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Philosophy of science concerns the principles and
processes of scientific explanation, including both
processes of confirmation and of discovery.

Philosophy of science is primarily concerned to
provide accounts of the principles and processes
of scientific explanation. Early in the twentieth cen-
tury, philosophers of science focused on the logical
structure of scientific thought, whereas in the later
part of the century logic was de-emphasized in
favour of other frameworks for conceptualizing
scientific reasoning and explanation, and an em-
phasis on historical and sociological factors that
shape scientific thinking. While tracing through
the landmarks of this history we note many points
of contact between the philosophy of science and
the cognitive sciences.

THE LOGICAL STRUCTURE OF
SCIENCE

The Deductive-Nomological Model of
Explanation and Hypothetico-Deductive
Model of Theory Development

The appeal to logic to articulate the structure of
scientific explanation and scientific reasoning was
the hallmark of the Logical Positivists, a group of
early twentieth-century philosophers and scien-
tists, working initially in Eastern Europe, who
sought to provide an explication of science that
could explain its high epistemic status. They
offered a model of explanation, the Deductive-
Nomological (D-N) model, which holds that ex-
plaining a phenomenon involves deducing its
occurrence from laws (Hempel, 1966). Something
like this view is thousands of years old and may be
discerned in the work of Aristotle. The D-N model
was extremely influential in some areas of psych-
ology earlier in the twentieth century. Many behav-
iourists, for example, sought to discover general

laws of learning to characterize how various kinds
of experiences (e.g. reinforcement) would change
the behaviour of organisms.

Laws, which are central to the D-N model, are 00192003

taken to specify general relations (as in Newton's
law that force equals mass times acceleration (f =
ma) ). To apply these general relations to particular
events, one must specify conditions holding at a
previous time, which are usually called initial con-
ditions. Recognizing that multiple laws and initial
conditions may be involved in a given explanation,
such explanations can then be represented in the
following canonical form (where L designates a
law, C an initial condition, and E the event to be
explained):

L1, L2, L3, ...
C1,C2,C3, ...
Therefore E

Advocates of the D-N perspective generally as-
sumed that the Cs and Es were sentences whose
truth or falsity could be determined directly
through observation. These observation sentences
also provided the empirical support for the laws.
Most advocates of a logical analysis of science dis-
avowed interest in scientific discovery, restricting
their focus to justification. Their characterization of
the relationship between observations and laws
make it clear why they saw little hope for a logic
of discovery. (More recently, artificial intelligence
(AI) researchers and philosophers sympathetic to
Al have proposed discovery tools to employ within
this framework: Langley et al., 1987; Thagard, 1988;
Darden, 1991.) The challenge in discovery is to
construct new laws to account for more or new
phenomena. Since laws are to be general, not spe-
cific, they must go beyond any finite set of data,
and thus there inevitably seems to be a major
inductive leap to a new hypothesis. Once a hypoth-
esis was put forward, the process of testing could
begin by deducing its observational consequences
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in accord with the D-N model. This process of
hypothesizing general laws and testing their de-
duced consequences was termed the Hypothetico-
Deductive model of theory development.

Hempel (1966) illustrates H-D with the example
of Semmelweis” work during the 1840s on childbed
fever. Semmelweis observed cases of ‘puerperal
fever’ or ‘childbed fever’ contracted by women
who delivered children in his hospital. He noted
that cases were especially frequent in groups of
women where deliveries were handled by phys-
icians instead of midwives. Semmelweis” key in-
sight into the cause of childbed fever came when
he observed that a physician came down with
similar symptoms upon injuring himself with an
instrument during an autopsy. Semmelweis hy-
pothesized that ‘cadaveric material’ on the injuri-
ous instrument caused the disease, and that,
similarly, the physicians associated with outbreaks
of childbed fever had cadaveric material on their
hands prior to delivering babies. Semmelweis
tested this hypothesis by examining its implica-
tions. One implication of the hypothesis that cada-
veric material is the cause of childbed fever is that
its removal from the hands of physicians would
result in a decrease in cases of childbed fever.
When Semmelweis tested this implication by re-
quiring that physicians wash their hands in chlor-
inated lime prior to examining patients (which he
assumed would remove the cadaveric matter), he
observed that groups of women examined by phys-
icians who washed with chlorinated lime had
lower incidents of childbed fever than groups of
women examined by physicians who did not.

