion of force. Newton added the second kind 
of force, and reconceived gravity as a kind of centripeta1 force. On this view, 
the motions of the planets can be understood in terms of the first and second 
laws: planetary motion is a combination of inertial motion and gravitational 
(centripetal) force drawing the planets to the SUD. The explanations of plane
tary motions offered by Newton in terms of his laws depended, therefore, on 
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several sorts of conceptual change: differentiating mass from weight, adding 
a new kind of force, and recategorizing gravity as a kind of centripetal force. 
Even more fundamentally, it required abandonment of the Aristotelian dis
tinction between motion as a process and rest as a state (Cohen 1980, 182). 
For Newton, both of these are kinds of state subject to the first law concerning 
inertia. The reclassification of motion as a state is a clear case of branch 
jumping. 

For Aristotle, gravity was an intrinsic property of a body, but for Newton 
it became a force exerted on a body by another body. This change is one of the 
most important instances of branchjum.ping in the history of science. Recon
ceiving gravity as a force made possible the great synthesis of planetary and 
telTeStrial phenomena that Newton accomplished. That bodies fall on Barth 
was attributed to the centripetal force gravity, the same cause as the cb:cular 
motions of the planets. Figure 8.4, adapted from the insightful analysis of 
Nenessian (1989), sketches the conceptual organization. Planetary motion, as 
a case of accelerated cirou1ar motion, is naturally explained in terms of a 
combination of gravity and inertia. By contrastiDg Figure 8.4 with Figure 8:1, 
the reader should be able to appreciate the major conceptual reorganimtion 
that Newton accomplished, building on Copernicus, Gallleo. and Descartes. 
Newton collapsed distinctions that were important for Aristotle, inttOduced 
subkinds not found in the Aristotelian system, and reclassified motion. Plane
tary motion for Aristotle was the etema1ly cin:ular kind natural for all celes-

Figure 8.4. CoDceptual system of Newton. to be contrasted with Figure 8.1. Suaight 
IiDes indicate kiDd-relations. 1'hecurved IiDesrepreseat the rule tbat inertia and gravity 
together cause circular plaDctary motion. 
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tial matter, but Newton explained planetary motion as the result of acombina
tion of gravitational force and inertia. 

The relational nature of the concept of force is brought home in Newton's 
third law: 

To every action there is always opposed an equal reaction. (Newton 1934, voL I , 
13) 

According to Cohen (1980, 177), this law arose as a generalization of cases 
of impact, where colliding bodies exert force on each other, but its extension 
to the forJ:e of gravity was radical. From the Aristotelian perspective. the 
thought that a body could exert a force on the earth was unthinkable. Amajor 
challenge to the computational approach to understanding the development of 
scientific knowledge would be to model the discovery of Newton's second 
and third laws. They obviously were not directly data-driven, since there is 
much more to them than simple generalizations about observed results. But 
they are also not easily classified as explaDation-driven, since there are no 
specifiable observations that Newton intended them to explain. Rather, tbeir 
development seems to be part of general reasoning pattems aimed at creating 
a system of the world capable of explaining a great many facts. Cohen (1980) 
provides an interesting discussion of the development of Newton's third law, 
but without nearly enough detail to permit speculation about the cognitive 
processes involved in Newton's creative leaps. 

Newton's concepts of space and time did not challenge Aristotelian con
cepts, but they must be mentioned here because of their relevance to the diJ.. 
cussion of relativity theory in section 8.3. Newton assumed that concepts of 
time and space were "well known to all." But he rejected the conception of the 
common people of space and time in tenDs of relations to sensible objects. He 
asserted (Newton 1934, vol. 1, 6): "Absolute, ttue, and mathematical time, of 
itself, and from its own nature. flows equably without relation to anything 
external •••• Absolute space, in its own nature, without relation to anything 
external, remains always similar and immovable." We shall see how relativity 
theory required abandonment of these concepts of absolute time and space. 

Although Newton's theory met with stitt resistance from some circles, partic
ularly French followers of Descartes, it came to dominate physics in the eigh
teenth and nineteenth centuries. Newton was able to use his tbree laws to 
explain a vast array of terrestrial and celestial phenomena. A full analysis of 
the explanatory coherence of Newton's system will not be presented here, 
since it requites more than 150 propositions (Nowak and 1'hqad 1991b). I 
shall merely summarize the explanatory structure of Newtonian mechanics, 
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indicating how it provides an excellent alternative to Cartesian pbysics as 
well as to the Aristotelian system. 

It is important not to treat Newton's principles just as a set of axioms from 
whicb a set of theorems can be deduced, without paying attention to the dif
ferent ways laws are used in various explanations. Some of his explanations 
of terrestrial phenomena involve only one of the three laws, whereas others 
require pairs of them. For example, Newton cited as evidence for the third law 
involving action and reaction that if you press a stone with your finger, the 
finger is also pressed by the stone. GaIi1eo's discovery that the descent of 
bodies varies as the square of time is explained using the first two laws, invok
ing both inertia and force. Newton's explanations also involve many levels. 
His explanations are like Darwin's and unlike Lavoisier's, in that they involve 
bypotheses explaining other bypotheses that explain pieces of evidence. The 
layering is most striking in Newton's explanations of the motions of the plan
ets, where he used gravity to explain astronomical facts sucb as Kepler's laws. 

Newton did not direcdy cballenge Aristotelian pbysics, but took for 
granted the critiques of it by Galileo and DeScartes. His presentation m the 
Principia is comparative, however, since be devotes considerable space to 
criticizing the Cartesian alternative to his views. Several decades before New
ton developed his tbeo!)', Descartes claimed to be able to explain the motions 
of the planets by assuming that celestial matter turns continuously like a vor
tex With the SUD at the center. He compared the celestial vortices to whirlpools 
in a river, with the planets carried around like Botsam in the whirlpool. The 
bits near the center of the whirlpool complete a revolution more quickly than 
the ones farther out. "We can without any difficulty imagine all this happen
ing in the same way in the case of the planets, and this single account explains 
all the planetary movements that we observe" (Descartes 1985,254). 

The ECHO analysis of Newton and Descartes brought to light four major 
advantages of the Newtonian system over the Cartesian. FU'St, Newton ex
plained numerous facts that Descartes did not. These included the law of 
Galileo concerning the descent of bodies, and Kepler's third law of planetary 
motion, that the periods of the orbits of planets are proportional to the 3fl 
power of their distances from the sun. Sbictly speaking, Newton corrected 
Kepler's laws while explaining them, since universal gravitation implies that 
the motions of planets will not be perfectly elliptical, because gravitational 
forces exerted by other planets have an effect in addition to the sun's attrac
tion. Figure 8.5 presents a small fragment of the explanatory breadth of New
ton's principles, showing that the first and second laws, along with the as
sumption of gravitational force, serve to explain both falling bodies on earth 
and Kepler's laws of planetary motions (for mucb more detail, see Nowak and 
Thagard 1991b). Descartes's vortex theory gave qualitative explanations of 
planetary motion and falling bodies, since a vortex can carry objects both 
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first law 

(menia) 

Galileo's law 

(free fall) 

third law 

(reaction) 

Kepler's laws 

(planetary motion) 

Figure 8.5. Aspects of the explaaatory cobaence of Newton', 
theory. Straight IiDea indicate explaDationa. The first and aecond 
law, and the bypothesIa of pavitalional force all cohcm with each 
other .. the taUlt of these explaDationa. The tbird law is used in 
ditIeteDl explaoationa (Nowak and 1baprd 1991b). 

around and toward its center; but Newton explained numerical laws beyond 
the reach of the vortex theory. 

Second, Newton showed that there was much negative evidence for the 
Cartesian system. which predicted nonexistent terrestrial and celestial phe
nomena. In particular, Newton demonstrated numerous problems with the 
vortex theory, showing that it could not account for Kepler's tbird Jaw. 

The third advantage of Newton over Descartes was the greater simplicity of 
his system. Descartes tended to propose new principles for almost every phe
nomenon he wanted to explain. Our analysis identified around 70 principles 
used in explaining only about 20 pieces of evidence. Newton in contrast 
needed fewer than SO principles to explain more than 30 pieces of evideace. 
Newton's explanations were thus simpler than Descartes's, in the sease of 
simplicity used in the theory of explanatory coherence. Newton's theory is 
more coherent in a fourth respect, since most ofhis hypotheses are explaiDed 
by other hypotheses, with the three laws and the assumption of gravitati.onal 
force generating many corollarles that are then used to explain evideDce. 
Hence Newton's theory is much more intema1ly coherent than the arab baa of 
Cartesian hypotheses. 

By explaining both terrestrial and celestial hypotheses with a unified set of 
laws and assumptions, Newton laid to rest Aristotelian physics. Tbe battle 
with the c.tesians had dim.eosions that I have not mentioned, such as Des
cartes's claims that his pinciples were necessmily true and the aqumeats of 
his followers that Newtoaian gravitational force was a metaphysically i11e-
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gitimate postulation. But Newton completed the supplantation of Aristotelian 
concepts and hypotheses begun by Copernicus and Galileo. We saw that the 
Newtonian concepts of inertia and gravity are dramatically ditJerent from the 
Aristotelian ones. Although Newton's views were closer to Descartes's, who 
had acquired a modem concept of inertia, we should probably say that New
ton supplanted Descartes as well. Newton completely rejected the Cartesian 
postulation of vortices whirling the planets around, and the concept of vortex 
ceased to have any role in the explanation of the solar system. But Newton's 
system was more radical with respect to the Aristotelian system than it was 
with respect to the Cartesian system that had learned much from Copernicus 
and Galileo. 

The explanatory coherence of the Newtonian system increased steadily 
during the two centuries following the publication of the Principia. For exam
ple, astronomers used Newton's laws to explain away observed anomalies in 
the orbit of the planet Uranus, postulating the quickly confirmed existence of 
Neptune. In the twentieth century, however, Newtonian mechanics was chal-
lenged by relativity theory and quantum theOry. . 

8.3 EINSTEIN 

8.3.1 TIN Develop ... 0/ Reltltiriq 7ie1R'1 

Newtonian mechanics remained central to physics through the eighteenth and 
nineteenth centuries, but the latter saw the development of the concept of a 
field, which eventually led to relativity theory and revision of many Newto
nian assumptions. In the 18408, Michael Faraday explained magneto-electric 
induction by supposing that the space surrounding a current is fi.IIed with 
closed curves of magnetic force. These lines of force were taken to be elastic 
strains in oether, a fluid of the sort that had been postulated to explain the 
propagation of fighL By analogy with water waves, the ancient Oreeks had 
come up with a wave theory of sound that explained how sounds propagate 
through air and other media. Similarly, HUYFns, Fresnel, and Young devel
oped a wave theory of fight that supplanted Newton's particle theory of fight 
because it explained various fight phenomena such as diffraction. The aether 
was postulated to provide a medium for light waves to propagate through 
space. 

In 1861, James Clerk Maxwell developed a mathematical theory of electro
magnetic fields that showed how to unify electric and magnetic phenomena. 
In a mechanical spirit, he interpreted his famous field equations in terms of 
vortices in an aether. Maxwell's theory produced the kind of conceptual 
change that Chapter 3 called coalescence, since electricity and magnetism 
were seen to be fundamentally the same kind of thing: mecbanical processes 
in the same sort of &ether. Physicists accordingly set out to do experiments to 
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detect the &ether. After several flawed attempts, Michelson aDd Morley in 
1887 conducted a careful experiment to detect the relative veloci11 of the 
Barth past the aetber. Light traveling in the same dilection as the earth should 
have the veloci11 c + v, where c is the speed of light and ., is the veloci11 of 
the earth through the &ether. The experimenters set up an ingenious apparatus 
that used mirrors to reflect light perpendicular to the motion of the earth and 
to determine whether it was out of phase with light that bad been reftected 
parallel to the motion of the earth. To their surprise, the two figbt beams were 
not out of phase, so that the experiment failed to show the motion of the earth 
relative to the sether. 

In 1889 fitzGerald suggested that the negative result could be explained by 
hypothesizing contraction of the arm. of the instrument that was supposed to 
detect the displacement of the two 1ight beams. Contraction by a factor of 

~ 

in the direction of motion would suffice to account for the failure of the Micb
elson-Morley experiment. Lorentz proposed the same hypothesis a few years 
later as part of a general theory of electrodynamics. Many JesearCben, how
ever, thought that the FitzGeraldlLorentz contraction was suspiciously ad 
hoc, contrived merely to handle the Michelson-Morley results. 

In 1905, when he was twen11-six years old, Albert Einstein developed the 
special theory of relativity. Although textbooks sometimes describe Ibis die
ory as aimed at explaining the Michelson-Morley result, Einstein's own writ
ings show that he was much more motivated by conceptual considerations 
(Holton 1973). His initial paper, "On the Electrodynamics of Moving Bod
ies, " begins by discussing asymmetries in the applications of MaxweJ1's 
equations to the reciprocal action of a magnet and a conductor. If the magnet 
is in motion and the conductor is at rest, then an electric field arises, but not 
if the magnet is at rest and the conductor is in motion. Einstein wrote (1952, 
37f.): 

EumpJes of this sort. topther with the 11IJSUCCeISfiJI attempts to discover any 
motion of the earth Jelatively to the "Jigbt medium," sagest that tile pIIenomeDa 
of electrocl)'ll8lDica as well as of mech81rics possess no properties con:espondiDg 
to the idea of absolute resl They IUgestratber that ••• the same laws of eJ.ectro. 
dynamics and optics will be valid for all frames of reference for which tile equa
tioos of med.tics bold good. 

Binstein called the conjecture about the validi11 of laws for all frames of 
reference the Principle ofRelativi11. The other central principle of the specia1 
theory of relativi11 is that ''light is always propagated in empty space with a 
definite veloci11 c which is independent of the state of motion of the emitting 
body" (Binstein 1952, 38). Together, these two principles reject the Newto
nian notion of absolute space and render die aetber superftuous. 
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In Chapter 3, I distinguished between data-driven, expIanation-driven, and 
coherence-driven discovery. The development of the special theory of relativ
ity, like that of the general theory descn"bed below, clearly was coherence
driven. In his autobiography, Binstein said that the theory JeSulted from a 
paradox that be bad CODStructed at the age of sixteen about what would hap
pen if be were to pursue a beam of light with the velocity c (Binstein 1949, 
53). Intuitively, he would expect to perceive the beam of light as at JeSt, since 
be would be traveling at the same speed,just as two cars on the highway at the 
same speed seem to each other not to be moving. But Maxwell's equations did 
not allow the possibility of an electromagnetic field at JeSt. The key to resolv
ing the teDSion between Maxwell's laws and the thought experiment was to 
reject the standard concept of simultaneity that presupposes a concept of ab
solute time. On the new account, every reference body has its own particular 
time, so nothing is absolutely at rest. 

Einstein derived the celebrated relation between mass and energy, popu
larly summarized in the equation e = me'-, in anotherpaper published in 1905. 
He deduced from the principle of relativity and the constancy of the speed of 
light, plus some approximatiODS, that changes in the energy of a body c0rre

spond to changes in its mass. Since c is so large, 2.998 x 10' meters per 
second in a vacuum, convertibility of mass and energy is unnoticeable in 
everyday life. But once a body has a velocity of about twenty percent of the 
speed of light (more than 37,000 miles per second), the attendant increase in 
energy corresponds to an increase in mass. As mass increases, it takes more 
and more force to accelerate the body further, so nothing can go faster than the 
speed of light. Note that e = me'- and the constancy of the speed of light are 
not generalized from observatioDS. Rather, the CODStaDcy principle was pr0-

posed along with the principle of relativity to resolve incoherencies in exist
ing theories, and the convertibility of mass and energy was derived from 
them. Nor were these principles generated abductively, to provide some ex
planations of events that were viewed as puzzling, although we will see that 
the principles turned out to have considerable explanatory power. 

Einstein's original formulation of the relativity principle only implied the 
invariance of the laws of physics with respect to the Lorentz transformations 
that incorporated the FitzGerald contraction. Accordingly, this early formula
tion is now called the special principle of relativity, and in combination with 
the principle of the constancy of the speed of light it constitutes the special 
theory of relativity. After years of work to bring gravitation within the scope 
of relativity theory, Einstein in 1915 worked out the mathematics that made 
possible the generalization for bodies subject to all kinds of motion, including 
gravitational acceleration. Once again, his discovery is better described as 
coherence-driven than as data-driven or explanation-driven, since be was at
tempting to combine considerations from special relativity that inert mass 
increases with eneraY with experimental results that showed that gravita
tional mass is equal to inert mass (Binstein 1949, 6S). Using new ideas about 
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accelerated reference systems and nonlinear transformations, Einstein pr0-
duced the general theory of relativity subsuming the special theory. '!be gen_ 
eral theory increased the explanatory coherence of the whole package because 
the incorporation of gravitation made possible the explanation of additional 
phenomena. 

My account of the development of Einstein's theory of relativity has been 
historically sketchy and technically simplified, but many comprehensive de
scriptions are available (e.g. Pais 1982; Einstein 1961; Holton and Brush 
1985; Friedman 1983). Now let us look at relativity theory from the perspec
tives of conceptual change and explanatory coherence. 

