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Explanations, Tests, Unity and Necessity

CLARK GLYMOUR

UNIVERSITY OF ILLINOIS AT CHICAGO CIRCLE AND UNIVERSITY OF PITTSBURGH

The fact that a scientific hypothesis explains a phenomenon is
supposed to be a reason for believing the hypothesis, and,
indeed, at least sometimes a special reason over and above
considerations of empirical adequacy.! Copernicans may have
claimed that their theory gave a more accurate accounting of
the motions of the planets than did the traditional Ptolemaic
. astronomy, but the real weight of their argument came from
the claim that, even if both systems could save the phenomena,
the Copernican theory offered the better explanations.? If
explanation sometimes provides a special reason for beliefin a
theory, over and above empirical adequacy, then explanations
must, it seems, do something more to the phenomena, or say
something more about the phenomena, than merely entail
their description. My first question is what more it is that
explanations do. There is no single answer because there is no
single extra thing that explanations accomplish; shortly, I will
try to describe two of the things that I think some explanations
do, and in virtue of which we give credence to theories: they
eliminate contingency and they unify.

Explanations are sometimes contrasted with tests. A phe-
nomenon that a theory explains is not always counted as a test
of the theory; no one is surprised to read criticisms of
psychoanalysis, for example, which admit that the theory exp-
lains things, but denies that the things explained constitute
tests of psychoanalytic hypotheses. A test of an hypothesisiis at
least some occurrence that could have been otherwise, and
that, had it been otherwise, would have been reason not to
believe the hypothesis. In this minimal sense of “test,” tradi-
tional confirmation theories —the theories we have from Car-
nap,® from Hempel,* and the many varieties of hypothetico-
deductivism —are theories of testing. They differ, of course,
in their assessment of the relations required between theory
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and evidence in order for the evidence to be a test of the
theory, but they are at one in sensing a distinctive kind of
reason for belief provided by tests, and in attempting to ana-
lyze that kind of reason. So we have, prima facie, two different
kinds of reasons for belief in scientific theories: reasons pro-
vided by the explanations the theories have provided, and
reasons provided by the tests the theories have survived. Very
often, perhaps typically, we expect that these sorts of reasons
go together and that our theories will explain the outcomes of
tests of them. One would like, then, to know what the connec-
tion is between explanations and tests, and why they often but
not always accompany one another. The question can only be
answered if one has in hand an adequate theory of explana-
tion and an adequate theory of confirmation, and it can only
be answered in part if one has at least parts of such theories. I
will try to answer it, on the one hand, with regard to the two
patterns of explanation mentioned in the first paragraph,
and, on the other hand, with regard to my own views about
confirmation.®

One way in which our wonderment about a phenomenon
can be relieved is through a demonstration that it is necessary,
that it could not be otherwise. One way, perhaps the most
complete way, to explain the ideal gas law is to show that it just
is not possible for a gas to have pressure, volume and tempera-
ture other than as the gas law requires. Philosophers of science
nowadays sometimes recognize the explanatory force of
eliminating the appearance of contingency, and even trace it
back to the Aristotelian notion of “knowledge of the reasoned
fact”, but the modern philosophical temptation is to change
the subject and to treat explanation not as a demonstration of
the necessity of the phenomenon, but instead as a demonstra-
tion that a description of the phenomenon is a necessary
consequence of some hypothesis. I think modern science
often explains regularities by showing that they are necessary,
not just that they are necessary consequences of theories. My
idea is that certain regularities are explained by identifying
the properties they concern with other properties in such a
way that a statement of the original regularity is transformed
into a logical or mathematical truth. The statements identify-
ing properties are, if true, necessarily true,® and so the origi-
nal, apparently contingent regularity is transformed by neces-
sary truths into a necessary truth.
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A simple example comes from electrodynamics. Two of
the Maxwell-Lorentz equations concern the relations between
electric and magnetic fields: these “internal” field equations
run

(1) divB =20

1 oH

(2) curlE = — ot

If the scalar potential § and the vector potential A are intro-
duced and it is claimed that the electric field intensity E and
the magnetic field intensity H just are, respectively,

— _ _ 1 0A
3) E= grad¢ < ot

4) B =curl A

then by substituting for the quantity B the quantity curl A in
equation (1) we obtain

(1*) div curl A = 0.