The example of Semmelweis” hypothesis and test
conforms to the H-D model in the following way.
Semmelweis’” observations could be formulated as
a series of observation statements, statements of
particular states of affairs such as ‘Jane Doe was
exposed to cadaveric material and contracted child-
bed fever’, ‘Mary Smith was exposed to cadaveric
material and contracted childbed fever’, and so on.
His hypothesis took the form of a law-like general
statement, “Any woman exposed to cadaveric ma-
terial will contract childbed fever’. And, in accord-
ance with D-N, the original observation statements
may be deductively inferred from the statement of
law. Thus the relation of observation statements to
statements of law has a reciprocal structure as
depicted by H-D and D-N. (See Figure 1.)

If the only support for a hypothesis were the
observation sentences it was intended to explain,
the reciprocal relationship between proposing hy-
potheses and explanation would be circular. Circu-
larity is avoided, though, since a law, being a

general statement, deductively entails not just the
particular observation statements it was advanced
to explain, but an indefinite number of others. The
theory is confirmed by demonstrating the truth of
some of these additional observation statements.

Intertheoretic Reduction

Recognizing that one might want to explain why
laws held, the proponents also generalized this
framework, allowing for the derivation of one or
more sets of laws (each comprising a theory) from
another set of laws (comprising another theory).
The second set of laws will be more general ones
from which, under specific boundary conditions,
the first set of laws might be derived. (Thus, the
boundary conditions replace the initial conditions
in the above formalism.) Proponents also suggested
that this approach might be extended to relations
between laws in one science and those of a
more basic science by providing bridge laws relat-
ing the vocabularies of the two sciences (by trans-
lating the terms of one into the terms of another),
giving rise to the following schema:

Laws of the lower-level science
Bridge laws
Boundary conditions

Laws of the higher-level science

These derivations are known as reductions; they
figure prominently in discussions about the rela-
tion between psychology and neuroscience in
which some theorists propose that the theories of
psychology ought to reduce to those of neurosci-
ence (Churchland, 1986). Analogously, reductions
are posited, or at least hoped for, for any two adja-
cent levels, such as from biology to chemistry and
from chemistry to physics.

One example of a successful reduction that con-
forms to the above account is the derivation of the
Boyle-Charles Law of classical thermodynamics
(specifications of the temperature and pressure re-
lations in an ideal gas) from statistical mechanics.
Boyle—Charles Law terms such as temperature and
pressure are translated into the terms of statistical
measures of the kinetic properties of molecules in a
volume. Equating temperature with mean kinetic
energy supplies one of the bridge laws enabling
translations of the laws of Boyle—Charles into the
laws of statistical mechanics. Boundary conditions
include specifications of the kinds of molecules, the
volume to which their motion is restricted, and the
range of temperatures and pressures they are sub-
ject to. With translations of terms and boundary
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conditions in place, the Boyle-Charles Law is de-
rivable from the laws of statistical mechanics.

Just as laws gain their empirical support from the
true observation sentences that are derived from
them, so reducing laws gain their support from
the already confirmed laws that can be derived
from them. Reduction, though, can also provide
justification for reduced laws. Insofar as the redu-
cing laws are more general, confirmation they re-
ceive in some domains can provide indirect
support for other laws that can be derived from
them.

CHALLENGES TO LOGICAL
POSITIVISM

Popper’s Critique of Confirmation

By making predictions which turn out true, the
Logical Positivists thought we could justify laws.
On this claim, however, they were criticized by
Karl Popper (Popper, 1935/1959), who noted that
such arguments had the invalid form of affirming
the consequence:

If L were true, then prediction P would be true
P is true
L is true

This formalism is invalid since it is possible for
both premises to be true, but the conclusion false.
Instead, Popper argued that the only way evidence
could bear upon laws was through the use of modus
tollens arguments in which failed predictions could
be used to falsify a purported law:

If L were true, then prediction P would be true
P is false
L is false

Accordingly, Popper emphasized that the method
of science was a method of conjectures and refuta-
tions in which scientists proposed explanatory laws
and then sought evidence showing that they were
false. If a proposed law resisted all attempts at
falsification, Popper would speak of it as corrobor-
ated, not as true or confirmed, recognizing that
future evidence could always reveal it to be false.