8.3.2 COlICeptlllll CIuuIge ill lleliztmtJ TIteo,., 

From one perspective, the development of relativity theory does not appear 
very revolutionary. As Einstein pointed out (1961, 44), the special theory of 
relativity requires only a slight modification in Newtonian mechanics, since 
relativistic effects only show up in bodies that are moving very rapidly. '!be 
FitzGeraldlLorentz contraction factor 

~ 

reduces to 1 unless the velocity of the body is high relative to the speed of 
lighL Writing e = me" as m = etc'- highlights how the mass of a body is not 
notably affected unless its velocity and hence its energy is very high. SO it 
is often said that Newtonian mechanics descnDes the special case of relativ
ity theory applying to low velocities. Similarly, the general theory of rela
tivity yields approximately the same predictions as Newtonian mechanics for 
slow-moving bodies and weak gravitational fields. If relativity theory etJec
tively incorporates classical mechanics, what was revolutionary about its 
adoption? 

But there was more to pre-relativity physics than Newton's three laws. 
Newton explicitly assumed concepts of absolute space and time that relativity 
theory calls into question. Although Maxwell's equations survive in relativity 
theory, the nineteenth-century assumptions about the role of the &ether in the 
equations' application were abandoned as superftuous. Einstein's revolution 
thus involved rejection of at least the following beliefs (Einstein 1952, 1961), 
the first three of which are eliminated by the special theory alone: 

1. Tune and space are absolute. 
2. TIleIe is a luminiferous aether. 
3. Objects bave DO maximum velocity. 
4. EucHdean geometry adequately describes space. 
5. 1bere are instantaneous gravitational effects. 
'- Light travels through space in straight linea. 
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Thus Einstein's views are certainly revolutionary in that they lead to the rejec
tion of important beliefs. 

They also lead to considerable conceptual reorganization. Most obviously, 
the concept of an sether disappears and plays no role in the new conceptual 
framework. Einstein also stressed that abandoning the standard concept of 
simultaneity, of events happening at the same time in an absolute sense, was 
crucial to replacing the old, incoherent views. Shortly after Einstein devel
oped the special theory, Minkowski interpreted it in terms of a four-dimen
sional space-time continuum, and this reinterpretation was a major contribu
tion to the development of the general theory. Instead of the everyday notions 
of space and time incorporated into Newton's system, Einstein came to think 
of time as like the three spatial dimensions. Space and time were no longer 
conceived as separate from each other. Newton thought that temporal con
cepts such as duration and simultaneity were unproblematic, but Einstein ar
gued that whether two events are perceived as simultaneous depends on the 
reference frame of the observer. 

Implicitly, this change brings about an enormous modification of our n0-

tions of part and whole. Many part-relations are based on spatial relations (a 
finger is part of a hand) or on temporal ones (a day is part of a week). In 
ordinary thinking, these two kinds of part-whole relations are entirely dis
tinct. But with the notion of the space-time continuum essential to general 
relativity there are no longer merely spatial parts or merely temporal parts. 
One entity is part of another only if it is included in the same region of the 
space-time continuum. Thus relativity theory brings with it a radical change 
in the concept of part, as massive a change as Darwin's alteration of the 
concept of kind. It therefore changes the nature of the part-hierarchy in the 
fundamental way that Chapter 3 described as tree switching. That is, with 
relativity theory we find the nature of the tree of concepts established by 
part-relations changing because the very notion of part is reconceptualized in 
terms of a space-time continuum. We should not think of space and time as 
each parts of space-time, because they have no meaning independent of 
space-time. 

The concept of mass underwent a very substantial change also, involving 
both a coalescence and a differentiation. The convertibility of mass and en
ergy indicated by e = rnc'l shows that mass and energy are just two manifesta
tions of mass-energy. For Newton, mass was an absolute notion, the quantity 
of matter. Concepts of energy developed in the nineteenth century, but it was 
Einstein who claimed that mass should be eliminated as a separate concept 
(Einstein 1949,61). Whereas in nineteenth-century physics there were two 
independent conservation principles, with Einstein the principles of the con
servation of mass and energy become fused into a single principle. 

At the same time as the concept of mass was being coalesced with energy, 
it was also being differentiated. The distinction is now made between the rest 
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Figure 8.6. The concept of mass in relativity theory. 
Straight lines indicate kind-relations. 

IIIIlSS of a body when it is DOt moving relative to an observer, and the relotiv
istie mass measured while it moves with a certain velocity relative to an 0b
server. If the velocity is low, rest and relativistic mass are virtually the same, 
but not so if velocity starts to approach the speed of fight. The place of the 
concept of mass in the new kind-hierarchy is thus shown in Figure 8.6, with 
mass having acquired a new coordinate concept energy and pined two subor
dinates. The figure also includes the concept of weight as a reminder of New
ton's differentiation of mass and weight discussed in section 8.2.1. 

The adoption of Einstein's special and general theories of relativity involved 
massive conceptual change and rejection of old assumptions. Yet, for the 
special theory, at least, the acceptance of Einstein's ideas took only a few 
years. What made Einstein's theory acceptable over the pevious combination 
of principles drawn from Newton, Maxwell, and Lorentz? Explanatory coher
ence theory naturally accounts for the superiority of Einstein's views. 

In fact, Einstein's own methodological pronouncements fit well with me, 
the theory of expladfatory coherence stated in Chapter 4. He wrote (Einstein 
1949, 33): "A ~ is the more impressive the greater the simpficity of its 
pemises is, the mOrt, different kinds of things it relates, and the more ex
tended is its area of applicability." The last consideration, area of applicabil
ity, is captured in TEe by clause 2(a) of the explanation principle that imp1ies 
that the more a theory explains the more coherent it is with the data. The 
second consideration, concerning relating many different kinds of things, is 
derivative from the last, since normally a theory gains wide appficability sim
ply by being appHed to many different kinds of thinp. In his first clause, 
Einstein mentions wanting simple premises, but this quote gives no diJect 
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indication that he has in mind the notion of simplicity embodied in TEC. In 
other places, however, he shows a clear concern with reducing the number of 
hypotheses. For example, he praises the special theory of relativity over the 
electrodynamics and optics produced by Maxwell and Lorentz because "it has 
considerably reduced the number of independent hypotheses forming the 
basis of theory" (Einstein 1961,44). Similarly, he criticizes classical mechan
ics for being able to explain the deviation of the orbit of Mercury from the 
ellipse predicted by Newton's laws only on the assumption of hypotheses that 
were devised solely for this purpose (Einstein 1961, 103). Most important, he 
contrasted the status of the FitzGerald-Lorentz contraction in special relativ
ity with its status in Lorentz's theory: 'Pfbe theory of relativity leads to the 
same law of motion, without requiring any special hypothesis whatsoever as 
to the structure and the behaviour of the electron" (Einstein 1961,51). In sum, 
'Pfbe relativity theory arose from necessity, from serious and deep contradic
tions in the old theory from which there seemed no escape. The strength of the 
new theory lies in the consistency and simplicity with which it solves all these 
difficulties using only a few very convincing " assumptions" (Einstein and In
feld 1938, 192). 

Let us now look at the explanatory coherence of relativity theory in greater 
detail. There is no single text where Einstein argues for his theory against 
the older ideas, so I shall not attempt a detailed ECHO analysis. But it is 
important to see how well relativity theory coheres both internally and exter
nally, with the data. What follows is based largely on Einstein (1961). I have 
already described the key principles of special relativity and it should suffice 
to see them in relation to each other and to the evidence. Figure 8.7 provides 
a schematic view of the coherence of Einstein's views around 1920. 

In Einstein's case, the explanatory relations are deductive, often being 
purely mathematical derivations. The special theory of relativity consists es
sentially of the principle of special relativity and the principle of the con
stancy of the speed of IighL From these two principles Einstein deduced both 
the Lorentz transformation which explains the negative result of the Michel
son-Morley experiment, and the convertibility of mass and energy which ex
plains the nuclear transmutations observed by Rutherford in 1919. In addition 
the principles explain the results of experiments by FJZe8U concerning the 
speed of light in a flowing liquid (Einstein 1961, 391.). Thus the two princi
ples provide a unified explanation of three important phenomena. General 
relativity gets into the picture as a genera1ization of the special principle, 
which holds for a smaller class of transformations (Einstein 1949, 69). Gen
eral relativity explains the perihelion of Mercury, that is, its deviation from 
what Newtonian mechanics predicted, and in addition explains the results of 
the famous experiment conducted by Eddington in 1919 that measured the 
bending of light in the sun's gravitational field 0eneraI relativity was reIa-



REVOLUTIONS IN PHYSICS 213 

general relativity 

constancy of c special relativity 
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Figure 8.7. The explanatory coherence of relativity theory. Straight lines indicate 
explanatory relations. 

tively lacking in experimental support for some decades after Einstein pr0-

posed it, but now explains a wider range of phenomena such as time delays in 
radar signals close to the sun (Will 1986). 

According to some philosophers of science (Popper 1959; Lakatos 1970), 
prediction of new observations provides more support for a theory tban expla
nation of facts already known. Then the Eddington experiment would contrib
ute more to the acceptability of general relativity tban its explaDation of the 
perihelion of Mercury. This was clearly not Einstein's view of the matter, and 
Brush's detailed historical investigations show that it was not the view of 
most of his contemporaries either: 

Most of the published comments by physicists during the tint 2 or 3 yean after 
the 1919 ec6pse observation iDdicated that light beDding aud Mercury'. orbit 
counted equally strongly in favor of general relativity.1f6ght beDding was more 
important that was DOt because it bad been forecast in advance, but because the 
data themselves were more definitive •••• It later became clear to the experts that 
the Mercury orbit was stIOagerevidence for general relativity than light beDdiDa. 
In part this was because the observaliOD8l data were more accurato-it was very 
difficult to make good ec6pse measurements, even with modem technoloJy
aod in part because the Mercury orbit calculation depeoded on a "deeper" part of 
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the theory itself. The fact that light bending was a forecast [prediction] whereas 
the Mercury orbit was not seems to count for little or nothing in these judgments. 
(Brush 1989, 1126) 

Brush points out that Einstein's explanation of Mercwy"s orbit was all the 
more impressive because the discrepancy with Newtonian theory bad been 
known for decades: other theorists had been unable to give a Newtonian ex
planation without making implausible ad hoc assumptions. 

Figure 8.7 shows that relativity theory coheres well internally and with 
important evidence, but what is its relation to the previous hypotheses? There 
is no simple answer to this question, since we have to describe the relation of 
both special and general relativity to the theories of Newton, Maxwell, and 
Lorentz. Of these, Maxwell's equations come out unscathed, although the 
background assumption that they describe motions in an aether is rejected. 
Similarly, many of Newton's background assumptions about absolute space 
and time are rejected, but his key principles can be retained for special cases 
that do not involve huge velocities or masses. Let us consider Newton's three 
laws and principle of gravitation. The first law of motion says that a body at 
rest tends to remain at rest unless acted on by an outside force, and similarly 
for bodies in motion. This survives intact within the Einsteinian framework, 
except that "at rest" can no longer be understood in any absolute sense. Simi
larly, the third law, that every action has an equal and opposite reaction, is not 
challenged by relativity theory. In contrast, the second law, relating accelera
tion, force, and mass by the equation F = ma requires significant modifica
tion. Taking acceleration as rate of change in velocity v, Feynman, Leighton, 
and Sands (1963-1964, vol. 2, 18-2) write it as: 

F = i.(P) whe~ p = lIlY 
tit' ~i - V21C2 

Here the rate of change is modified by the familiar factor taking into account 
the velocity and the speed of light. Unless velocity is very high, 1 - v2/c2 
reduces to one so the equation reduces to Newton's. Similarly, Feynman et al. 
(1963, vol. 2,42-6) express the curvature of space in general relativity by an 
equation relating the excess radius of a sphere produced by the curvature to 
GMl3c'l, where G is the gravitational constant and M is the mass of the matter 
inside the sphere. Clearly, if M is small, the curvature of space will be negli
gible and in accord with Newtonian mechanics. 

By virtue of the mathematical relations described in the paragraph before 
last, the special and general theories of relativity are able to explain why 
Newtonian mechanics holds for the familiar cases in which velocities and 
masses are not enormous. Thus the Newtonian principles are coherent with 
the Einsteinian ones, rather than contradicting them. Incoherences in the 
whole system involving both pre-Binsteinian and Einsteinian hypotheses do, 
however, arise, since relativity rejects the existence of absolute frames of 
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reference such as that provided by the &ether" In addition. there were incoher
ences within the Newton-Maxwell theory, as we saw in the discussion of the 
asymmetries that Einstein cited as part of what spmred him to produce the 
theory of relativity. The relation between relativity theory and the views that 
preceded it is therefore complex, involving both incorporation of equations as 
special cases and rejection of assumptions central to Newtonian mechanics. 

Because the appDcability of Newtonian hypotheses to everyday objects fol
lows from relativity theory, we can say that Einstein's theory sublates New
ton's rather than supplants it (see section 5.1 for these distinctions). Sublation 
involves both incorporation and rep1acement Because of relativistic rejection 
of some Newtonian concepts and severe modifications of others such as mass, 
it would be wrong to say that relativity theory simply incorporates Newtonian 
mechanics. But Einstein's revolution clearly preserves far more of the theory 
it replaced than did the other revolutionary theories so far discussecl. The 
chemical, Darwinian, geological, Copernican, and Newtonian revolutions do 
not retain the superseded theories as holding for a Hmited range of phenom
ena, as relativity theory does with respect to Newtonian mechanics. But the 
final revolution in physics I want to discuss, in which quantum theory chal
lenges Newtonian mechanics, is like Einstein's revolution in that Newtonian 
mechanics is sublated rather than supplanted. 

8.4 QUANTlJM THEORY 

1.4.1 TIN lhpeloJllIItIlll 0/ QruuItrua TINory 

Twentieth-century physics rests on two cornerstones, general relativity theory 
and quantum theory. Quantum theory also developed. early in this century, 
primarily between 1900 and 1927. Again I will not attempt a full historical 
description (Jammer 1966; Guillemin 1968; Gamov 1966; Kuhn 1978), but 
will sketch the key developments relevant to questions of conceptual change. 

The scientific background to the development of quantum theory, as for 
relativity theory, consists of Newtonian mechanics and Maxwell's electro
dynamics, both well established at the end of the nineteenth century. Unlike 
relativity theory, however, the origins of quantum theory are more explana
tion-driven than coherence-driven, although later developments appear to be 
coherence-driven. Another difference is that whereas relativity theory was 
largely the creation of Einstein, quantum theory derives from the efforts of a 
host of physicists, especially Max Planck, Einstein, Louis de Broglie, Niels 
Bohr, and Werner Heisenberg. Like the geological revolution, but unlike the 
other scientific revolutions we have considered, the quantum revolution was 
inspired collectively. 

The origins of quantum theory lie in the problem of blackbody mdi&don. 
Glowing &oDds and liquids emit light with wavelengths depencHag on the 
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temperature of the body. An ideal radiating body is one capable of emitting 
light of every wavelength; since such an emitter is also an ideal absorber, it is 
called a bltJc1c body, and what it produces is called blackbody radiation. In 
1900, Planck developed a formula for 1\, the radiation energy emitted per 
second for wavelength 1: 

CA-5 
E - 1 

1 - exp(C.p..7)-1 

where C1 and C2 are constants and up means e to the exponent that follows 
(e is the base of the natural logarithms, about 2.718). Planck did not derive 
this formula from data, but did mathematical transformations on another for
mula that had been derived from data, so the discovery of this law is ade
quately characterized as data-driven (Langley et ale 1987,49-53). 

Planck was not content merely to find the formula that fit the data, however, 
but set out to find physical principles from which the formula could be de
rived. According to Holton and Brush (1985, 432), Planck was convinced that 
radiation must be explained by the action of submicroscopic electric oscilla
tors. His radical new hypothesis was that the energy sent out by an oscillator 
of frequency f can only be an integral multiple of the quantity Iff, where h is 
a universal constant, now called Planck's constant, approximately· equal to 
6.625 X 10-27 erg-seconds. This hypothesis was the birth of the idea that radi
ation is quantized rather than continuous as the wave theory of light and 
Maxwell's electrodynamics would suggesL Using this hypothesis and mathe
matical techniques borrowed from Boltzmann, Planck was able to explain the 
above equation. The formation of the hypothesis involving discrete energy 
levels is accurately described as explanation-driven, so we can call it abduc
tive, although the mathematical methods underlying its formation are much 
more complicated than ones any current abduction programs can perform. 

Blackbody radiation concerns light emiued by bodies, but Einstein in 1905 
used Planck's constant to explain the photoelectric effect, which concerns the 
absorption of light. In 1897, J. J. Thomson had postulated the existence of the 
electron to explain numerous electric phenomena, and it was known that var
ious materials emit electrons when exposed to lighL Emission, however, does 
not conform to what one would expect from Maxwell's laws, since even fee
ble light over a minimum frequency can produce an electric currenL In 
Maxwell's system. one would expect a delay for the energy of a light wave, 
uniformly distributed over the whole wave front, to accumulate sufficiendy to 
move the electron. Einstein postulated that the transformation of light energy 
into the kinetic energy of electrons was also limited by Planck's quantity Iff. 
A quantum of light, later called a photon, may or may not give an atom 
enough energy to loosen an electron. Like the formation of Planck's hypo~ 
sis, Einstein's discovery was explanation-driven but highly matbematical. 
1reating light as quantized flew in the face of the established wave theory, 
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requiring the revolutionary conceptual changes to be described in the next 
section. 