Now the divergence of a curlis identically zero; that is, equa-
tion (1*) is a mathematical identity. Again, if we substitute for
the quantity E in equation (2) the quantity —grad $ - —
and we again substitute curl A for B we find that equation (2)
becomes

(2*¥) — curl grad ¢ - % curl%= - —i— curl%.

Equation (2*) is also a mathematical identity since the curl of a
gradient is identically zero.

The general pattern should be clear. An apparently con-
tingent truth T makes reference to properties P, Q and R. T'is
explained by identifying P with P’, Q with Q’, R with R" and so
on, where P’, Q" and R’ will not necessarily be single quantities
but may instead be combinations of new quantities. On sub-
stituting “P"” for “P”, and “Q"” for “Q”, and so inin T, T is
transformed into a logical or mathematical truth, T'. T is
shown to be a necessary consequence of necessary truths, and
so is necessary itself. Explanations of this form are especially
complete and satisfying, since they leave behind only philo-
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sophical questions about the nature of necessity and of logical
truth. They leave no further questions that ardinarily fall
within the compass of science. Compare such explanations
with the explanations of Kepler’s laws in Newtonian celestial
mechanics. The latter explanations only raise further ques-
tions about why Newtonian celestial mechanics is true, since its
laws are not obviously necessary truths. But when an explana-
tion proceeds by the pattern illustrated, then there is nothing
about the hypotheses used in the explanation that requires
explanation in turn. Mathematical and logical truths require
no scientific explanation, and neither do claims asserting the
identity of properties. One can ask, for example, why tem-
perature and mean kinetic energy have concommitant values
for gases, and imaginable answers provide explanations for
the concommitance. One might postulate a Rube Goldberg
apparatus that serves to keep the mean kinetic energy of a gas
in tow with its temperature. But if one gives a Rube Goldberg
explanation of the concommitance we can still ask for an
explanation of features of the apparatus: what makes the bald
man slip on the banana peel? By contrast, if the temperature
of gases justs their mean kinetic energy then the explaining is
over. There may be arguments to the conclusion that tem-
perature is mean kinetic energy, but there are no explanations
of the fact.

“There are many examples of the sort of explanation I
have described. I think that part of the renewed appeal that
general relativity gave to W. K. Clifford’s idea that matter just
1s curved space derived from the fact that if matter just s
curved space-time then if general relativity is true then it is
necessarily true. For then the field equation of general rela-
tivity states an identity of properties, and so if true is necessar-
ily so, and the equation of motion of the theory, since it is a
consequence of the field equation, is also necessary.” Indeed
the general relativistic field equations, construed as an iden-
tification of quantities, affords an explanation of the general’
relativistic equation of motion exactly in the way that equa-
tions (3) and (4) above afford an explanation of the internal
Maxwell equations. Again, if one considers the kinetic expla-
nations of the ideal gas law, it seems that the gas law is trans-
formed, by the appropriate identifications of properties, into
a mathematical truth. Examples are only limited by my igno-
rance; I am sure they are to be found in virtually every subject
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in the exact sciences. There is one more example that I must
give in some detail, both because it illustrates some points
about confirmation that I will talk about below, and because it
concerns the difference between the sort of explanation in
question and mere empirical adequacy.®

Ptolemy discovered a useful but curious regularity about
the motion of the superior planets, a regularity which he did
not claim to be able to explain. A solar year is the period
required for the sun to move 360 degrees along the ecliptic;
that is, the period between its successively taking up the same
position with respect to the fixed stars. A revolution of longi-
tude is the analogous period for a superior planet. Superior
planets are sometimes in opposition from the sun; that s, they
appear 180 degrees, or half-way round the celestial sphere,
from the sun. A cycle of anomaly is the period between two
successive oppositions of the same superior planet. The regu-
larity that Ptolemy presents is as follows:

If a superior planet goes through a whole number of revolutions of
longitude while going through a whole number of cycles of anomaly
in a whole number of solar years, then the number of solar years is
equal to the number of revolutions of longitude plus the number of
oppositions.