Mechanisms instead of Laws

Although the D-N model seems to apply well to a
number of scientific domains, especially in physics
(for example, to explanations of phenomena that
appeal to the laws describing ideal gases or prin-
ciples of thermodynamics), it does not seem

applicable to many domains in the life sciences. A
major reason is that explanation does not tend to
involve showing that a phenomenon follows a law
(Cartwright, 1983; Giere, 1999). Instead, explan-
ation often involves identifying and describing the
mechanism that generates the phenomenon (Wim-
satt, 1972; Machamer et al., 2000). A key component
to the idea of mechanism is that of a set of processes
that generate a phenomenon, with these processes
being performed by different parts of a system.
Thus, an explanation consists of functionally de-
composing the process of producing the phenom-
enon into a set of different component processes
and localizing these component processes in actual
physical parts of a system (Bechtel and Richardson,
1993). (Often actually identifying the component
physically is not possible, and researchers settle
for indirect evidence that such a component exists.)
For example, to explain basic physiological pro-
cesses such as cellular respiration, biochemists
had to identify a set of activities (oxidation of sub-
strates, electron transfer, and phosphorylation of
ADP) and determine the components of the cell
responsible for them (enzymes, cofactors, and
membranes with restricted permeability).

An emphasis on mechanisms does not eliminate
appeal to laws — sometimes key relations between
parts of a system (e.g. between a substrate and an
enzyme) are expressed in laws. But laws play a
subsidiary role. The emphasis is on differentiating
the operations performed in the system, linking
them with physical parts of the system, and then
showing how the component parts and processes
interact with each other to produce the phenom-
enon. Some of the individual interactions can be
stated in laws, but the specification of the particular
components involved and the intricacy of their
interactions is generally far too specific to render
into laws. Quite often such explanations are pre-
sented in diagrams (these are especially useful
when the component processes are organized non-
linearly with multiple interactions and feedback
loops), not linguistically (although diagrams are
typically accompanied by linguistic commentary).

Many of the endeavours of the cognitive sciences
can be interpreted as advancing mechanisms.
Grammars, for example, are often presented as
mechanisms for generating sentences. Psycholin-
guists who investigate the psychological reality of
particular grammars are investigating whether
they are actually implemented in language users.
Researchers in Al, especially those creating pro-
grams to account for human performance, are de-
composing an activity into component operations.
Implementing the program on a computer
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provides an existence proof that the hypothesized
set of operations is sufficient to generate the phe-
nomenon in question. Behavioural experiments
using such tools as reaction times and error analy-
sis are required to demonstrate that the processes
actually figure in human information processing.

When the explanatory vehicle is assumed to be a
description of a mechanism, scientific inquiry is not
restricted to producing data to be subsumed under
a hypothesis or to being used in testing a prediction
derived from a hypothesis. Early in the process of
inquiry, researchers are simply trying to figure out
what are the processes that contribute to a particu-
lar effect. One strategy is to show that processes are
actually separable in the system by showing that
one process can be impaired while the other is
retained, or that an experimental manipulation
produces a crossover interaction between measures
of the two processes. When these manipulations
are performed after a mechanism has been pro-
posed, they serve the more traditional role of
testing the proposed explanation. In such ways,
empirical inquiry contributes both to discovery of
models of mechanism and to testing them.

Alternative Conceptions of Reduction

The application of the model of mechanistic ex-
planation in the previous paragraphs focused on
the traditional disciplines of cognitive science: cog-
nitive psychology, linguistics, and Al But a very
natural place to employ this framework is to rela-
tions between more traditional cognitive explan-
ations and neuroscientific ones. Although interest
in the neural realization of cognitive mechanisms
did not play a critical role in cognitive science until
recently, this was largely due to the paucity of
techniques that could link cognitive and neural
investigations (Bechtel et al., 1998). But the emer-
gence of cognitive neuroscience as a major area of
scientific collaboration in the 1990s reveals that
cognitive and neural modes of investigation can
be invoked together. Indeed, neuroimaging experi-
ments, whether with positron emission tomo-
graphy (PET), functional magnetic resonance
imaging (fMRI), magnetoencephalography (MEG),
or (ERP), require use of cognitive tasks and meas-
ures along with measures of neural activity. In
terms of the model of mechanistic explanation,
what these tools are providing is localization of
the functions decomposed in a cognitive analysis
of the task (e.g. by showing where various atten-
tional processes are realized in the brain). Like

more purely behavioural research, moreover, such
studies can not only serve to confirm a cognitive
decomposition, but also play a heuristic role in
determining the functional decomposition itself
(Bechtel et al., 2000).