Discovery of the electron as a component of atoms bad sbattered the an
cient view of atoms as indivisible. Using a planetary analogy that had been 
previously proposed, Ernest Rutherford argued from experiments involving 
particle scattering that atoms consisted of a tiny positive nucleus orbited by 
electrons. In 1913, Niels Bobr showed. how to combine the nuclear idea of the 
atom with quantum. theory. He postulated that an electron can only radiate a 
fight quantum. or absorb energy wbile moving from one stable orbit to an
other. The change in energy is equal to Iw, wbe.re h is Planck's constant and 
v is the velocity of an emitted photon. BIectrons are thus restricted to a limited 
range of energy levels, which explains why light is absorbed and emitted at 
discrete intervals, as shown for example by lines in the spectrum. for light 
emitted from hydrogen. 

Early on, quantum. theory developed largely within the boundaries of clas
sical NewtonianlMaxwellian physics. To use mathematical tecImiques from 
classical physics in the quantum domain, Bobr formulated a co~ 
principle that maintained that classical laws are approximately true in the 
quantum domain. The early ideas developed by Planck, Einstein, anclBobr are 
usually referred to as the "old" quantum theory. 

Much more radical views came forth in the 1920s. Binstein had postulated 
that light, assumed. to consist of waves, had quantized, particle-like proper
ties. In 1923, de Broglie made the shocking suggestion that particles such as 
electrons behave in part like waves. An electron of mass m and velocity v will 
have a wavelength A. given by: 

h 1=lilY. 

Since Planck's constant h is very small, only particles with very small mass 
such as electrons will have a wavelength of any consequence. Nevertheless, 
de Broglie's formula produced a startling alteration in the traditional division 
between particles and waves. From his own description, it appears that the 
postulation of the wave nature of particles by de Broglie was coherence
driven. By 1923, Einstein's hypothesis of light quanta had been used to ex
plain many phenomena such as the Compton effect, so de Broglie was con
vinced that radiation was discontinuous, in conflict with the classical wave 
notions. "It was necessary to assume wilIy-niHy that the picture of waves aad 
the picture of corpuscles bad to be used. one after the other for a complete 
descripdOD of the properties of radiation" (de Broglie 1953, 158). De Broglie 
audaciously attempted to inctase the cobereaceof physics by sugestiag that 
even particles have wave-like properties, thereby dissolving the divisioD be
tween waves and particles. 

A year later, SchrikIiaser developed a general mathemadcal theory of 
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atomic properties called wave meclumics that explained the motion of elec
trons within atoms, including spectra1 frequencies. Shortly afterwards, using 
a different notation, HeisenbeIg developed quantum (matrix) mechanics, 
which Scbrtidinger proved equivalent to his wave mechanics. The seminal 
developments of de Broglie, ScbriSdinger, and HeisenbeIg.were certainly not 
data-driven, nor were they provoked by the need to explain any particular 
phenomena. Rather, they were largely coberence-driven in that they served to 
tie together quantum ideas. Later, however, quantum theory would receive an 
enormous amount of evidential support. 

Additional developments in the mid-1920s occurred that are often taken to 
be essential to the new quantum theory: HeisenbeIg's uncertainty principle 
and Bohr's principle of complementarity. Neither of these is really a hypothe
sis of quantum theory: the uncertainty principle was derived mathematically 
by HeisenbeIg from his quantum mechanics, while Bohr's complementarity 
claim is an interpretation of quantum theory. In 1927, HeisenbeIg showed that 
according to quantum theory there are limitations on how accurately certain 
pairs of physical properties can be measured. One such pair is the position and 
momentum of an electron. If Ax is the error of measurement of an electron's 
position, and IIp is the error of the measurement of its momentum, then the 
product of these errors can never be reduced below an amount determined by 
Planck's constant h: 

The more accurately you measure the position of an electron, the less accu
rately you can measure its momentum. Since linear momentum is the product 
of mass times velocity, this is equivalent to saying that you cannot simul
taneously give the location and velocity of a particle. A similar limitation 
applies to measuring the energy of a particle and the time interval during 
which it bas that energy. These limitations undercut the determinism that was 
implicit in Newtonian mechanics, since they place a bound on the extent to 
which the motion of very small particles can be predicted. 

According to Bohr's principle of complementarity, proposed in 1927, the 
wave and particle descriptions of matter are equally good, even though they 
might seem incompatible to a Newtonian. He attempted to elevate the use of 
incompatible sets of descriptions to a general principle of scientific practice, 
but complementarity bas remained obscure. Jammer (1966) finds its origins in 
the idealist philosophy of Bobr's friend Harald H6ffding. According to ideal
ism, the world is essentially mind-dependent. Some physicists have given an 
idealist interpretation of Heisenberg's uncertainty principle, saying that the 
impossibility of measuring the exact location and momentum of a particle 
means that it does not really have these properties lllltil we choose to measure 
one of them. 
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Claims about the mind-dependence of the world are not new. Kant (1965) 
claimed to be enacting a "Copernican revolution" through his doctrine that the 
mind makes a priori contributions to the understanding of experience. but his 
was if anything a ''Ptolemaic revolution," putting humans back at the center 
of the knowable world. The Copenhagen interpretation of quanbun theory is 
similarly Ptolemaic, in contrast to the trend from Copernicus through Darwin 
and Einstein to remove humanity from the center of existence. There is a 
sharp contrast between Einstein's relativity principle, which says that the 
laws of physics are not relative to people's frame of reference, and the Copen
hagen interpretation's emphasis on the dependence of reality on observation. 
But there are other interpretations of quanbun theory besides the Copenhagen 
version, which is not required for the explanatory application of the theory. 

As with relativity theory, it is possible to minimize the extent of the difference 
between quanbun theory and classical physics by looking only at simple 
mathematical relations. Consider the last two equations. If the value of 
Planck's constant II were 0, then the significance of both de Broglie's wa~ 
length equation and Heisenberg's uncertainty principles would disappear. 
Particles would have 0 wavelength and there would be no limit to the extent 
to which the error in measuring both position and momentum could be re
duced. Moreover, since II is so small, for objects of everyday experience it bas 
essentially no relevance. Just as classical physics survives relativity theory if 
one avoids very fast or very large objects, so classical physics survives quan
bun theory if one avoids very small objects. It would be a mistake, therefore, 
to say that quantum theory replaces classical physics. 

But it would also be a mistake to say that quantum theory simply extends 
classical physics, since there are definite inCOmpaboilities. We find associ
ated with quantum theory such radical pronouncements as that light is a parti
cle and that particles have wavelength, both flying in the face of the nine
teenth-century framework of classical physics. As with relativity theory, the 
relation between quantum theory and classical physics is best described as 
sublation, as both a rejection and a preservation. The preservation coDSists in 
explaining why classical physics works so well in its appropriate sphere, but 
the cancellation consists in proposing new principles organized into a differ
ent and incompatible conceptual system. 

The classical view distinguished between two distinct kinds of entities: 
matter formed of atoms, and radiation of different kinds differing only in 
wavelength. Starting with Thomson's discovery of the electron and moving 
through all the developments of quantum theory, the simple kind-relations 
and natural part-relations of classical physics were radically altered. Consider 
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first the part-relations and the concept of an atom. The concept of the atom as 
the fundamental constituent of matter originated with the ancient Greek phi
losophers Leucippus and Democritus; the word "atom" derives from the 
Greek word meaning indivisible. The concept of the atom was not part of the 
eighteenth-century chemistry of Lavoisier or the pblogiston theories, but be
came influential early in the following century through the work of John Dal
ton. Through the work of Thomson, Rutherford, and Bohr, the concept of an 
atom was changed from assuming an indivisible whole to a nonfundamental 
entity consisting of parts: a nucleus with orbiting electrons. Bohr's introduc
tion of quantum levels for the electrons took the concept of an electron a 
substantial step away from Rutherford's visualizable planetary system, and 
subsequent developments in quantum theory have proceeded without any 
simple physical picture. The components of the atom, including the nucleus 
with protons and neutrons, and electrons operating at various energy levels, 
do not bear to the atom the part-relation familiar from everyday life. Ad
vanced physics students are warned not to attempt to visualize the atom as a 
core nucleus with orbiting electrons. The early developers of the theory of 
atomic structure, Thomson and Rutherford, produced a less radical kind of 
conceptual change, part-whole decomposition. But later mathematical treat
ments of atoms appear to alter standard notions of part-relations, producing 
the conceptual change I have called ttee switching. 

Part-relations are also disturbed by Heisenberg's uncertainty principle, 
which affects our basic concepts of space and time. De Broglie (1953, 178) 
wrote that with wave mechanics we can no longer avail ourselves without 
precautions of the notions of a position, velocity, and trajectory of a particle. 
We saw that relativity theory required amalgamation of Newtonian ideas 
about space and time into space-time, but even in space-time objects have a 
definite location along the four dimensions. Heisenberg's uncertainty princi
ple can be interpreted as saying that a particle has no definite position until 
it is observed, or less idealistically as saying that its position is inberendy 
statistical. Bither way we abandon the classical commonsense view of parti
cles having a definite place in space and time. Similarly, the notions of part 
and whole become more indeterminate than they were classically, since spa
tial and temporal parts are no longer absolutely determinable. 

Einstein and other physicists rejected the indeterminism that Heisenberg 
and others saw as essential to quantum theory. There are reasons for this 
rejection that go beyond mere questions of part-Whole relations. Einstein's 
metaphysical view of the universe as a whole prevented him from accepting 
the consequences of quantum theory concerning uncertainty. Most physicists, 
however, were more ftexible and it did not take long for the fundamental 
notions of quantum theory to be established. 

Another major conceptual change associated with quantum theory involves 
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the concepts of wave and particle. The wave-particle dichotomy bad been an 
issue ever since the Greek Stoic Chrysippus first developed the wave theory 
of sound around the third century B.C. In the seventeenth century, Christian 
Huygens argued, by analogy with sound, for a wave theory of light. But New
ton's particle theory of light dominated until Thomas Young and Augustin 
Fresnel established a more sophisticated wave theory of light in the first half 
of the nineteenth century. Maxwell unified the wave theory of light with Far
aday's field theory of magnetism, producing the concept of electromagnetism. 
Within Newtonian mechanics, however, objects such as the planets were 
treated essentially as point masses, corpuscles with nothing in common with 
phenomena of light or magnetism. Hence Einstein's hypothesis that light is 
quantized and de Broglie's suggestion that particles have wavelengths repre
sented major alterations in the kind-hierarchy of classical physics. Both 
Bobr's complementarity principle that waves and particles are incompatible 
but equally admissible ways of viewing phenomena, and the less idealistic 
view that particles such as electrons are neither waves nor particles but re
quire a new category, imply that the neat classical taxonomy of entities into 
waves and particles bas foundered. A wave can be understood, not as a c0n

crete thing like water waves, but as anything that satisfies a wave equation. 
Electrons are particles obeying Scbriklinger's equation, whose solution is a 
wave. Students still have difficulty trying to conceive of something as both a 
wave and a particle, but the large amount of experimental evidence for quan
tum theory suggests strongly that the old sharp wave/particle distinction is 
gone for good. 

Despite the major conceptual changes that it required, quantum theory gained 
general acceptance. By 1920, the quantum ideas of Planck and Einstein had 
generally been accepted (Holton and Brush 1985,491), and the new quantum 
theory came to dominate physics in the 19305. It explained numerous p. 
nomena that classical Newtonian physics could not: the disuibution of eDeqy 
in the spectrum of blackbody radiation, the pbotoelecuic effect, the stability 
of atoms, the discrete spectrum of hydrogen, the diffraction of electroDS, and 
so on. Quantum electrodynamics, developed in the 1940& and 19SOs, suc
ceeded in explaining cosmic ray showers, the anomalous magnetic moment of 
the electron, superconductivity in metals, the superftuidity of helium, and the 
quasi-stable configuration of an electron and positron (Bynum et ale 1981. 
354). It would be informative to trace out bow the different principles of 
quantum theory, including quantum electrodynamics, are used in the explana
tions of the many important pbenomena they explain. 
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Quantum theory should be seen as sublating Newtonian physics ratberthan 
supplanting iL Numerous changes in kind-relations and part-relations were 
required in the development of quantum theory, but it did not cballenge the 
applicability of Newtonian mechanics to everyday objects with mass much 
greater than Planck's constanL In contrast to phlogiston theory, creationist 
biology, earth contraction theory, and AristotelianlPtolemaic physics, Newto
nian physics, in its restricted and modified form, remains part of current sci
entific doctrine. 

8.5 FORCES, QUARKS, AND SUPERSTRlNGS 

Relativity theory and quantum theory were established more than fifty years 
ago, and obViously much has happened in physics since. Several develop
ments are particularly interesting for conceptual change. 

The Bohr atom consists essentially of a positive nucleus and electtoDS. In 
1932 James Chadwick discovered the uncharged particle the neutron, divid
ing the nucleus into positive protons and neutrons. In the same year, Paul 
Dirac's hypothesis of the positron, or positive electron, was confirmed exper
imentally. A proliferation of so--called fundamental particles followed: the 
neutrino, the muon, and dozens more. To bring order to the mounting chaos, 
MUIT8Y Gell-Mann and George Zweig proposed that many of these particles 
were made of still smaller particles called quarks. On the current view parti
cles divide into two kinds: hadrons, such as the proton and neutron, which 
consist of quarks; and leptons, such as electrons, which are indivisible (Da
vies 1989). All matter is made of quarks and leptons. The kind-hierarchy of 
kinds of particles bas expanded dramatically in the past few decades, and a 
new layer in the part-hierarchy has added quarks as parts of particles previ
ously taken to be fundamental. The concept of particle has thus acquired both 
new kinds (hadron, lepton, and the more than a hundred particles classified 
under them) and new parts, the quarks. Hadrons are divided into mesons, 
which have only one quark, and baryons that have three. However, a prolifer
ation of varieties or "flavors" of quarks has made some theorists suspect that 
they are not fundamental either. 

Whereas classical physics postulated two kinds of force, gravitational and 
electromagnetic, current theory postulates two additional kinds operating at 
the subatomic level. The "strong" force binds badrons such as neutrons and 
proto,ns together, while the "weak" force is involved in radioactive decay. We 
thus have a differentiation, in the sease of Chapter 3, of the concept of force. 
Theorists, however, have been laboring to unify the four fon::es in a so-called 
Grand Unified 1beory. So far, the electtomagnetic and weak forces have been 
shown to be fundamentally the same, with coalescence producing the concept 
of the electl'OWeoJc force. But unification with the gravitational and strong 
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forces has eluded scientists' attempts. In the history of the concept of force, . 
we see a series of differentiations and coalescences, and a grand unified the
ory would provide the ultimate coalescence. 

I described general relativity and quantum theory as the two cornerstones 
of twentieth-century physics, but theorists have been frustrated in their at
tempts to integrate the two. According to Edward Witten, ''the basic problem 
in modem physics is that these two pillars are incompatible. If you try to 
combine gravity with quantum mechanics, you find that you get nonsense 
from a mathematical point of view. You write down formulae which ought to 
be quantum gravitational formulae and you get all kinds of infinities" (Davies 
and Brown 1988,90). He advocates a new approach, string theory, to try to 
overcome the inconsistency between gravity theory and quantum mechanics. 
There are no special phenomena that sbing theory is supposed to explain, so 
its development is clearly coherence-driven rather than data- or explanation
driven. Witten compares attempts to reconcile relativity and quantum theories 
to the attempt by Einstein to reconcile Newton and Maxwell. Because string 
theory is in the early stages of development, we have no way of knowing if it 
will indeed provide a new synthesis that will sublate relativity and quantum 
theories. But if it succeeds, sbing theory will not simply be an extension of 
those theories, since reconciling them will require substantial conceptual 
change. According to the new views, an electron is not a particle, but a little 
vibrating sbing operating in extra dimensions that make sense of its gravita
tional field. Conceiving of electrons as strings and space-time as having ten or 
more dimensions means that acceptance of sbing theory would bring with it 
major changes in kind-hierarchies and part-hierarchies. Some theorists have 
complained that supersbing theory as yet makes no new predictions testable 
by experiment, but bringing coherence to quantum and relativity theories is a 
laudable goal in itself. Increases in explanatory coherence from new evidence 
often take a while to develop, as with general relativity. Physical experiments 
are becoming more and more expensive to perform as ever higher energy 
levels are required, but there is no reason to believe that physics bas seen its 
last conceptual revolution. 

8.6 SUMMARY 

The development of physics from Aristotle to relativity and quantum theories 
has required substantial changes in concepts such as force, gravity, mass, 
planet, wave, and particle. Copernicus supplanted Ptolemaic astronomy with 
a broader and simpler explanatory system. Newton completed the demise of 
Aristotelian physics by developing a highly unified theory that explained both 
terrestrial and celestial phenomena, and he supplanted Descartes's vortex the
ory of gravity. In the twentieth century, the relativity and quantum theories 
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showed the inapplicability of Newtonian theory to objects that are very mas
sive, small, or fast-moving. The revolutions produced by these theories were 
more cumulative than other scientific revolutions, but they still involved con
siderable conceptual change and rejection of previously held views. In all four 
revolutions in physics, the replacing theory had greater explanatory coherence 
than the one it replaced. 
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Revolutions in Psychology? 

THB previous chapters have analyzed seven revolutions in the natural sci
ences, covering physics, chemistry, biology, and geology. Each revolution 
has naturally been described in terms of changes in conceptual hierarchies 
produced by the acceptance of a new theory with greater explanatory coher
ence than the old. New theories brought with them major conceptual re0rga
nizations. The question naturally arises whether the same sort of analysis 
appUes to developments in the socia1 sciences: psychology, economics, poU
tics, sociology, and anthropology. Examination of the recent history of psy
chology suggests that conceptual change in the natural sciences differs from 
that in the social sciences, which have not yet developed to the point where 
they have a coherent unifying theory to be overthrown. 