Copernicus had a neat explanation of this regularity, though
Ptolemy had none. According to Copernican theory, the ap-
parent movement of the sun along the ecliptic really is just the
projection of the Earth’s motion in a closed path about the
sun, and a solar year is just the period of one revolution of the
Earth about the sun. A superior planetis one which movesina
closed orbit about the sun, wholly containing the earth’s orbit,
and a revolution of longitude is just the period required for
the planet to make one revolution in orbit. An opposition just
is a collineation of the Sun, Earth, and the superior planet,
with the Earth between the other two bodies. With these
identifications, Ptolemy’s regularity becomes:

If abody moving in a closed path, wholly containing the Earth’s closed
path about the Sun, goes through a whole number of revolutions in
that path while going through a whole number of collineations with
the Earth, and a fixed point inside the Earth’s orbit—the position of
the sun—while the Earth goes through a whole number of revolutions
in its path, then the number of revolutions of the Earth is equal to the
number of revolutions of the body plus the number of collineations.
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Now this claim is not a mathematical truth. Itis a mathematical
truth, however, if we add to the antecedent the claim that the
orbital period of the superior body is larger than the Earth’s
orbital period. The latter claim is equivalent in Copernican
theory to the proposition that the period of a revolution of
longitude is greater than a solar year. So the Copernican
theory does not strictly reduce the Ptolemaic regularity to a
mathematical truth by means of its identifications, but it does
so reduce a consequence of that regularity, namely:

If a superior planet has a period of revolution of longitude greater
than a solar year, then if the planet goes through a whole number of
revolutions of longitude while going through a whole number of
oppositions in a whole number of solar years, then the number of
solar years is equal to the number of revolutions of longitude plus the
number of oppositions.

I am in no position to argue that the Copernicans saw the
explanatory reduction 1 have sketched as part of their ac-
complishment, and I do not even have any opinion on the
matter. I do think that the scheme provides a natural way to
view the case, and accounts correctly for the sense that
Copernican theory explained the regularity, whereas
Ptolemaic theory, though it could be made to logically entail
the regularity by proper-adjustment of parameters, did not
explain it.

Another form of understanding is the recognition of a
pattern, and another kind of explanation—or another kind of
explanatory virtue—is the demonstration that diverse phe-
nomena are of a kind, and exhibit a common pattern. New-
ton’s theory of dynamics and gravitation ties together the law
of fall, the law of the pendulum, Kepler’s laws, and the infinity
of diverse theorems of celestial mechanics; Maxwell’s elec-
trodynamics bound up various laws of electrostatics, of mag-
netostatics and of electrodynamics. Copernican theory, it is
often remarked, unified the description of the motions of the
planets, both in the sense that it linked the parameters of the
orbits of different planets to one another, and in providing a
common mechanism for the periodicities of the several
planets.

How does Newtonian celestial mechanics, for example,
unify anything? By generating diverse regularities from a
single scheme, in this case the scheme that specifies the accel-
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eration of any body in a system of n point particles, subject
only to mutual gravitational attraction, in terms of the masses
of the particles and their mutual distances. It is, of course, a
scheme which gives upon specification of the value of n a
linear second order differential equation; each such differen-
tial equation has an infinity of solutions corresponding to the
infinity of possible momentary geometrical configurations
and velocities of the n particles. The many theorems of celes-
tial mechanics are the result of applying this scheme to various
values of n and to classes of initial conditions of n-particle
systems. The single scheme gives, for each value of n greater
than 1, an infinity of exact and approximate solutions.