Such connections between cognition and neuro-
science are commonly construed as reductionistic.
But since one is not starting with laws at the cogni-
tive level, and deriving them from laws of neuro-
science, such research does not fit the theory
reduction model (above). Rather, relating a func-
tional decomposition to a structural localization
provides an alternative conception of reduction,
one much closer to Darden and Maull’s (1977) con-
ception of an interfield theory. Such an account
may be much closer to actual scientific practice.
Moreover, it does not raise the spectre of either
explaining away the higher-level approach (with a
successful reduction) or eliminating it (if reduction
fails). Rather, it weaves the two approaches closely
together; functional decomposition and structural
localization are contributors to the common inquiry
of understanding the mechanism. Each can provide
not only support for the other, but heuristic
guidance to the other, and the resulting explana-
tory account is an integrated one.

There is a further way in which reduction
emerges in the context of a mechanistic model of
explanation. Once a system has been decomposed
into component functions and these localized
within the system, a new explanatory task arises —
explaining how each component function is per-
formed. Developing this explanation requires
repeating the process: decomposing the component
process into its component processes, and localiz-
ing these within the subsystem where the process
from the first decomposition was localized. Recog-
nizing that this can be done successively, the model
of mechanistic explanation provides a framework
for reduction through multiple levels (Wimsatt,
1976). There is an important point to recognize
about this multilevel conception of reduction — at
each level, a different phenomenon is being ex-
plained. Moreover, at each level, the explanation
involves not only the contributing components, but
the interactions that are specified in the account at
that level. A process such as seeing is reductively
explained in terms of the contributions of the dif-
ferent components of the visual system and their
interactions, while it is the activity of a given com-
ponent which is explained by going into it and
identifying its subcomponents and their inter-
action.
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THE SOCIOHISTORICAL STRUCTURE
OF SCIENCE

Paradigms and Revolutions

While the Logical Positivists were themselves very
interested in the science of their time, their account
was grounded primarily in logic, not in the details
of scientific practice. (A consequence of this is that
they viewed it as a normative model characterizing
any possible science.) Kuhn’s work drew philoso-
pher’s attention (as well as that of historians and
sociologists of science) to the specific details of the
process of scientific research. Kuhn (1996) chal-
lenged the views that science employed a set of
general methods that remained constant over time
and accumulated a body of truths. In their stead,
Kuhn suggested that scientific approaches vary so
significantly at different eras of a discipline that the
findings and theories at one time cannot be mean-
ingfully related to the findings and theories of other
times. Instead of viewing the historical progression
of science as the progressive accumulation of
truths, Kuhn offered a cyclic model of the stages
of scientific activity through history. The cycle
involves the five stages of (1) immature science,
(2) normal mature science, (3) crisis science, (4)
revolutionary science, and (5) resolutions, which
is followed by a return to normal science (see
Figure 2).

The key notion in understanding Kuhnian phil-
osophy of science is the notion of a paradigm. The
five stages of the Kuhnian cycle may be unpacked
in terms of this notion, since normal science is
paradigm-based science, and four of the stages are
understood by way of contrast with normal sci-
ence. For Kuhn, paradigms are ‘Universally recog-
nized scientific achievements that for a time
provide model problems and solutions to a com-
munity of practitioners’ (1996, p. x). Further, para-
digms serve for a time implicitly to define the
legitimate problems and methods of a research
field for succeeding generations of practitioners.
They do so in virtue of two essential characteristics
(p. 10): first, “Their achievement was sufficiently
unprecedented to attract an enduring group of ad-
herents away from competing modes of scientific
activity.” Second, their achievement ‘was suffi-
ciently open-ended to leave all sorts of problems
for the redefined group of practitioners to resolve’.
Examples of paradigms include Ptolemaic astron-
omy, Copernican astronomy, Aristotelian dynam-
ics, Newtonian dynamics, corpuscular optics, and
wave optics.

Normal science, then, just is paradigm-based sci-
ence. Immature science is science studying a
domain recognizably the same as that studied by
paradigm-based successors, but without the util-
ization of any paradigms, as in the cases of optics
prior to Newton and of electrical research in the
first half of the eighteenth century (pp. 12-14). A
stage of crisis emerges for a science when the
requisite consensus regarding the applicability of
a paradigm begins to unravel. Patterns of problem-
solving in normal science give way to novel ap-
proaches, and where new consensus emerges, a
stage of resolution of a new paradigm returns the
cycle to normal science.