The main topics of this chapter are the two major developments in twenti
eth-century psychology, behaviorism and copitivism. Writers often refer to 
the "cognitive revolution," and histories sometimes also refer to the "behav
iorist revolution" that preceded it. Although both developments involved 
conceptual change, they differed from revolutions in the natural sciences. 
Behaviorism and cognitivism are better described as competing appmtlChtJs 
than as competing explanatory theories. Their adoption was more the result of 
methodological considerations than evaluations of explanatory coherence. 

9.1 APPROACHES, FRAMEWORKS, AND TBEORDS 

ECHO analyses in previous chapters have shown how theories, understood as 
coherent collections of hypotheses, serve to explain a broad range of empiri
cal generalizations and facts. Psychology has not yet achieved a unifying 
theory comparable to Newton's mechanics, Lavoisier's oxygen theory, or 
Darwin's theory of evolution by natural selection. Despite the undeniable 
advances in the understanding of human thinJdng made in this century, we 
still lack a unified theory that explains a wide range of phenomena. Apple
ciation of this fact is crucial for understanding the conceptual developmeDt 
of modem psychology, so a short diversion is necessary to make clear the 
differences between theories, empirical generalizations, frameworks, and 
approaches. 

An approach is a general collection of experimental methods and. exp~ 
tory styles. Approaches are thus much more general and. diffuse than theories 
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that explain identifiable sets of facts. Psychology has seen several major ap
proaches in its briefhistory since the first psychology laboratory was founded 
by Wilhelm Wundt in 1879. Wundt and his American disciples such as Ed
ward TItchener are called introspectionists, since their primary experimental 
method consisted in having people report their mental.experiences. When 
J. B. Watson proposed behaviorism in 1913, he explicitly rejected this 
method, arguing that psychology should concern the objective observation of 
behavior, not the subjective introspection of experience. In the mid-19SOs, 
cognitivism relegitimated the discussion of mental representations and pr0-
cesses and the performing of experiments that addressed questions about such 
nonobservable constructs. 

Within a single approach, there can be various frameworks for investigat
ing the phenomena deemed relevant by the approach. B. F. Skinner, for exam
ple, developed a framework for psychological investigation that relied more 
on his notion of operant conditioning than on Pavlovian conditioning, which 
was Watson's principal investigative technique. (These concepts are dis
cussed below in section 9.2.1.) Within cognitivism today, there are a variety 
of frameworks, including the interpretation of the results of psychological 
experiments in terms of mental representations involving rules. In section 
9.3.4 I shall characterize connectionism as another framework within the cog
nitivist approach. Although frameworks are more specific than approaches, 
they are still much vaguer than theories that have identifiable hypotheses and 
ranges of explanation. As I use the terms, a theory can be part of a framework 
that assumes an approach. 

We also need to distinguish between theories and empirical generaliza
tions. Some psychologists use the term "theory" very loosely, encompassing 
any general belief that ordinary people might have. My usage is more specific 
and more compatible with usage by natural scientists and philosophers of 
science. In physics, for example, we speak of Kepler's Imvs, but Newton's 
theory. Kepler's laws are empirical generalizations that summarize observa
tions of planetary motion. In contrast, Newton's principles go well beyond 
observables with theoretical hypotheses such as that there is a force of gravity 
between any two objects. Similarly, Darwin's postulation of natural selection 
involved a nonobserved process that served to explain a wide range of empir
ical generalizations such as those concerning the fossil record. Figure 9.1 
concisely depicts the kind-hierarchy of representations I have in mind Theo
ries are not simply sets of propositions, but sttuctures encompassing concep
tual relations and past problem-solving successes in addition to hypotheses 
(Thagard 1988; section 4.4 above). Hence theories have both propositional 
and nonpropositional representations as parts. By "proposition" I mean a 
mental representation similar to a sentence (section 2.3). Some sentences de
scribe particular facts, such as that Lassie the dog has fur. Generalizations are 
universal statements, for example that all dogs have fur. In AI systems, gener-
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particular facts complex structures 

I 
theoretical hypotheses 

Figure 9.1. Taxonomy of representations. Sttaight lines indicate kind
relations, except for the part-relation labeled "Po" 

alizations are usually represented by rules (section 2.S). Some generaJ.i.zatioDS 
do DOt merely summarize observations but instead use theoretical concepts to 
provide explanations. Not shown in Figure 9.1 are other kinds of DOnproposi
tional representations, such as pictures and the distributed representations dis
cussed in section 9.3.4. 

Psychology has witnessed few attempts at general theories such as CIa't 
Hull's learning theory discussed below. Cognitive psychology has local the0-
ries that postulate DOnobservable representations and information-processing 
mechanisms to explain experimental results; the results explained are DlOIe 

commonly called. "effects" than generalizations. But DO precise tbeory that 
serves to unify and explain a wide range of experimental results has emerpd. 
In looking at behaviorism and cognitivism, we will see important con.ceptual 
changes, even in the absence of unifying explanatory theories. Of pMlicular 
interest will be the relation between behaviorism and cognitivism, and the 
relation each has to the commonsense psychology of ordinary people. 

,.2 BEBAVIOllISM 

9.2.1 TIN Onelop"'" 0/"""""'" 
An early textbook by a prominent American psychologist gives the ftavor of 
the approach to psychological research against which the behaviorists Ie

belled. "Psychology is commonly defined as the science of consciousness. ••• 

I A fuller bistodcaI accouat would dI8ca&s maay IDIIta:I omiIted hIn.1IiIKdDI of.,.,... 
OIY cIiadDpish the .. strac::taraIi8t approach ofWadtaad 11tcheaer.~ pi WIt to 4iIcow:r 
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Mental facts, or facts of consciousness, constiblte the field of psychology •••• 
The fundamental psychological method is introspection ..•• As a psychologi
cal method it consists simply in the direct examination of one's own mental 
processes" (Augell 1908, 1-5). The founder of behaviorism, J. B. Watson, did 
his early research with animals, particularly rats running JI)8ZeS. He inverted 
the introspectionist's transfer of notions of consciousness to animals by deny
ing that the topic of consciousness is relevant even to the psychology of hu
mans.1n his original manifesto, "Psychology as the Behaviorist Views It," he 
advocated the "elimination of states of consciousness as proper objects of 
investigation" (Watson 1913, 177). The goal of psychology is merely the 
"ascertaining of such data and laws that, given the stimulus, psychology can 
predict what the response will be; Of, on the other hand, given the response, 
it can predict the nature of the effective stimulus" (Watson 1917, 337). Aban
donment of the method of introspection also meant abandoning concern 
with consciousness, sensation, perception, attention, will, image, and the Uke 
(Watson 1929, xii). Watson did not completely abandon other concepts such 
as thinking and memory, but redefined them so as not to refer to the inner life 
of the person. Thinking, for example. was redefined as "subvocal talking" and 
memory became the retention of bodily habits. 

According to Watson, psychology was concerned only with empirical laws, 
not with explanatory theories. He urged: "Let us limit ourselves to things that 
can be observed, and formulate laws concerning only those things" (Watson 
1959, 6). Psychology should study learned acts called habits; a principal 
means by which habits are acquired is the conditioned reflex described by the 
Russian psychologist Ivan Pavlov. Here one stimulus comes to stand for an
other that had originally initiated a reftex response, as when a bell comes to 
stand for food and evokes salivation. Behaviorist psychologists, however, 
were not limited to studying conditioned reflexes, since they could also ob
serve verbal reports and the results of psychometric tests. For Watson, the 
study of verbal reports differed from the introspection of prebehaviorists, 
since such reports were simply understood as behavior. Verbal reports were 
just data to be analyzed, not direct descriptions of anything mental. 

Watson's research cmeer ended in the 192Os, after he was fired from Johns 
Hopkins for an affair with a graduate student Bven with him on the sidelines. 
many psychologists moved more and more away from introspection and in-

the structure of mental experience, from the "'fancdoDaIist" approach tbal orip.ated with Wil
liam James and Jobn Dewey. Tbe latter maplwiml the biolosical fuactioDa of the miDd ia 
CODCroIling behavior. andlhu can be viewed • a pa:cunor to bebniorism, aJdaoup it did IIOl 
eschew iaIrospec:Iioo. James advocatecl1lliag iIdrospecIioD to describe mental pIIeaomeDI. bat 
also atfelDpfecl to pve evolutiODll)' ex.plaaatioa of .... pinomeN ia __ ofthc:irfuacdolll. 
My desc:dpdoa of the rise aad cbDiaaDce of bebaYiorilm primufly de8cribes the American 
sceae.lDEumpe. wbae psycbolopls socia. BaadeU, ...... and ~wemiaflaendtl, 
behaviorism did DOt ndp • it did ia tile Uaited States. 
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creasingly toward the "objective" study of bebavior. R.eseareh on animals. 
which was peripheral when Watson began his career, moved to the center of 
experimental psychology. By the 19305, behaviorism was established as the 
dominant approach in American psychololY. Clark Hull was the most inftu ... 
ential behaviorist of the 19305 and 19405, while B. F. Skinner rose to promi ... 
nence later. 

Whereas Watson recommended merely forming laws about stimuli and 
responses, Clark Hull modeled his theoretical efforts after Newton. He 
viewed 8 theory as "8 systematic deductive derivation of the secondary princi ... 
pies of observable phenomerul from 8 relatively small number of primMy 
principles or postulates" (Hull 1943, 2). Hull allowed the postulation of inUr. 
vening· variables between observable stimuli and responses, offering the 
schema: 

S -+s-+r-+R 

where the small "s" and "r" are neural processes relating the stimulus S and 
the response R. Laws relating S and R are to be expressed in terms of Wit 
strength. Increases in babit strength are the result of the reinj'ore..." of the 
response under appropriate conditions. Although Hull was methodologically 
much more sophisticated than Watson and saw the need for psychology to 
bave 8 general unifying theory, the theory he proposed was UDSUCCeIIfu1, 
even by behaviorist standards. A host of experimenters failed to get the expa: ... 
imental results predicted by the theory, which became increasingly complex 
as it had to be altered in an attempt to deal with anomalies. Hull's attempt to 
become the Newton of psychololY was 8 failure. 

Skinner's approach was 8 throwback to Watson's. Eschewing Hull's the0-
retical apparatus, he retomed to the project of finding empirical generaliza
tions that relate stimuli and responses. With Watsonian vehemence., be c0n
tended that imler states bave DO place in psychology. (In fact, Skinner's 
approach was even more extreme than Watson's, since it did not allow the 
discussion of thought in tenDS of subvocal speech.) At the center of psychol-
01Y was the study of learning, understood as the "rcassortment of responses 
in 8 complex situation" (Skinner 1953,65). Skinner distinguisbed opeTtlllt 
conditioning from Pavlovian conditioning in which stimuli are paiIed. In 
operant conditioning, the experimenter waits for an animal spontaneously to 
show 8 desired response that is then reinforced. For Skinner even more than 
Watson, tblnking, reasoning, and emotion are fictional causes that need not be 
postulated. in the scientific study of behavior. As with Hull's ideas, Skinner's 
views led to much experimentation, most of it with animals. Not all psycholo
gists who considered themselves bebaviorists were as theoretically abstemi
ous as Skinner and Watson. Edward Tolman (1932) saw DO problem with 
discussing animal behavior in terms of purpose and cognition, so long 88 
these were IeinterpJeted iD behaviorist terms. 
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9.2.2 Belumorislll tuUl COlleq""" Cluuage 

People are aU psychologists in their ordinary lives, in that everyone makes 
genera1izations about and tries to explain the actions of other people. Embed
ded in our everyday belief system is a rich anay of genera1izations and ex
planatory assumptions. For example, I may explain a friend's agitation using 
the knowledge that she is writing her dissertation and the inference that she is 
anxious about finishing in time. I attribute to her the mental state of anxiety 
which is not directly observable. Such attributions are theoretical in the same 
way that postulation of electrons is theoretical, although physics is much 
easier than commonsense psychology to boil down to explicit explanatory 
hypotheses. It would be a daunting task to write down even some of the gener
alizations that people use in explaining the behavior of themselves and others. 
Social psychology has barely scratched the surface in investigating the beliefs 
that we use in accounting for people's actions, although there is a growing 
consensus that the domain is one of rich causal knowledge. Wellman (1990) 
provides a useful outline of commonsense psychology. 

Much of prebehaviorist psychology is a systematic extension of common
sense psychology. Although it had a physiological side and introduced n0-

tions like stimulus and response that are not part of commonsense psychol
ogy, most of introspectionist psychology was compatible with what ordinary 
people believe about the mind. Books like AngeU (1908) and James (1961) 
had chapters on such topics as perception, imagination, memory, feeling, and 
reasoning, with insights that surpassed those of commonsense psychology but 
certainly did not supersede them. Behaviorism, in contrast, involved a mas
sive rejection of commonsense psychology along with introspectionism. It of 
course also rejected theoretical constructs that went beyond commonsense 
psychology, such as the Freudian unconscious. 

Behaviorism is more noteworthy for conceptual deletions than for addi
tions. The basic concepts of behaviorism-stimulus, response, conditioning, 
reinforcement-were already part of psychology through animal research by 
Pavlov, Thorndike, and others. What was radical about behaviorism was the 
claim that the range of these concepts could be extended to cover humans and 
could obviate the concepts of commonsense psychology. The polemics of 
Watson and Skinner advocate jettisoning such staples of commonsense psy
chology as consciousness, will, imagination, and so on. RUminated with them 
would be the vast parcel of explanatory genera1izations concerned with men
tal states. Never in the history of science has conceptual extinction on such a 
vast scale been attempted. 

Behaviorists did not, however, reject aU the concepts of commonsense and 
introspectionist psychology, since some could be reinterpreted in behaviorist 
terms. 'Ibis reinterpretation often involved branch jumping, in which mental 
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states and processes are recategorized as kinds of observable behavior. For 
Watson, thinking ceased to be a kind of mental activity, and instead was 
classified as a physical response. Language became a kind of verbal behavior 
instead of a kind of knowledge and mental processing. Learning, which dic
tionaries define in mental terms as an increase in knowledge or understanding, 
became a reassortment of responses. Thus the mental concepts of introspec
tionism and commonsense psychology that were not simply deleted under
went reinterpretation and reclassification within the restricted behaviorist 
conceptual framework of stimuli and responses. 

Whereas behaviorism bas a limited kind-hierarchy, classifying concepts as 
responses, habits, and so on, it rejects a concept of mind or mental process 
that has parts. A Freudian organization of mind into conscious and uncon
scious, or Id, Ego, and Superego, was unthinkable. Hence 810ng with the large 
catalogue of mental activities that are part of commonsense psychology, b&
haviorism rejected the organization of these into part-hierarchies, eliminating 
an entire potential tree of concepts. 

Behaviorism might have been true. The behavior of humans and other anim81s 
might have been subject to simple principles statable in terms of stimuli, 
responses, and reinforcement schedules. If the conceptual system advocated 
by Watson and extended by later behaviorists had been adequate to explain all 
human behavior, it would have been one of the greatest scientific successes of 
aJI time, parsimoniously covering an enormous range of actions. But as the 
collapse of Hull's theoretical program showed, the behaviorist conceptual 
system was inadequate even for animal learning. Today, even Pavlovian con
ditioning is understood in terms of the expectations and internal representa
tions of animals (RescorIa 1988). Rats, let 810ne people, turned out to be a lot 
more complex than the behaviorists expected 

Commonsense psychology has an enormous explanatory range, covering 
much of human behavior. For almost any human action, we can generate 
explanations: 

He yelled at her because he was DUKI. 
She stayed with him because she loved him. 
He used insider information because he thought he could pt away with It. 

Although the coverage of commonsense psychology is great, it is sadly Iack:
ing in simpHcity and unification, as these terms were expHcated in Chapter 4. 
The number of explanatory principles seems to be a1most as peat as the num
ber of behaviors. BnJlisb contains thousands of terms describing traits, sucb 
as "brave," "genemus," and 80 08. We use these terms Jl,'8tUitously, saying 
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that she fought fiercely because she was brave, or that he gave to the poor 
because he was generous. The behaviorists argued that such explanations are 
trivial redescriptions of the actions they explain. Commonsense psychology 
has thousands of mles that can contradictorily be fitted to almost any situa
tion: baste makes waste; he who hesitates is losL In contrast, behaviorism 
offered the possibility of simple explanations, but failed to give a unified 
description of the behavior of animals and humans because it explained SO 

little. 
In every revolution in the natural sciences, a new theory replaced or 

sublated a previous one because of greater explanatory coherence. It would 
be pointless, however, to try to do an ECHO analysis of behaviorism versus 
introspectionist or commonsense psychology. The prebehaviorist views did 
not constitute a unified theory with an identifiable set of hypotheses and 
evidential applicatioDS. Rather, they were (and are) a very large and amor
phous set of propositions about human behavior and thinking. The preference 
of Watson and Skinner for low-level empirical laws rather than unified the0-
ries also tends to impede ECHO analysis. Hull's intentionally NewtoDian 
approach could be analyzed in terms of explanatory coherence, but his crude 
use of pseudo-mathematical formulas and the failure of experiments sug
gested by the system makes a full analysis pointless. Ftw:dman (1991) has 
usedBCHO to analyze the debate between Hull and Tolman conceming latent 
learning. 