It might be said that both Ptolemaic and Copernican
astronomy unify the motions of the planets, for each theory
provides a scheme which generates a description of the mo-
tions of the planets. One has, for any planet, only to specify the
appropriate parameters and the scheme generates the
planet’s motion; for the Ptolemaic theory the parameters in-
clude the size and period of the deferent, the same for the
epicycle, the location of the epicenter on the deferent, the
location of the planet on the epicycle, at some time, and so on.
For Copernican theory one needs the radius of the orbit, the
orbital period, the position of the planet on the orbit at some
time, and so on. But the unification provided by the Coperni-
can theory is greater than that provided by the Ptolemaic
theory since, at least at the qualitative level of accuracy, the
Copernican theory requires fewer parameters to generate the
motion of a planet. Very roughly, the fewer the features
needed to generate a description of a system from a theory,
the more alike the theory regards different systems with
which it is concerned. Extra parameters help: Ptolemaic
theory is more accurate than Copernican. It is a striking fea-
ture of scientific reasoning that, other things being equal, we
are willing to sacrifice a bit of empirical accuracy for a gain in
explanatory unification.

The importance of unification to scientific explanation
has recently been emphasized by Michael Friedman,’ who
proposed that unity is the essential thing in scientific explana-
tion. Friedman attempted to account for the notion of
explanatory unification in terms of the notion of independent
acceptability. The idea is that Graham’s law and Boyle’s law
and Kepler’s laws and Galileo’s law can all be accepted inde-
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pendently of one another: there can be evidence sufficient for
any one of them that is not evidence sufficient for any of the
others. The acceptance of the conjunction of them is equiva-
lent to the acceptance of each of them, on independent
grounds. By contrast, the Newtonian theory from which all of
these laws (or approximations of them) may be deduced can
only be subdivided into a few hypotheses acceptable indepen-
dently of one another, and the smallest number of Newtonian
hypotheses that are each acceptable independently of accept-
ing the whole of Newton’s theory, and which are jointly logi-
cally equivalent to the whole of Newton’s theory, is smaller
than the number of independently acceptable laws that the
theory entails. Friedman’s attempt to account for explanation
in these terms ran into technical difficulties.!® The chief point,
however, is that the kind of explanatory unification involved
in finding a common pattern among diverse laws is somehow
connected with our judgments about the bearing of evidence:
for a collection of diverse laws the evidence for one law has no
bearing on the evidence for the others. What Friedman'’s
approach points to is not so much explanatory unification
itself as an epistemic correlate of explanation, and that brings
us back to confirmation and testing.

The fundamental question about confirmation, I believe,
is one of relevance: what makes a particular piece of evidence
count as evidence for or against any particular hypothesis?
The question is particularly difficult when, as is often the case,
the hypothesis is about properties and entities with which the
evidence is not explicitly concerned; or, to abandon the mate-
rial mode, when the hypothesis is stated in terms different
from those in which the evidence is stated. One thing is clear,
and that is that every working scientist is equipped with an
enormous array of beliefs about what is relevant to what. Some
of these beliefs are very general, while others are specific to a
particular subject matter. If a microscopic theory entails
claims about macroscopic properties, then the facts about
those properties count for or against the microscopic theory.
Moreover, microscopic theories or systems of a given kind are
supposed to entail the macroscopic regularities shown by such
systems, and this is so in every subject matter. Every specialist
knows, besides such general principles about relevance, many
others particular to his subject; thus gravitational theories are
supposed to account for the motions of the planets, and a
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gravitational theory which does not entail regularities of
planetary motion is counted defective. It is this abundance of
belief, both general and specific, which gives the appearance
that the bearing of evidence is determined more or less in a
hypothetico-deductive way. We see descriptions of the evi-
dence deduced from theory, and claims that the evidence
bears on the theory, and we are tempted to conclude, errone-
ously, that it is because the theory entails the evidence, or
because the theory entails the evidence in the right way, that
the evidence is relevant. But in fact, without the background
of belief about relevance, the deduction itself would not es-
tablish any bearing at all. Fifty years of failed attempts to
characterize evidential relevance in hypothetico-deductive
ways should have taught us that.