One of Kuhn's views that garners much attention
in the philosophy of science is his claim that differ-
ent paradigms are incommensurable and thus
choice of one over another cannot be subject to
rational procedures. One way of thinking of incom-
mensurability of paradigms is by thinking of para-
digms as involving different languages, the terms
of which cannot be translated into each other. For
example, the term ‘space” as used within a Newton-
ian physical paradigm cannot be translated as the
term ‘space’ as used within an Einsteinian physical
paradigm, and vice versa. Einsteinians differ from
Newtonians in holding that space is curved by
mass, for example. The meaning of ‘space” depends
on the theory it is embedded in; where theories
diverge, so do the meaning of their terms. Part of
Kuhn’s argument that paradigms are not open to
rational choice hinges on the notion that observa-
tion statements cannot serve as neutral points of
arbitration since there is no theory-neutral observa-
tion language. In other words, observation is
theory-laden: how one perceives the world
depends on the theory with which one conceives
the world. For instance, a newborn baby, if shown a
cathode-ray tube, would not see it as a cathode-ray
tube because the baby would understand an insuf-
ficient amount of theory to know what cathode-ray
tubes are.

Kuhn'’s thesis that paradigms are incommensur-
able leads to another of his theses, namely, that the
history of a scientific discipline is noncumulative.
Noncumulativity follows from incommensurabil-
ity in the following way. Since the language of
one paradigm cannot be translated into the lan-
guage of another, the statements held to be true
within one paradigm cannot be expressed, let
alone judged to be true, within another. The
theory-ladenness of perception guarantees that
not only can items of theory not be accumulated
across paradigms, but neither can observations.
Since not even observations are retained from one
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paradigm to the next, the history of a discipline
cannot be viewed as the accumulation of truths or
as progressing towards a truer account of the
world. This challenges the traditional view of sci-
ence as an intellectual that progresses over time.
The history of science, as viewed through the Kuh-
nian lens, is of a series of paradigms and revolu-
tions, none bearing any rational relation to any
other.

Challenges to Kuhn

Kuhn's hypothesis of incommensurability has been
challenged on several fronts. One denies that the
meanings of theoretical terms are determined
wholly by factors internal to a paradigm, but
holds instead that they may be determined, at
least in part, by causal relations between the term
and items in the external world. Putnam (1975)
suggests that the meaning of certain scientific
terms involves causal relations between the terms
and things in the world that they denote. For in-
stance, part of the meaning of water is the sub-
stance H,O that was present when the term
‘water” was first brought into use to denote that
substance. A causal chain leads from current uses
of ‘water’ to the initial dubbing of H,O as water.
These causal chains remain constant regardless of a
scientist’s theory. Thus, water discourse need not
be incommensurable between adherents of diver-
gent theories about water. Appealing to causal re-
lations to fix the content of representations is
mirrored in much cognitive scientific practice, es-
pecially in the cognitive neurosciences where
representations are thought of as carrying informa-
tion about their environmental causes.

Another challenge to Kuhnian incommensurabil-
ity arises from theorists who propose that the mind
is modular. Fodor (1984), for example, argues that
many perceptual processes are modular in the
sense of being ‘informationally encapsulated” so
that their outputs are immune from influence by
theoretical and other acquired beliefs. Fodor, there-
fore, contends that observational reports can be
treated as univocal even when theorists hold differ-
ent theories.

Though many of the issues raised by Kuhn con-
tinue to be debated, the Kuhnian spirit is a perva-
sive force in post-Positivist philosophy of science. It
has, for example, led philosophers to focus much
more on the diachronic nature of science as well as
the actual research processes of science (see, for
example, Lakatos, 1970; Laudan, 1977) or to apply
Bayes Theorem to model rational theory choice
(Howson and Urbach, 1993; Mayo, 1996).

Nonetheless, no consensus has emerged in contem-
porary philosophy of science that is on a par with
the status once accorded the Positivists. For cogni-
tive scientists, one of the attractive features of cur-
rent philosophy of science is the increasing effort to
employ ideas from cognitive science in the attempt
to understand science (Giere, 1992; Thagard, 1998).
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