So why did behaviorism come to dominate American experimental psy
chology? Behaviorism did not supplant introspectionism because of greater 
explanatory coherence, so why had so much ofpsycbology turned behaviorist 
in the 1930s? Behaviorism, understood as an approach rather than as a theory, 
appealed for a variety of methodological reasons. The call to studying "objec
tive" behavior rather than "subjective" experience made psychology sound 
more scientific. Moreover, the behaviorist research prosram gave psycholo
gists lots to do. Academic industries grew up around the testing of Hull's 
learning theory and Skinner's operant conditiOning. Scientists tend to move in 
directiODS where there seems to be interesting research to be done. Behavior
ism is sometimes blamed on the logical positivists who dominated philosophy 
of science from the 19308 to the 19SOs and shared the behaviorists' distaste 
for occult entities. But the behaviorists who were most directly influenced by 
the logical positivists, Hull and Tolman, were more methodologically sophis
ticated than Watson or Skinner. Behaviorism did DOt derive from logical pos
itivism, although the two movements often found common cause (Smith 
1986). 

From the perspective of conceptual change alone, there wtU a behavioral 
revolution, since the conceptual system changed dramatically with the dele
tion of many mentalistic concepts and the reinterpretation of others in ex-
1Iemely revised kind-hierarchies. There is DO point quibbling over the term 
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"revolution," but it is crucial to keep in mind the difference between the as
cension of behaviorism and the revolutions in the natural sciences. The rise of 
behaviorism consisted of the adoption of an approach for largely methodolog
ical reasons, not the acceptance of a theory for reasons of explanatory coher
ence. And so did the rise of cognitivism. 

,.3 COGNlTIVISM 

9.3.1 TIle De .. ., .. ", tI/ CogJJitml .. 

Behaviorism was not completely successful in banishing the mind from psy
chology. Tolman called himself a behaviorist, but had to witbstand criticism 
from his peers for employing concepts such as purpoae and cognititle IIItJP in 
his accounts of animal behavior. Behaviorism dominated the United States in 
mid-century, but abroad the study of cognition continued, for example in Jean 
Piaget's resean:h on child development in Swit7aland, Frederic s.tIou'. 
work on memory in England, and the growth of Gestalt psychology bt Ger
many. Even in the United States, social psychology remained a copitive 
island in a behaviorist ocean, since leading figures such as Kurt Lewin and 
Fritz Heider felt free to discuss cognitive structures and processes. Nevertbe
less, in most psychological cln:les, behaviorism was the dominant approach 
into the 19SOs. 

The resurgence of cognitivism, and the rise of what is now called cognitive 
science, can be ttaced to three events in 1956 and 1957 (Gardner 1985; Burs 
1986). In 1956, the psychologist George Miller published his inftuential paper 
on '9fhe Magical Number Seven, Plus or Minus Two," which provobd new 
ways of looking at the structure of information. And A1Ian Newell ad Her
bert Simon announced their development of a computer program that proved 
theorems in logic. The following year, linguist Noam Chomsky's boot Syn
tactic Stnlctllres gave rise to an approach to linguistics and the psychology of 
language very different from that of the behaviorists. I shall provide oaly 
enough of a sketch of the development of cognitivism to set the stage for 
discussion of the conceptual changes it involved. 

Since the concept of info1'1lUJtion has been so important to cognitivism, let 
us begin with the communication-theoretic notion of information developed 
by Claude Shannon (Shannon and Weaver 1949). Information here is a:prop
erty of a signal, as expressed by the equation: 

l(s) = log J/p(s). 

The information carried by a signal s is the logarithm (to the base 2) of the 
recip:ocal of the probability of s, so that the signal is deemed to catry men 
information the less probable it is. The use of base 2 logarithms means that 
information can be measured. in bits. This notion of information has virtually 
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ceased to be employed by psychologists, but has recently been put to episte
mological use by Fred Dretske (1981). 

In psychology, information theory using the communication notion of in
formation was inftuential in the early 19505, but the prospects of applying the 
mathematical notion of information waned with Miller'6 (1956) seminal 
paper. Miller drew together numerous studies that showed that the channel 
capacity of human thinking seemed to be limited, with short-term memory, 
for example, restricted to around seven items. How, then, can people manage 
complex thinking with such restricted channels? Miller proposed that channel 
limitations are overcome because clumks of information, rather than bits, are 
what matter. By recoding stimuli into chunks, people overcome the informa
tional bottleneck. Hence to understand thinking we need to look not just at 
bits of information but at the processes by which they are structured into 
chunks and at the nature of these encodings. 

Around the same time, Newell, Shaw, and Simon (1958) were developing 
what they called an "information-processing" approach to thinking. Starting 
with the Logic Theorist, a program that proved theorems in formal logic, they 
developed ideas about how thinking could be viewed as directly analogous to 
newly developed computer processes. Their sense of "information" has only 
the vaguest relation to Shannon's mathematical notion. Modem cognitive 
psychology is often referred to as "information-processing" psychology, 
again with little relation to the mathematical notion of information. In a recent 
cognitive psychology textbook, John Anderson (1980, 13) characterized in
formation as the "various mental objects operated on." Another textbook sim
ply identifies information with "knowledge." Thus information-processing 
psychology, in keeping with Miller's notion of chunk but not with Shannon's 
mathematical notion, treats information as largely a matter of mental repre
sentation: computational structures in the minds of thinkers. 

Behaviorism was challenged explicitly by Chomsky (1959) in his review of 
Skinner's 1957 book Verbal Behavior, and by Miller, Galanter, and Pribram's 
(1960) book Plans and the Stnlcture of Behavior. Chomsky dissected Skin
ner's attempt to show how the learning and use of language could be under
stood in terms of operant conditioning. He argued that the concepts that Skin
ner introduced to describe me functional relations in verbal behavior were 
either inadequate to characterize human language or, when understood meta
phorically, too vague to illuminate the phenomena. He argued instead that the 
knowledge of language acquired so quickly by a child should be understood 
in terms of a complex grammar, not a collection of associations or habits. The 
problem of understanding language then became a matter of characterizing 
the built-in structure of an information-processing system. 

Central to the discussion of Miller and his co-authors was the concept of 
plan, a hierarchical process in an organism that controls a sequence of opera
tions. Plans were viewed as similar to the programs in Newell and Simon's 
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computational models. Miller and his co-authors argued that the development 
of cybernetic and computational ideas filled a theoretical vacuum between 
cognition and action found in previous cognitive approaches such as 101-
man·s and the Gestalt psychologists. Computational ideas suggested how 
cognitive structures could produce behavior. In place of the conditioned re
tlexes of the behaviorists. Miller et al. posited "test-operate-test-exit" units 
that placed stimuli and responses in feedback units. Plans were postulated to 
playa role in language consistent with ChomskY-s theories. and to playa role 
in problem solving consistent with the theories of Newell and Simon. Newell 
and Simon·s me-based theorem prover was quickly generalized into a theory 
of problem solving applied to several domains (Newell and Simon 1972). 

Behaviorist psychology was heavily oriented toward experiments. and the 
cognitive approach did not abandon this orientation. even though computer 
simulation now offered another method. Psychologists resumed experimental 
investigation of proscn"bed topics such as concept learning. memory struc
tures. and mental imagery. Ulric Neisser·s 1967 textbook Cognitive Psycho~ 
ogy was organized to follow stimulus information inward from the orpns of 
sense. through many transformations and reconstructions. duough to eventual 
use in memory and thought. Three years later the journal Cognitive Psychol
ogy was started. From Newell and Simon·s work.. along with the contem
poraneous research of Marvin Minsky and John McCarthy. grew the field of 
artificial intelligence. While some AI researchers prefer an engineering ap
proach that attempts to make computers intelligent independent of how 
human thinking works. cognitive modeling remains a vibrant approach in AI. 
In the mid-I97Os, the term "cognitive science" was coined to refer to the 
interdisciplinary effort---embracing psychology. artificial intelligence. lin
guistics. neuroscience. anthropology, and pbilosophy-to understand the 
Am~and~ofthemin~ 

The most successful AI research in the 19605 was a continuation of Newell 
and Simon's me-based approach and its extension-to the development of the 
first expert systems. In the 19705, an alternative approach to processing infor
mation arose based on more concept-like structures, the frames of Minsky 
(1975) and the scripts of Schank and Abelson (1977). The related psycholog
ical notion of a schema came to play a large role in psychological theorizing. 
By far the most striking development in cognitive science in the 1980s bas 
been the growth of connectionist models. Connectionism is viewed by some 
supporters as a revolutioawy supersession of cognitivism. and by some critics 
as a duowback to behavi01'isln. but I see it as a framework within the cognitiv
ist approach. 

Much fuller histories of the development of cognltivism than this brief 
sketch are available (Gardner 1985; Baars 1986). But let us now turn to anal
ysis of the rise of cognitivism in tams of conceptual change and explanatory 
coheIence. 
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It might seem that the revival of cognitivism marked a return to commonsense 
psychology. Cognitivism is certainly closer to everyday psychology than be
haviorism, since it allows use of terms like "thinking" in usages not far from 
their ordinary uses. But cognitivism involves much conceptual innovation 
that takes it well beyond commonsense psychology or introspectionism. The 
concept of information as something that can be processed by a person or a 
computer is a strong extension of the ordinary concept. The concept of infor
mation processing as applied to the human mind is a major innovation. 

Although it has come to dominate cognitive psychology, the information
processing view has not been accepted in all quarters. Ulric Neisser (1976), 
following Gibson's "ecological" approach to perception, has been critical of 
computational models. He prefers to emphasize the presence of information 
in the world, advocating an ecological approach to the study of cognition. 
Similarly, the philosophers Jon Barwise and John Perry speak of information 
as a property of facts or situations (Barwise and Perry 1983). Cognitive sci
ence has thus operated with three notions of information: the mathemati
cal, the processing, and the ecological. The ordinary concept of information 
has thus been differentiated. It makes no sense to ask in the abstract which 
new concept is correct. Ideally, we would like to have a unified theory that 
could show how information can be found in (1) representations in minds 
and computers, (2) the world, and (3) channels of communication between 
minds and/or computers, and from the world to minds and/or computers. 
Such a unified theory would go a long way to providing answers to epis
temological puzzles about how mental representations can possess content 
and be meaningful. 

Perhaps commonsense psychology has a concept of mental representation, 
since ordinary people think of bellefs and desires as things "in the head" that 
relate to the outside world. But the scientific concept of representations in 
computers as well as humans goes well beyond the ordinary concept. Com
parison between humans and computers has allowed theorizing about a vari
ety of complex representations. In artificial intelligence, the two most impor
tant kinds of knowledge structures have been rules and frames or schemas. 
Psychologists have made heavy use of these structures in their cognitive the0-
rizing, as well as a host of other computational ideas: buffers, semantic net
works, heuristics, depth of processing, and so on. Thus there are many c0n

cepts in the cognitive approach that are new with respect to commOll8enae 
psychology and introspectionism, as well as with respect to behaviorism. 

The method of cognitivism is different from that of commonsense psychol
ogy and inttospectionism. Like bebaviorists, cognitive psychologists often do 
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carefully controlled experiments. Sometimes in less controlled experiments 
subjects are asked to think aloud while they solve a problem. but their verbal 
reports are not taken as veridical mental observations, as the introspectionists" 
would have bad it, but as data to be explained by a tbeoJ:y of mental pr0cess

ing. Commonsense psychology is based on unsystematic generalizations 
about other people and ourselves, and is not based on controlled experiments 
or explicit models. 

Compared to behaviorism, cognitivism adds many concepts for describing 
mental structures and processes; but it does not delete most behaviorist con
cepts, although some can be reinterpreted or narrowed in scope. For the high
level cognitive activities ofhumaDS, cognitivism employs a different concep
tual system than the behaviorists, as summarized in Miller (1965, 20): 

If we accept a realistic statement of the problem [oflanguaac], I believe we wiD 
also be forced to accept a more copitive approach to it to talk about hypotbesia 
testiDg instead of discrimiDalion Ieamin& about the evaluation of hypotbeIea 
instead of the reiDf'orcemeDt of n:spoases, about rules instead of babitl, about 
productivity iDStead of aeaaaJizatioa, about iDDate and UDivenal bumaD capacl .. 
des instead of special methods of teachio,g vocal respoosea, about symbols in
stead of CODditioned stimuli, about senteaces instead of wonts or vocal noises, 
about linguistic structure instead of cbaiDs of responses-in short. about Jan .. 
guage instead of leamina theory. 

But for explaining simpler kinds of behavior in humans and other animals, the 
behaviorist vocabulary sti111inds some applications. While denying the UBi
versa! applicability of concepts such as stimulus, response, conditioning, and 
reinforcement, cognitivists nevertheless do not deny their usefulness for some 
kinds of behavior. No one denies that Pavlovian or operant conditioning ex
ists, although it has been reinterpreted in more cognitive terms. Acconliq to 
RescorIa (1988, 153), conditioning "involves the learning of relations amODg 
events. It provides the animal with a much richer representatiOD of the envi
ronment than a reflex tradition would ever have sogested." Holyoak. Kob, 
and N"lSbett (1989) present a model of conditioning as mle learning rather 
than mere adjustmeDt of habit strength. Thus conditioning is absorbed into the 
conceptual system of cognitivism, not deleted. Psychologists no 10oaerpostD
late Hull's intervening varlables for internal stimuli and responses, but these 
can be unde.rstood as a limiting case of the rich sorts of intemal representa
tions that abound in cognitivist theories. 

How are the new concepts of cognitivism orpnized? Tbe most significant 
chanae in kind-hierarchies brought about by cognitivism is the classHication 
ofbotbmiDd and computer as information processen. TbisleOlpDizadonhas 
metaphysical as well as scientific importance. Before the development of 
computers, bebaviotisas bounded cognitivists with the chaqe that useofmen-
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talistic concepts was dualistic, implying a separation between mind and body, 
between the mental and the pbysical. This charge was fair against introspec
tionists like Angell, who indeed saw psychology as haviog a different subject 
matter from the natural sciences. But no one denies that computers are physi
cal entities: if attribution of internal representations and processes to them is 
methodologically admissible, then so should be attribution of representations 
and processes to the brain. Cognitivism brings with it a coalescence of the 
concepts of mind and computer, using the new, higher concept of information 
processor. 

In commonsense psychology, thinking is a kind of mental activity. For 
Watson, thinking was reclassified as a response, subvocal talking. In cogni
tivism, thinking can still be thought of as a kind of mental activity, but for 
theoretical purposes it is also thought of as a kind of computation. On a weak 
interpretation of cognitivism, thinking is seen as analogous to computation, 
but the bolder interpretation claims that thinking is computation. That is not 
to say that thinking is computation as performed by a Turing machine or any 
of the kinds of computers we have available tOday. We are only begiDDiag to 
learn wbat kind of computer the mindlbrain might be. 

Some concepts of commonsense psychology still do not fit well into the 
cognitive conceptual system. Cognitivists allow unconscious processes, but 
there is no established theory of consciousness and its role, if any, in infor
mation processing. It is also not clear how to organize concepts describing 
activities such as th/nldng and leamillg. Rips and Conrad (1989) have otJered 
an analysis of the hierarchical relations of mental activities, claiming that in 
commonsense psychology the kind-hierarchy and part-hierarchy are the same, 
running in different directions. For example, planning is a kind of thinking, 
but thinking is part of planning. Fellbaum and Miller (1990) argue however 
that conceptual organization based on verbs like "think" and "plan" should 
not be modeled using the kind-relations and pmt-relations of noUDS. On their 
analysis, the key hierarchical relations between concepts represented by verbs 
are matmer-ofand entails. Both of these relations form the same bidirectional 
hierarchy. Planning is a manner of thinking, and thinking is entailed by plan
ning. In response, Rips (1990) defends the view that concepts representing 
mental activities are organized by kind-relations and part-relations. 

To sum up, alterations in kind-hierarchies brought about by cognitivism 
include coalescence and branch jumping, as mind and thinking become re
categorized in computational terms. From a purely conceptual point of view, 
cognitivism thus has a mildly revolutionary character, since many concepts 
were added and reorpnized, although cognitivism involves HttIe deletion of 
commonsense and behaviorist concepts. Unlike the seven revolutions in the 
natural sciences, however, we cannot say that the conceptual change was pri
marily brought about by virtue of the explanatory coherence of a new unifying 
theory. 
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I have described cognitivism as an approach, more characterized by methods 
of experiment, computer simulation, and postulation of mental structures and 
processes than by a specific theory. Of course, cognitivists would love to have 
a general theory of mind if they could get one. But there have been few at
tempts to produce an account of a wide range of cognitive phenomena, and 
most of these have been explicidy offered as frameworks rather than theories 
(Anderson 1983; Holland et ale 1986). Newell (1990) argues, however, that 
psychology is ready for a unified theory, and sets forth a candidate based on 
the system SOAR. 

So what is the relation between the various frameworks of the cognitivist 
approach and the frameworks of the behaviorist approach? Behaviorist con
cepts like conditioning have largely been absorbed into cognitivism. But just 
as relativity theory showed Newtonian mechanics to be of unexpectedly lim
ited application, so cognitivism greatly restricts the explanatory range of. 
haviorist ideas. Hence the relation between cognitivism and behaviorism. is 
best described as sublation, since cognitivism incorporates much of behavior
ism while rejecting many of its explanatory claims. Cognitivism also aims to 
sublate commonsense psychology, because it incorporates, at least poten
tially, many of the simple explanatory principles of everyday life, while add
ing a host of computational concepts to the explanatory techniques of every
day life. Cognitive scientists often incorporate these concepts into their 
everyday explanations, saying things like "he's in a loop" or "she's not 
sushi-schematic." But cognitivism does not simply add to commonsense 
psychology, since it occasionally rejects as inadeq. the explanations tbat 
people give. For example, Nisbett and Wilsbn (1977) showed cases where 
people misidentified their own inferential processes, and social psycholopsts 
have found that people tend to overuse personality traits in explaining the 
behavior of others (Nisbett and Ross 1980). Hence we should describe cogni
tivism as sublating commonsense psychology rather than as incorporating it. 

If cognitivism does not contribute a theory whose explanatory coherence 
led to the demise of behaviorism, why did it come to dominate? The answer, 
similar to the answer to the question about the rise of behaviorism, is that it 
appeared to have the promise of greater explanatory coherence. But where 
behaviorism's greater expected coherence over introspectionism came from 
the simplicity of its principles, cognitivism's greater expected coherence over 
behaviorism derived from the much greater potential range offacts explained. 
Behaviorism's early promise to explain a full range of human behavior never 
panned out, so it is not surprising that psychologists turned to a different 
approach with more promising conceptual resources, especially computa
tional ones. Although adoption of a new approach is not cbaracterizable by 
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any process so determinate as found in ECHO, it can nevertheless be rational. 
Explanatory coherence is based on relations of the sort: Hypothesis HI ex
plains evidence E which H2 does not explain. But evaluation of an approach 
is based on the more slippery relation: ApprtJQCh Al looks like it will be able 
to produce a theory to explain E, bill apprtJQCh A2 does not seem poweljul 
enough to produce such a theory. Such judgments are clearly more subjective 
and problematic than ones that rely on the exact comparison of existing ex
planatory theories. But judgments about fruitfulness of different approaches 
must be made, and they can lead to substantial amounts of conceptual change. 
Evaluation of approaches is made on the basis of actual and expected explan
atory coherence. Given the complexity of cognitive phenomena, ranging from 
vision to language to inference, we should not perhaps expect to have an 
overarching cognitive theory, since different processes may require different 
principles. Only further psychological research will determine whether the 
expectations of cognitivism will be fulfilled. 

What strands of explanation are exhibited in psychological explanations? 
Because computational mechanisms are so important in cognitivism, we can 
identify the major strands of explanation as causal and analogical. 1binking 
is explained in terms of structures and processes akin to those found in com
puters. All the other strands of exp1anation-deductive, statistical, ad sche
matic-also tum up in exp1anations in cognitive psychology in minor ways. 
Behaviorist explanations were different. Since behaviOrists like Watson and 
Skinner tended to avoid postulation of causal mechanisms, their explanations 
lacked the causal strand, and of course they had no recourse to computational 
analogies. Since behaviorists often repeatedly applied the same simple pat
terns of stimulus and response to different phenomena, the major strand of 
behaviorist explanations seems to be schematic, although there were undoubt
edly deductive and statistical components as well. 

The most important development in the cognitive sciences in the 19808 was 
the revival of neural-style computational modeling. In the 19508, computer 
simulation of neural networks was a popular line of investigation, but it 
largely died out with the rise of artificial intelligence in the 19608.2 But AI 
was not so dramatically successful as had been hoped. Limitations were evi
dent in all the approaches advocated by AI's founders, including the rules of 
Newell and Simon, the frames of Minsky, and the logic of McCarthy. Psy
chologists and computer scientists began to develop a different style of com
putational model, consisting of units roughly analogous to nemons connected 

2 Pleviously in psychology, TborDd.ike (1949) ~ to himself 18. llcoanectioailt," but tbis 
bad notbiDg to do with aeunI modcliDg: his CODDeCdODl wae betweeD ItimuIi ad IeIpOIIICII. 
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by excitatory and inhibitory links. Applications to interesting cognitive phe
nomena, including vision, semantic networks, and language leaming were 
quickly developed (Hinton and Anderson 1981; Feldman and Ballard 1982; 
Rumelhart and McClelland 1986). 

Some philosophers and cognitive scientists have made strong claims about 
connectionism. We can stereotype two extreme positions: 

1. Connectionist learning models, with their ftwDiJity and resemblance to die 
brai.n. have made traditional AI models obsolete. 

2. ConnectioDism is merely a bunch of imp1emeDtation details, :relevant to 
rmming programs on parallel architec:lure bot suggesting DOtbing iDterestiug 
about the functional architecture of cognition. 

Both these imperialistic positions block the road to promising inquiries. 
Advocates of connectionism claim to introduce a new ''paradigm'' in the 
Kuhnian sense. There are many Kuhnian senses of that term, and connection
ism quali8.es in only some of them. Connectionism is clearly not a theory in 
the sense, of an identifiable set of explanatory hypotheses. Rather, it is best 
characterized as a framework: with novel concepts that function within the 
cognitivist approach. Connectionism is cognitivist in spirit, since it postulates 
mental representations and computational processes, though different ones 
from previous framtworks. 

I see three central concepts in current connectionist research. The first is 
connectionist leaming in which feedback to the output layers of a network is 
used to adjust the weights on the links between units, particularly between the 
hidden units and input or output units (see section 2.4). Although learning of 
weights through feedback is a useful idea, it is hardly new. Acco1ding to 
Rescorla (1988), the delta rule used in back-propagation algorithms is virtu
ally identical to a rule used in accounting for Pavlovian conditiOning. Any 
supposition that such an algorithm is the basis for much human lemdng 
would take us back to J. B. Watson. Undoubtedly. more sophisticated lea'Ding 
algorithms will be developed within the connectionist framework. but there 
are few connectionist systems that model more 8elUDIe sorts of unsupervised 
learning. And the delta rule as found in connectionist models seems to operate 
more slowly than even classical conditioning, often taking hundreds of trials 
to learn simple relations. 

Why, then, has there been so much excitement about connectionist lemdng 
schemes? '!be answer, I think, lies in the second central concept of connec
tionism: distributed representations. Although back-propagation methods 
themselves do not contribute much to our understanding of leaming. they 
produce a kind of representation that is genuinely novel. Instead of a concept 
such as "horse" being represented by a particular symbol 01' data structure, the 
concept can be distributed in the weights between the various units in a c0m
plex network. Such distribution provides much 8e:dbility and appears to have 
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some advantages over production rules and frames. Learning and representa
tion are much more intimately related in connectionist models, since distrib
uted representations are produced by learning (Hanson and Burr 1990). 

Doubts remain, however, about the representational adequacy of such net
works, since they have been used primarily for simple concepts of the sort 
represented by one-place predicates like "borse." A concept like rides, where 
there is a crucial difference between a man riding a horse and a horse riding 
a man, requires more expressive power than simple connection between 
nodes. It is no accident that the implementation of rule-based reasoning in a 
distributed network can handle only rules with one-place predicates 
(Touretzky and Hinton 1988). To represent the rules that constitute much 
scientific knowledge, we clearly need relations and very complex proposi
tions, for example in Newton's laws. Hence I have not used distributed repre
sentations in my own investigations of scientific reasoning. The concept of 
distributed representation is powerful and appealing, but the connectionist 
framework bas a long way to go to catch up to the expressive power of the rule 
and frame approaches, even if it may win out in ftexibility in the long run. As 
an intermediate strategy, I have found it useful in ECHO to use local represen
tations with units representing whole propositions. 

The third major concept of connectionism, the one that bas proved most 
useful in my own research, is parallel constraint satisfaction. Chapter 4 de
scribed the advantages of conceiving of theory evaluation as the satisfaction 
of multiple constraints deriving from explanatory relations, and Keith Holy
oak and I have found a similar approach powerful for research on analogy 
(Holyoak and Tbagard1989; Thagard et ale 1990). Far from just providing 
different implementation details, the connectionist approach leads one to 
think of problems in different ways, suggesting different algorithms for solv
ing different difficult cognitive tasks. Connectionism is sometimes reviled as , 
a reversion to behaviorism or associationism, a judgment encouraged by the 
simple learning algorithms that connectionists tend to use. Cognitivists have 
to ask: Whatever happened to high-level processes like hypothesis formation? 
But from the perspective of parallel constraint satisfaction, connectionist 
models are much more like Gestalt psychology than like behaviorism. Using 
a tempered holism, ECHO activates units representing complexes of hypoth
eses, and the same kind of holistic assessment is found in parallel constraint 
models of analogy, vision, and language. Such models are cognitivist through 
and through. 

H connectionism and traditional AI offered competing theories, we would 
have to choose between them on the basis of their explauatory coherence. 
Since, however, they are only different frameworks, we are free to construct 
a synthesis of valuable concepts from them. Hence I have not hesitated to 
borrow constraint-satisfaction ideas from connectionism, while retaining tra
ditional AI representations of concepts and rules. Connectionism is clearly an 
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important research program, offering new ways of thiDldng about leauing as 
weD as new ways of implementing programs in para1Iel hardware. But dra
matic advances in connectionist algorithms will be needed to duplicate the 
success of traditional AI programs in such tasks as unsupervised discovery. 
Connectionism should therefore be understood. as an important development 
in cognitive science, adding to its representational and computational re
sources. But there is DO reason to expect a connectionist revolution in psy
chology, even though the influence of connectionist ideas in psychological 
theorizing will probably continue to grow. 

A much more radical view of connectionism is offered by Paul Cburcblancl 
(1989). He sees it as the computational part of a neuroscience research pr0-

gram that will eventually eliminate folk psychology and much of CUI'l'eIlt cog
nitive psychology. Just as physics bas abandoned theories of pbIogiston and 
caloric, so will computational neuroscience lead to the replacement of folk
psychological and current cognitive theories. From Churchland's perspective, 
the use by ECHO of nodes representing propositions is an archaic variant of 
traditional AI and neglects the possibilities of the more radical connectionist 
ideas based on distributed representations. 

I have two responses, one based on the inadequacies of current work on 
neural and distributed representatioDS, and the other based on the relations 
between different kinds of representations. FIJ'St, as I argued a few paragraphs 
back, current work on distributed representations is much too primitive to 
model thinking involving scientific theories. No one bas the vaguest idea how 
to train up a network that would possess anything like Darwin's theory of 
evolution or Newtonian mechanics, and a neural understanding of such the0-
ries is even more remote. ChurcbIand (1989, 188) proposes that a theory is a 
global configuration of synaptic weights in a neural network, and accepts the 
implication that even the simplest of animals possess theories. Explanation is 
the elicitation of a pattern of activation of hidden units representtng a pr0to
type, and inference to the best explanation is activation of the most appr0-
priate prototype. These proposals have an appealing simplicity, but their ex
planatory accomplishments will be meager until the computational power of 
systems with distributed representatiODS expands to encompass real scientific 
theories. At the very least, there is a major difference in degree between the 
theories and explanations of scientists and the cognitive structures of cock
roaches. We saw in section 5.3.1 that prototype application is only one of 
several aspects of explanation. Although I agree with Cburchland that DOt all 
thought is propositional and linguistic, I would argue that much high-level 
human cognition bas a ProPositional component not found in simpler anhn"'s. 

My second response to Churchland's rejection oflocal representations such 
as those used by ECHO is that they can be viewed as an approximation to 
distributed ones, just is the distributed representatioDS found in current com
putational models are only an approximation to those found in actual neural 
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systems. Even if the deepest explanations of scientific thinking eventually 
turn out to come from a neurocomputationallevel of distributed represen
tations, models employing local representations may still be very useful. 
McCauley (1986) has pointed out a crucial flaw in Churchland's analogy be
tween the posits of folk psychology and eliminated concepts such as phlogis
ton. Deletion of such concepts is the result of competition between theories at 
the same level, as we saw with the oxygen and phlogiston theories. But the 
history of science reveals no precedent for theory replacement or elimination 
in cases such as cognitive psychology and neuroscience which operate at dif
ferent levels. My methodological recommendation is that research should 
proceed at all relevant levels, investigating the power of local and distributed 
representations and their relation to neural sbUctures. We can expect connec
tionist ideas to aid in the continued sublation of folk psychology by cognitiv
ism, not to bring about the complete replacement of everyday theories of 
mind 

9A OTHER DEVELOPMENTS 

A full canvas of movements in psychology that have been called revolution
ary would have to deal with two figures who are undoubtedly giants of twen
tieth-century investigation of the mind: Freud and Chomsky. The ''Freudian 
revolution" introduced numerous concepts into psychology and ordinary cul
ture: unconscious desires, infantile sexuality, the Oedipus complex, repres
sion, the Id and Superego, and so on. Freud proposed a division of the mind 
into parts not found in commonsense psychology or behaviorist or cognitivist 
theories, and I expect that a thorough search would find interesting changes in 
kind-relations as well as part of the Freudian framework. On an anecdotal 
level, the Freudian systems possesses much explanatory coherence, but there 
is little experimental evidence to support the vast edifice. Freudian psychol
ogy had a large influence on clinical psychology, but even that is waning 
rapidly. So despite the considerable influence of Freudian ideas, even on be
haviorists like Watson, it seems misleading to speak of a Freudian revolution 
in psychology. 

The Chomskyan revolution in linguistics took place in the 1950s and 19608 
with the replacement of behaviorist theories of language by Chomsky's view 
that a system of universal grammar is an innate mental sbUcture in humans. 
It should be possible to analyze Chomsky's polemics against previous theo
ries held by psychologists and linguists in explanatory coherence terms. But 
I shall attempt neither that task, nor analysis of the conceptual changes re
quired by Chomsky's theory: nor assessment of the place of his current theo
ries in cognitive science. 



RaVOLUTIONS IN PSYCHOLOGY' 245 

Other areas of the social sciences-polidcs, economics, sociology, anthro
pology-have undoubtedly undergone conceptual changes in tbeir develop
ments, although like psychology they have been short of unifying theories 
with much explanatory coherence. It would be interesdng to interpret figures 
such as Marx, Compte, and Keynes in the terms used here. I am happy, how
ever, to leave to other invesdgators the quesdon of whether the account of 
conceptual change offered in this book applies to other developments in tbe 
social sciences. 

9.5 SUMMARY 

While psychology bas seen much conceptual change in this century, with the 
replacement of the introspectionist and commonsense conceptual system by 
behaviorism, and the subladon of behaviorism by cognidvism. it has not had 
revoludons of the sort so important in the natural sciences. Behaviorism and 
cognitivism involved abundant conceptual change, including concept dele
dons and conceptual reorganization involving kind-reladons. B'i.I.t they are 
best characterized as approaches rather than theories, and their ascent. 
pended IDOre on estimates of future explanatory coherence than on evaluation 
of the explanatory coherence of specific theories. 



________ CHAPTER 10 _______ _ 

Conceptual Change in Scienti~ts 
and Children 

UNDERSTANDING the growth of scientific knowledge requires a theory of 
conceptual change. But the topic of conceptual change has importance that 
goes beyond the philosophy and psychology of science. Developmental psy
chologists have been keenly interested in questions of conceptual change as 
part of their attempts to understand the growth of knowledge in children. 
Some psychologists have argued that children's learning is like scientific de
velopment in that it cannot be described merely in terms of accretion of new 
beliefs added to old.: it involves rejection of previously held beliefs and sub
stantial conceptual change. In addition, researchers interested in science edu
cation of students from grade school through college have considered whether 
students acquiring successively more complicated scientific theories need to 
go through the same kind of conceptual changes undergone by the scientists 
who developed those theories. 

Most comparisons of scientists and children by developmental psycholo
gists and science educaton have been limited by the inadequacy of available 
theories of conceptual change in science. If the much more detailed account 
of conceptual change in earlier chapters is acceptable, then richer compmi
sons of scientists and children become possible. We can contrast conceptual 
change in scientists during revolutionary periods in the history of science with 
conceptual change in children and in students learning science. There are 
points in common between conceptual change in the history of science and 
conceptual change in ordinary learners, but there may also be important dif
ferences. Ordinary learning is not simple accretion, but it may not be as sys
tematic or as revolutionary as conceptual revolutions in science. 

Before embarking on a comparative discussion of conceptual change in 
children, I shall review the results derived so far on scientific revolutions. 
Paying close attention to the history of science has many advantages, espe
cially compared to using made-up cases, but there is always the risk of getting 
lost in the details. We have examined seven revolutions in the natural sci
ences, and two quasi-revolutions in psychology, and it is time to draw the 
discussion together. I have not tried to define the concept of a conceptual 
revolution, but have showed similar patterns of conceptual change arising in 
various conceptual revolutions. The next section presents a series of com
parative tables that summarize the findinp about conceptual change and ex-
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planatory coherence discussed in previous chapters. The summaries are no 
subsdtute for the theoredcal and historical discussions in Chapters 3-9, but 
provide a convenient way to present the character of the different conceptual 
revoludons. 

18.1 COMPAltATIVE SUMMARY 01' SCIENTIFIC 
REVOLtmONS 

10.1.1 Di8eo •• " IUI4 Co""JlllUll ella,. 

Acognidvelcomputational approach to understanding of science has the great 
advantage over tradidonal philosophical or sociological approaches that it 
can start to specify in detail the psychological mechanisms that lead to impor
tant scientific discoveries. In different revoludons, however, we see dif:ferent 
kinds of discovery processes operating. Chapter 3 described a range of dis
covery methods as data-driven (generalized from observations aad experi
ments), explaDation-driven (abducdve). and coherence-dri.ven (fonDed to 
overeome contradicdons). 18ble 10.1 presents examples of the COncepti aad 
hypotheses that fall under these three categories of discovery. The leVol8-
dons are listed in the order in which they were discussed in previous chapters. 
A blank entry does not indicate that there were no discoveries in that cate
gory for a particular revoludon, only that the category is comparatively DB

important. 
What we learn from 18ble 10.1 is that a variety of differeat discovery meth

ods were instrumental for the different revoludons. Data-driven discovery of 
empirical generalizations played. a large role in the work of LavoisB, Dar
win, the geologists whose sea explorations led to Hess's hypothesis of 
seafloor spreading, and behaviorists. In contrast, forCopemicus aad Binstein, 
the major impetus to discovery came from incoherencies in exisdng views. 

'l8bIe 18.1 
Modes of Discovery 

Revolutioll Dma-driwlI Exp1twJtioll..tJriw1l COMrence-driwII 
Lavoisier weight gain oxygen 
Darwin fossil pattemS natura1 selection 
Geology searldges drift, plares 
Copernicus Earth's rotation Sun at center 
Newton force of gravity 
Einstein speed of light 
Quantum Planck's law light quantum uncertainty principle 
Behaviorist law of effect intervening variabJes 
Cognilivist magical nmnber 7 mental representations 
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1Bble 11.2 
Kinds of Conceptual Change 

4 

Revolution Concepts added Concepts deleted Branch jumping Tree switching 
Lavoisier oxygen phlogiston metal APO calx 

gold AKO element 

....., 

Darwin natural selection divine creation humans AKO animal kind: historical .. 

Geology plate shrinking eanh continent & seaftoci 
Copernicus eanh AKO planet 
Newton force of gravity vortex motion AKO Slate 

Einstein relativistic mass aether mass and energy equivalent space-time 
Quantum light quantum wave and particle related indeterminacy 
Behaviorist mind thinking AKO response 
Cognitivist information thinking AKO computation 

Note: AKO means "becomes a kind of." APO means "becomes a pan of." 

Most revolutions have a large explanation-driven component, in which con
cepts and hypotheses are generated to explain puzzling facts. 

Table 10.2 compares the conceptual developments in the various revolu
tions. Most revolutions involve the addition and deletion of concepts; as well 
as branch jumping in which the kind-relations and/or part-relations are re
organized. Recall that branch jumping is a more drastic kind of conceptual 
change than simply adding a new kind-relation or part-relation, since it re
quires rejecting a previous relation. Even less commonly, tree switching oc
curs in which the kind-hierarchy or part-hierarchy is fundamentally changed. 

Explanatory coherence is the main mechanism of theory adoption in concep
tual revolutions, but different aspects of explanatory coherence are important 
in different cases of theory replacement. Table 10.3 compares the revolutions 
with respect to what contributed most to the greater explanatory coherence of 
the new theory. Once again, the table entries are cryptic and the reader should 
refer to the relevant chapter for the details. For most revolutions, the explana
tory breadth of the new theory-bow much it explains-is the largest conbib
utor to its explanatory coherence. Simplicity usually plays a role, large or 
small, but analogy is a less ftequent contributor to explanatory coherence. The 
hierarchy column concerns whether the hypotheses in a theory are themselves 
explained; the best example of this is Darwin's Malthusian derivation of natu
ral selection. Contradictions play a role in explaDatory coherence when the 
opposing theory either is internally contradictory or explains negative evi-

.. 
... 

i 

',j 
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'Dlble 10.3 

Contributions of Explanatory Coberence 

Revolution Breadth Simplicity Analogy Hierarchy Contradictions Prospects 
Lavoisier large small small 
Darwin large small small small 
Geology large small 
Copernicus small large small 
Newton large large small small 
Einstein large small small 
Quantum large small 
Behaviorist small small large 
Cognitivisl small small small large 

dence. F'ma1ly, proSpects were important for the quasi-revolutions in psychol
ogy, which were more driven by expectations of explanatory coherence than 
by actual explanatory coherence. 

As section 5.3 described, the kind of explanation that goes into judgments 
of explanatory coherence varies from field to field and theory to theory. Table 
10.4 summarizes the strands of explanation that were most prominent in the 
analyses of the explanatory coherence of the different theories. Explanations 
in physics have been more strictly deductive than those in other fields. Dar
win's explanations often had a statistical lavor, even though he was not 
aware of it Darwin and Newton are marked as being more schematic in their 
explanations because they used recurring patterns of explanation more than 
the others. Postulation of causal mechanisms appears important in most cases. 
More careful scrutiny of explanations offered in relativity theory, for exam
ple, might lead to additional entries. 

'Dlble lOA 
Strands of Explanation 

Revolution Deductive Statistical Schematic Analogical Causal 
Lavoisier small smaI1 large 

Darwin smaI1 small large smaI1 smaI1 
Geology smaI1 
Copernicus large smaI1 
Newton large large smaI1 
Einstein large small 
Quanblm large large 

Behaviorist smaI1 small large 

Cognitivist smaI1 small smaI1 large large 
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'DIble 10.5 
Relations between New and Old Systems 

Revolution Incorporate Sublate Supplant Disregard 
Lavoisier yes 
Darwin yes 
Geology yes 
Copernicus yes 
Newton yes 
Einstein yes 
Quantum yes 
Behaviorist yes 
Cognitivist yes 

Finally, Table 10.5 summarizes the conceptual and explanatory relations 
between the old and new theories or approaches. Chapter 5 described four 
possibilities: incorporation, in which the old theory is merely absorbed -into 
the new; sublation, in which rejection and reorganization of concepts takes 
place even though the explanatory hypotheses and successes of the old theory 
are absorbed into the new; supplantation, in which the old theory is sum
marily rejected; and disregard, in which no attention is paid by proponents of _ 
the new theory to the old theory. Most nODrevolutionary developments in 
science are best characterized as incorporation, and the developments in non
scientific domains and in some social sciences are often best described as 
disregard: previous views are simply ignored. But revolutions in the natural 
sciences tend to faU under the categories of supplantation and sublation. 
Strikingly, physics bas undergone sublations as well as supplantations. 

10.1.3 Rnollltiou IIIIIl Sdelllflie KIImvk.e 

Tables 10.1-10.5 summarize some of the evidence for the six theses on scien
tific revolutions put forward in Chapter 1: 

1. Scientific revolutions involve major transforttllltions in conceptual and 
propositio1llll systems. 

2. Conceptulll systems tm1 primtuily st1'III:tlIreIl via lcintl-hlertJrChles and 
ptUt-hlertJrChles. 

3. New tMomical concepts generally ari8e by mechllnUms 0/ conceptulll 
combinlltion. 

4. Propositionlll sySIe1M tm1 primDrily st1'III:tlIreIl via Nilltioru 0/ uplDnatory 
coMNllCe. 

5. New tMONtical hypotheses generally arl8e by 1IbtbIctio". 
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6. The I1'tInsition 10 new concqlrltll mul propo8itiontll systeIIU occun IMCtIII8C 
0/ the glUIer cxplonato" cOMmrce of the new propositions that l18e tM 111M 
concqts. 

The last thesis makes it appropriate to label my view as an explanationist 
theory of the growth of scientific knowledge. Bxplanationism. can be distin
guished from two more familiar approaches to understanding science, empiri
cism and rationalism. Empiricists emphasize the role of sease experience in 
guiding the development of science, while rationalists explain science in 
terms of general conceptual coDSideratiODS. Empiricism typically degenerates 
into skepticism about the truth of scientific theories, since sense experieace 
alone does little to determine the generation and acceptance of scientific the0-
ries. Rationalism tends to degenerate into irrationalism, since lack of a mind
independent component to reasoning renders arbitrary what theory is adopted 
by scientists. 

Explanationism combines the most plausible aspects of empiricism and 
rationalism. The principle of data priori~ that is part of the theory of explaD
atory coherence of Chapter 4 asserts that the results of observation and exper
iment should indeed conttibute in a special way to theory evaluation. But 
there is much more to evaluation than simply finding the best "fit" with what 
is observed. 1beories are enmeshed in conceptual systems,just as rationalists 
have argued, and such systems are not open to simple empirical challeups. 
Nevertheless, a few straightforward principles of explanatory coherence can 
account for the theoretical choices made by scientists. Does explanatioaism 
also apply to the development of knowledge in children? 

11.2 CONCEPI'lJAL CHANGE IN CBILDKEN 

10.2.1 Are CIIiIIh. Uh sa.".", 

Developmental psychology was long dominated by the theOries of Jean 
Piaget, who described children's development in terms of a fixed set of cogni
dve states. Research bas undermined his claims that children univenally 
move from preoperational thinking to concrete operations to formal opera
dons. Instead, a growing number of developmental psychologists 8lJUe that 
changes in children are better described in the same terms that describe the 
growth of scientific knowledge: conceptual change and theory replacement. 
By reviewing some of the most important recent studies of childlen's intellec
tual development, we can compare the growth of knowlqe in cbildnm with 
the growth ofknowleclge in scientists, taking for graated. the account of scien
tific change given in pevious chapters. The central quesdonl are: 

1. Do cbildrea 'IIDdeIJo the I8IIIe kiDda of conceptual cbaDae u lCieoti.' 
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2. Do children have theories that provide unified explanatiODS of observed 
facts? 

3. If SO, when children acquire theories, do these theories replace previously 
held theories? 

4. If so, is the replacement of children's theories the result of considerations 
of explanatory coherence? 

Although definitive answers to these questions are not yet possible, a grow
ing body of experimental and theoretical research in developmental psychol
ogy is highly suggestive. Carey (198S) describes the development of chil
dren's biological concepts as analogous to conceptual change in science. Keil 
(1989) argues that coherent belief systems are critical to understanding the 
nature of children's concepts and how they develop. Vosniadou and Brewer 
(1987, 1990) have collected extensive data on the development of children's 
beliefs about the shape of the earth. They contend that children consttuct their 
own models and that replacement of these models with adult conceptions of 
a spherical earth is analogous in many respects.to ~ change in the history 
of science. Wellman (1990) argues that children as young as age three have a 
commonsense theory of mind that differs from the theories of older children 
and adults. Chi (1991) maintains that students' learning of scientific concepts 
is impeded by their need to shift concepts across ontologically distinct catego
ries, although she rejects the view that acquisition of scientific theories by 
students involves their rejection of prescientific ones. How do these develop
mental views fit with the theory of conceptual change presented in earlier 
chapters? 

10.2.2 CluMg •• ill C1dI4re.'a COIICqIB 

In Chapter 3, I distinguished numerous kinds of epistemic change. Fust I 
distinguished conceptual change from belief revision, in which relations be
tween concepts are established or rejected without deeply affecting the con
cepts. Belief revision involves either the addition or deletion of beliefs. Con
ceptual change comes in varying degrees: 

additions of concepts; 
tkletion of concepts; 
simple reorganizAtion in the kind-hierarchy or part-hierarchy, in which new 

kind-relations or part-relations are established; 
revillo""", reorganizAtion in the hierarchies, in which old kind-relations or part

relations are replaced by different ones; and 
hierr.urlay reiIWrpretatioll, in which the nature of the kind-relation or part-rela

tion that constitutes a hierarchy cbanges. 
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Carey (1985) suggests that children undergo conceptual change analogous 
to the radicalldnds of conceptual change described by historians of science 
such as Kuhn. Her "paradigm cases" of conceptual change are the coales
cences, differentiations, and alterations in ontological commitments that 
occur in such scientific transitions as the one from Aristotle to Galileo. Carey 
contends that the acquisition of biological knowledge by children between the 
ages of 4 and to likely involves theory change akin to that found in science. 
She says that children shift from an animist theory, in which the SUD and trees 
are counted as alive, to a set of biological theories explaining facts that the 
animist theory would explain in terms of intentional activity. A very young 
child might count the sun as alive because it gives light, and say that trees get 
the idea of blooming from other trees, but by the age of to children have 
acquired enough biological knowledge to reject their old beliefs. Ten-year 
olds understand dea.t:h, reproduction, gender, digestion, cireu1ation, and respi
ration in terms of internal bodily processes. Carey describes a battery of psy~ 
cbological experiments concerning children's concepts of life, animals. and 
body parts in support of her interpretation of the development of children's 
knowledge as akin to theory change in science. 

Let us compare Carey's description of children with my account of concep
tual revolutions in science. Between the ages of 4 and 10, children clearly 
acquire many new biological concepts, for example referring to body parts 
that they did not previously know about. Abandonment of concepts occurs 
too: for preschoolers, fairies and goblins are as real as horses and buses; chil
dren cease to use such concepts when they learn that the entities refened to do 
not exist. In these cases, however, concept deletion does ·not seem to be part 
of theory replacement, since there is no obvious theory that children use to 
replace their tales of fairies and goblins. 

Carey's most plausible case for conceptual change in children concerns the 
concept Bring thing. Children distinguish between alive and d«Id, but not 
between alive and inanimate. Whereas to-year olds are able to class animals 
and plants as alive, in distinction from inanimate objects, younger children's 
categories are much more blurred. Part of the knowledge reorganization that 
occurs as children acquire more biology is the coalescence of tIIIinral and 
plant into the superordinate concept living thing. Carey compares this devel .. 
opment to Ga1iIeo's collapse of Aristotle's distinction between JIlI.IImJl and 
violent motion, but in Chapter 3 I argued that coalescence and collapse are 
distinct kiDds of conceptual change. More apt comparisons for the acquisition 
of living tlUng are with Maxwell's coalescence of electricity and mapet:ism 
into electmmagn.etlsm or cognitivism's coalescence of mind and computer 
into infol7lllltion processor. Coalescence is a less extreme sort of conceptual 
change tbmJ collapse and branch jumping; these clJan.les require rejection of 
accepted relations, not just addition of new ones. Carey presents no evidence 
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that children undergo the kind of conceptual change that I have classed as 
revisionary. Nor does it appear that children undergo any sort of hierarchy 
reinterpretation (tree switching): they learn many more kinds of things, bot 
the notion of Idnd does not change. 

According to Carey, children's concepts of IIIIimIIl and person do not un
dergo changes as fundamental as ltving thing, although children do learn 
much new information about animals and persons, for eumple that all ani
mals eat, breathe, and reproduce. TIle kind of epistemic change involving 
these concepts appears to be best described as belief addition, the least ex
treme form of epistemic change. Carey's studies do not suggest that children 
have to abandon previously held beliefs about animals and people as their 
knowledge grows. 

Children's part-hierarchies also expand substantially as their knowledge 
grows. Young children think that a painted skunk: can become a raccoon, bot 
older ones know that deeper biological considerations prevent such an easy 
transformation. Children begin with little knowledge of internal organs, but 
acquire knowledge of body parts and the processes that they involve. From 
Carey's description, however, it appears that the development here is accre
tional: decomposition of the body into parIS and belief additions concerning 
the functions of those parts. Children undergo nothing like the branch jump
ing that happened with part-relations in the chemical revolution or the re
interpretation of the part-hierarchy in terms of space-time that occurred with 
relativity theory. Compared to scientific revolutions, conceptual change as 
described by Carey is modest: some nonrevisionary conceptual reorganiza
tion without much rejection of previously held beliefs. 

Chi (1988) offers a different view from Carey's of how children develop 
away from animism. She postulates an incremental process in which children 
come less and less to associate being alive with being able to move and more 
and more to associate it with biological functions. Additional concepts and 
links are acquired over time resulting in a different pattern of emphasis, but 
the old association between being alive and moving is not actually rejected, 
although it ceases to be accessed from memory. Chi (1991) also thinks that no 
actual rejection takes place when students acquire new theories in physics, 
even though the new theories have very different conceptual structures from 
everyday theories. She argues that learning physics requires shifts of concepts 
across ontologically distinct categories such as materilllabstll:llce and ewmt. 
For naive students, foree, light, heat, and CIIl'Ient are kinds of substances, but 
physics students must leam to reconceptualize them as fields, which she de
scribes as belonging to a different ontological category. LearninJ physics 
would then require substantial branchjumping in the sense of Chapter 3, with 
central concepts moving from one part of the kind hierarchy to another. 

Like Carey, KeD (1989) bas studied tbe development of children's biologi
cal knowledge; he sees it as involving theories, but not conceptual revolu-
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tions. Preschoolers verbalize their concepts as largely associated with charac
teristic features, but older children express their concepts with utterances that 
cite more centtal, defining features connected with an understanding of un
derlying causal mechanisms. For example, school-age children know that a 
kitchen pipe can be transformed into a lute, but that surgical cbanges cannot 
turn a sheep into a goat. On Keil's account, concepts develop by becoming 
more and more integrated with biological theories, but he does not descn"be 
any of the sorts of conceptual revisions that occur in scientific revolutions. 

Vosniadou and Brewer (1987, 1990) have investigated the development of 
children's knowledge of astronomy. They describe how children, who are 
routinely told that the earth is round, have difficulty reconciling this claim 
with their other beliefs and observations. Although answers from most fifth
grade students in the studies sugested that they thought the earth was a 
sphere, most first-graders were found to have ditferent views. Children are 
told by parents and teachers that the earth is round, but this contradicts their 
en1renched belief, based on observation, that the earth is Iat. Hence cbildreD 
ingeniously develop models that reconcile these two beliefs. The most popu
lar view among first-graders is the duol earth model in which children believe 
that there are two earths, a lat one on which we live and a round one that is 
up in the sky. Some children think that the earth consists of two hemispheres: 
a lower one on which people live and an upper one that has the sky covering 
the lower one like a dome. On this view, the earth is a sphere, but we live 
inside it, not on top of it. 

Vosniadou and Brewer characterize the children's transition to a spherical 
earth as conceptual cbange and theory replacement, but what conceptual 
cbange takes place? At first glance, the epistemic change that occurs as chil
dren learn more about the earth seems best cbaracterized. as belief revision: 
children abandon the belief that the earth is ftatand accept the p:oposition that 
it is a sphere. Vosniadou and Brewer's children do not, 85 f .. as I can see, add 
new concepts or delete old ones. Nor are changes in kind-relations evident in 
Vosniadou and Brewer's descriptions of the children's views. 'IbeI:1" seem, 
however, to be interesting cbanges in part-relations required for. a child to 
move from some models to a full spherical model. Children who believe that 
people live inside the spherical earth clearly have benefs about the parts of the 
earth different from older children who see the earth 85 a sond sphere. Thus 
for some children, at least, belief revision towmd a spherical model involves 
cbanges in part-relations. Notice, however, that the part-relations concern a 
particular planet, the earth, not a general concept. 

Bven before children learn much biology, physics, or astronomy. their be
nefs about human psychology undergo development. On the account of We1l
man (1990), children have acquired by the ageoftbree a theory of mind based 
on beliefs and desires (see also Allington, Hmis, and Olson 1988). 1bis 
theory is an explanatory framework that clitJers from what is found in youqer 



256 CHAPTER II 

children, who have a simpler psychology based on desires alone. According 
to Wellman, children older than three develop a more sophisticated theory in 
which the mind becomes more active and interpretive, in contrast to the three
year old's view of the mind as a passive container of copies of the extemal 
world. The next section discusses Wellman's view that the. children possess 
a theory of mind, but for now I note that Wellman does not describe the 
development of new psychological theories in children as involving concep
tual revision of the sort found in scientific revolutions. Children undoubtedly 
acquire new psychological concepts as they learn more about people, but on 
Wellman's account it does not seem necessary for them to overturn previous 
concepts and their kind-relations or part-relations. 

What can we conclude about conceptual change in children from these 
interesting studies? It seems that changes in concepts from astronomy, biol
ogy, and psychology are not of the extreme sorts that attend scientific revolu
tions. On the other hand, learning physics may involve conceptual reorganiza
tion (branch jumping) akin to what is found in major conceptual revisions. 
Hierarchy reinterpretation does not seem to occur in -children's development 
It would be premature, however, to reach any firm conclusions about kinds of 
conceptual change that do not occur in children, since new research may well 
discover that children are in fact undergoing changes that existing· studies 
have not detected. 

10.2.3 Chil4re,,', TUom, 

The questions remain: do children have theories, does conceptual change 
occur by theory replacement, and is theory replacement the result of consider
ations of explanatory coherence? An affirmative answer to each question is a 
precondition of an affirmative answer to the succeeding one. Some research
ers would offer negative answers. According to diSessa (1988), children do 
not have coherent theories, only loose, unsystematic, but interconnected con
cepts that do not fit into a set of principles of the sort needed to drive a 
judgment of explanatory coherence. Deanna Kuhn and her colleagues (1988) 
question whether children distinguish between evidence and hypotheses, a 
precondition of judgments of explanatory coherence. 

Wellman (1990) makes a thorough case for the claim that even three-year 
old children possess a theory of mind. They possess a system of beliefs and 
concepts concerning beliefs and desires that enables them to provide causal 
exp1anations of a range of behaviors. Like scientific theories, these systems 
involve the postulation of nonobserved entities that figure strongly in the 
causal explanation of what is observed. Brewer and Samarapungavan (1991) 
have systematically criticized arguments that children do not have theories of 
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the natural world, and shown in particular how children's knowledge of as
tronomy includes components very much like scientific theories, providing 
explanations for phenomena such as the day/night cycle. It seems, therefore, 
that at least some of children's cognitive apparatus can be construed as the0-
ries. My account of concepts in Chapter 3, which descn"bed them as enmesbed 
in rules, is compatible with the increasing emphasis by developmental and 
cognitive psychologists on the interrelations of concepts and theories: rules 
can be used to express causal relations that provide explanations. It is one 
thing, however, to grant that children have biological and psychological the0-
ries somewhat similar to scientific ones, and another to suppose that theory 
development in children is similar to the kinds of theory replacements that 
occur in science. 

Carey (1985) assumes that the development of biological knowledge in 
children is a case of theory replacement, in which children reject animism in 
favor of their new biological theory. It is not surprising that Carey's studies 
do not detect such transitions, since they compare young children and older 
children, understandably avoiding the laborious task of tracking children 
throughout their development. But Ken (1989) questions Carey's view that 
the development of biological knowledge in children involves the abandon
ment of a previously held behavioraJ/psychological theory. Rather tban a 
clash between competing theories, Keil sees children as undergoing elabora
tion of a rudimentary biological theory that they aJready possess. Leaming is 
then theory acquisition, not theory replacement. Wellman's (1990) view of 
the development of children's theory of mind seems similarly accumulative. 

On the other hand, Vosniadou and Brewer's subjects must require substan
tial belief revision to move from some of the stranger models of the earth to 
the adult spherical model. The difficulty involved in this revision is not cap
tured by considering only conceptual organization into kind-relations and 
part-relations (W. Brewer, penonal communication). Giving up the belief in 
a flat, motionless earth for belief in a spherical, moving earth is a momentous 
change that involves no kind-relations. What makes it momentous is appar
endy that these beliefs are tied in with so many other beliefs. Using the term 
introduced in Chapter 4, we can say that they possess a great degree of explan
atory entrenchment. But is their revision best descn"bed as theory replacement 
of the sort that can occur as the result of explanatory coherence? As with 
Carey's subjects, it is impossible to tell from the data as presented. Without 
tracking the first-graders through tbeirsubsequent epistemic changes, we can
not determine whetlier children's old models come into coaftict with new 
models of the solar system and lose out because of the greater explanatory 
coherence of the latter. Perhaps instead the old models simply fade into the 
background. 

Here are two schemas for what may be bappenin,g in children: 
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1. Children are like scientists. They start off, for example, with an animist 
theory of why things behave as they do, but when they are taught more about 
biological and physical mechaniBIDI they consciously or unconsciously appn:ci
ate that these accounts have gaaterexplaDatory coherence than their old theories 
and therefore abandon animism. 

2. Children simply acquire biology and physics. They do not see these as 
competitors to their previous animist beliefs, which were not held explicitly or 
strongly in the first place. Animism is not a set of beliefs that are rejected because 
they have less explanatory coherence than the new ideas being taught; DO com
parison is every done. Rather. what occurs is that the DeW biological tnowledae 
is acquired and the old beliefs are simply forgotten. or reserved for use in every
day nonacademic contexts. 

Theory replacement in schema 1 is like having a set of new clothes that you 
decide are much better than your old ones, so you give the old ones to the 
Salvation Army. On schema 2, however, without making any general compar
ison and evaluation, your old clothes simply get pushed into the back of your 
closet where they may or may not continue to be used. Although Carey pre
fers to apply to children the first schema that fits revolutionary science, her 
data appear equally consistent with the back-of-the-closet model. Chi (1991) 
contends that when students learn theories in physics, they never abandon 
their old naive theories, but continue to use them in everyday life. More in
vestigation is required to determine whether children undergo theory re
placement. 

One might wonder whether children have the intellectual capacity to prefer 
theories on the basis of their explanatory coherence. Samarapungavan (1990) 
found that elementary school children tended to prefer theories that explain 
more, lack ad hoc explanations, and are consistent intemally and with the 
evidence. Preferences based on the first two dimensions increased as children 
got older. 'Ibis study does not show that children used theory replacement 
based on explanatory considerations as the vehicle for conceptual changes; 
but it is encouraging that they have some sensitivity to some of the factors that 
explanatory coherence theory says are crucial for theory evaluation. 

Like the question of how children's concepts change, the questions con
cerning theory replacement cannot be conclusively answered. Using wbat is 
currently known, Table 10.6 summarizes the comparisons of conceptual 
change in children with conceptual change in scientists. Further research and 
reconstruction of children's conceptual and explanatory systems may provide 
more definite answers to the questions posed by the table. These answers may 
not be universal: it is possible that children's knowledge of different domains 
develops in different ways. Psychology and biology may be more cumulative 
than physics, in which students encounter concepts l.ikejield alien to everyday 
life. It seems, however, that children's new theories will much more fr&. 
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'DIIt1e 10.6 
Comparison: Science and Children 

Kind ojC.ge Scientific Revolutions Children 
C()IlCeplS added oxygen. etc. living Ibing. etc. 

Concepts deleted phlogiston. etc. fairy. goblin 
New kind-relations gold AKO element animal AKO living Ibing 
New pan-relations metal APO calx spleen APO body 
Branch jumping gold AKO element force AKO field 
Tree switching histcxical kinds 'I 
Explanatory coherence yes sometimes 
Systematic theories yes somewhat 
Relation of Iheories supplant, sublare incorpoJate. disregard? 

• AKO means "becomes a ldnd of." APO means "becomes a part of." 

quently incorporate or disregard their old ones, rather than supplant or sublate 
them. A valuable role for teachers can be to ensure that children become 
aware of how theories that they have or should have outgrown con1lict with 
what they are being taught in school. Some researchers in science education 
are currently experimenting with ECHO as a teaching tool that may help in 
this regard. 

10.1.4 I'M GrowtII 0/ KuwWp ill Clliltlre" 
IIIIIl SeN.", 

In biology, the thesis that "ontogeny recapitulates phylogeny" means that the 
development of the individual organism coaesponds to the evolutionary de
velopment of the whole species. For example, the human embryo has a ves
tigial tail, a remnant of our evolutionary past. In developmental psycholOJY, 
"ontogeny recapitulates phylogeny" means that the development of knowl
edge in individual children corresponds to the development ofknowledp in 
the history of science. Support for the developmental version of the thesis bas 
been drawn from analogies between, for example, the child's transition from. 
holding a naive, Aristotelian view of motion to, eventually, with enough edu
cation, a Newtonian view. We must distinguish several recapitulation theses: 

1. Content recapitulation: the child soes through historical stapa similar to thoae 
UI1dcqone by scientists; 

2. StrudUIe recapitulation: the cbi1d uncfergoes similar kinds of conceptual 
chaDge and belief mviaion; 

3. Mechanism recapitulation: the child's mechanisms of epistemic chaDge are 
similar to thoae of the scieatista. 
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From the perspective of the history of science, the first thesis is implausi
ble. Children's physical theories are not worked out enough to be called Aris
totelian or Ptolemaic. Most obviously, children do not, as far as anyone has 
noticed, have a phlogiston theory of combustion that has to be replaced by an 
oxygen theory. Although there may be occasional cases where there is some 
similarity between children's views and historical theories, for example in 
impetus theories of motion (McCloskey 1983), in general there is not much 
similarity between the inchoate notions of children and even early scientific 
views. 

Structure recapitulation is somewhat more plausible, since we saw that 
Carey's subjects underwent some simple kinds of conceptual reorganization 
involving coalescence, and Vosniadou and Brewer's subjects had some inter
esting changes in part-relations. Chi's review found evidence for branch 
jumping in physics education. There is no developmental evidence yet that 
children undergo the most revolutionary change, hierarchy reinterpretation, 
but perhaps such evidence will appear in future studies. 

Mechanism recapitulation may be partly true. I would not be surprised if 
the mechanisms by which children build up conceptual systems are similar to 
the mechanisms by which scientists do so. There is little evidence on the 
question, but I see no reason to doubt that the concept-generation mechanisms 
by which scientists acquire new concepts and new kind-relations and new 
part-relations are substantially different from what occurs in children. More 
problematic is the claim that children's theoretical development is governed 
by the kinds of explanatory-coherence evaluations that occur in science. 

Even if children do not use ECHO-like mechanisms in their belief revi
sions, however, ECHO may still have relevance for developmental and educa
tional psychology. Older students may well be capable of the judgments about 
explanation and evidence that are needed to drive a transition between belief 
systems similar to what ECHO produces. 1bc best evidence so far available 
is Michael Ranney's ECHO simulation of his experimental studies of college 
students revising their beliefs in physics (Ranney and Thagard 1988; see also 
Ranney 1991). Moreover, there is the possibility that even if explanatory c0-

herence analysis is not fully developed in children, it may be teachable (Be
reiter and ScardamaIia 1989). 

18.3 PROJECTS FOR UNDERSTANDING SCIENCE 

The main conclusion of my discussion of conceptual change in children is that 
much research remains to be done to pin down the kinds of conceptual chanJe 
that occur as children learn. Of course, the study of conceptual cbange in 
scientists is also far from complete. 10 point to some of the needed research, 
I now list numerous projects that should illuminate conceptual change within 
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the general perspective adopted in this book. 'Ibe first set of projects concems 
children and science education, while the second set involves cognitive analy
ses of the history of science. 

Conceptual change in students and children may not be as revolutionary as the 
most extreme kinds of epistemic change in science. But it is possible that 
extreme changes have not been noticed because no one bas looked in the ript 
places. Let me suggest an agenda for developmental and educational research 
that would exploit the ideas about conceptual change that have arisen from 
my discussion of scientific revolutions. 

L Reexamine psychological studies of cbiIcIRn's development to identify 
their conceptual systems and changes. Which of the kiDda of epiatemic chan&e 
described in Chapter 3 occur in cbiIcIRn? In particular, is there any braachjump

ina in conceptual hieran:hies outside physics aod is there any hieran:hy niDter
p:retation? 

2. Investipte whether explanatory coherence plays amle in cbildren's be6ef 
:revision and rejection of old conceptual systems. Does theory competition &dU

ally occur, or do childlen merely iDcorporate old beliefs or ignore them? 
3. DetermiDe whetbercbildlen and students can betaDght a greater seasitivity 

to explaaatory cobenmce issues, and whether this sensitivity can lead them to 
team new scientific theories more readily. 

Answers to questions such as these will not only increase our understaDdio.I 
of how children's knowledge develops; they may also improve our soccess in 
educating children and older students to a more advanced understanding of 
science. 

My approach to understanding the development of scientific knowledge in
volves the following steps. First, identify an interesting theory. Second. ana
lyze the conceptual system. that contains the theory, paying special attention 
to kind-relatioas and part-telatioas. 1bird, consider what computatioDal 
mechanism might have p:oduced the components of the conceptual system. 
Fourth, analyze the exp1anatory coha'ence of the theory colllJ.'lft'd to its com
petitors. Althoupl have provided many illustralioosoftbis method, theaaal
yses have not been complete, even for the cases that I have considered in most 
detail. Here are some bistorical aad theoretical p:ojects c:oacerniDa how sci
entists thiDk, conlinuinl the list involviDl cbildren. 
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4. ADalyze the couceptual Systems of the opponents to Lavoisier's oxygen 
theory, such as Kirwan and Priestley. 'Itace the development of the phlogiston 
theory wbile its proponents attempted to save it from Lavoisier. Determine 
whether Kirwan's opposidon to the oxygen theory and his eventual acceptance of 
it can be UDderstood in terms of explanatory coherence. 

5. Simulate the ttaDsidonfrom phlogiston to oxygen (cf. O'Rorke etal. 1990): 
program a problem solving system tbat starts with the phlogiston theory, devel
ops or is given an oxygen theory, and adopts the latter because of its greater 
expl8lUltory coherence. 

6. ADalyze the conceptual systems and explanatory coherence of Darwin's 
critics (HoD 1973). Do the same for modem-clay creationists. 

7. Analyze conceptual change, theory development, and explanatory coher
ence in Harvey's theory of the blood circulation. Pay special attendon to Har
vey's analogy between the heart and pumps. 

8. Analyze the processes underlying the discovery by Hess and Dietz of 
seaftoor spreading. 

9. ADalyze the conceptual and explanatory structure of GiIiIeo's critique of 
Aristotelian physics. 

18. 'Itace in much greater detail the development of Newtonian ideas such as 
mass and iDertia, spelling out their interrelations. 

11. ADalyze fully the explanatory coherence of relativity theory and quantum 
theory, with greater attention to the ways in which particu1ar parts of those the0-
ries figure in particu1ar explanations. 

12. ADalyzethe conceptual and explanatory developments of addidonal cases 
in the social sciences, such as Keynesian economics and Chomskyan linguistics. 

13. ADalyzeconceptual change and explanatory coherence in other important 
episodes in the history of science, such as the adoption of the atomic theory of 
matter and the wave theory of Jiabt in the early nineteenth century. 

14. Develop JDOJ:e powerful computational models of abduction and concep
tual combination. 

If successful, such projects will further support the centtal claim of this book, 
that understanding of the development of science can be greatly enriched 
by looking at conceptual systems, conceptual change, and explanatory 
coherence. 

ItA SUMMARY 

Scientific revolutions differ in the extent to which they have been data-driven, 
explanation-driven, and coberence-driven. They also differ in the kinds of 
conceptual change that they involved, although all major revolutions in the 
natural sciences include the most dramatic kinds of conceptual chaDF: 
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branch jumping or tree switching. In every revolution, the new theory had 
greater explanatory coherence than the old theory, including greater exphma
tory breadth. But revolutions differ in the additional factors of explanatory 
coherence. The explanations employed by the revolutions all have adeductive 
strand, but they differ in the additional strands of explanation that were im
portanL New theories usually supplant older ones, rejecting most of them, but 
the twentieth-century revolutions in physics are better described in terms of 
sublation, with new theories incorporating as well as rejecting Newtonian 
mechanics. From research to date, conceptual development in children ap
pears to be less revolutionary than what occurs in science, since it does not 
involve branch jumping or tree switching. Whether explanatory coherence 
plays a role in theory development in children is an open question. There are 
many inviting projects for further investigation of conceptual and theoretical 
development in scientists and children. 
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