It cannot be, however, that all questions of the relevance
of evidence are settled by appeal to established beliefs about
the relevance of evidence. Our knowledge of what is relevant
to what derives from our general knowledge of the way things
work. When novel theories occur that break new territory,
that either rather completely overthrow parts of our concep-
tion of how things work, or that provide an account of a range
of things about whose working we had, before, no very defi-
nite idea, judgments of evidential relevance cannot derive
from established beliefs about relevance. The same thing is
often true, I think, when rather fine grained questions about
the bearing of evidence arise. When one wants to know
whether or not a novel phenomenon predicted by a complex
new theory bears on a particular equation in that theory, very
often established beliefs will not suffice. In all of these cases,
the matter of the relevance of evidence must be established by
some kind of structural connection; we know the connection
cannot be hypothetico-deductive and it cannot be a connec-
tion established simply by a body of substantive beliefs.

I hold that there is a structural relation that obtains
among evidence, hypothesis and theory, and that the relation
can be seen pretty explicitly in the history of arguments over
the bearing of evidence in many of those contexts where we
should expect something of the sort: for example, in Newton’s
argument for universal gravitation, in the 19th century de-
bates over the atomic theory, in arguments over the bearing of
the classical tests of general relativity, in some contemporary
social science, and doubtless in many other places besides. The
basic idea is very simple.
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Evidence for our theories is often stated in terms differ-
ent from those of the theory itself and concerns only some of
the properties the theory postulates. Kepler’s laws are about
the features of planetary orbits; Newton’s law of gravitation,
for which they are evidence, is about forces; the law of definite
proportions is about the combining weights of chemical reac-
tants; the atomic theory, for which it is evidence, is about
atoms and how they combine. And on and on. I believe that
the fundamental confirmation relation is by means of in-
stances: the evidence somehow establishes an instance of the
hypothesis evidenced. How can this be, if the theory and the
evidence are cast in different terms? My answer (the answer),
which is less banal than it sounds, is that confirmation is not a
relation between a piece of evidence and an hypothesis, but is
instead a relation among evidence, hypothesis and some
theory or other. What the theory does is to relate the terms in
the evidence to the terms in the hypothesis. Thus Kepler’s
laws describe features of the motion of the planets in their
orbits about the sun, and Newton took these features to be
evidence for his gravitational force law. He related these fea-
tures of motion to features of forces by means of consequences
of his own second law of motion—for example the conse-
quence that says that if a body moves in a closed curve about a
primary body so that the line from the body to the primary
sweeps out equal areas in equal times, then the body is subject
to aforce directed towards the primary body. The crucial thing
is that one is not deducing the evidence from the hypothesis
with the help of the theory. One is, instead, doing almost the
opposite: one deduces an instance of the hypothesis from the
evidence, using the theory. Newton’s argument in the Prin-
cipra is not that Kepler’s laws are logical consequences of New-
ton’s dynamical theory together with the hypothesis of univer-
sal gravitation. His argument is that evidence about various
systems—the primary planets, the satellites of Jupiter and
Saturn, the Moon—evidence, that is, that says that each of
these systems satisfies Kepler’s laws, leads to instances of the
law of universal gravitation.!!

The deduction of an instance of an hypothesis from a
piece of evidence by means of a theory must be done in the
right way in order for there to be any confirmation or discon-
firmation established thereby. Saying what the right way isis a
little complicated, but again the basic idea is simple enough.
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An instance obtained from the evidence by means of the
theory counts as confirming the hypothesis with respect to the
theory only if the instance can be viewed as the result of a test
of the hypothesis with respect to the theory. A test of an
hypothesis is something done which could turn out one way or
another; if it turns out one way it provides a reason to believe
the hypothesis, and if it turns out the other it provides a reason
not to believe the hypothesis. In other words, the deduction of
the instance of the hypothesis must be such that if the evidence
had been different then the same form of argument would
have led to a counter-instance of the hypothesis. The matter is
simplest if we think in terms of quantitative hypotheses ex-
pressed as equations, with the evidence consisting of values of
measured quantities. If the computed values satisfy the hy-
pothesis, and if possible alternative values of the measured
quantities would have led, by computations of the same kind,
to values of the unmeasured quantities that would not satisfy
the hypothesis, then the actual evidence confirms the hypoth-
esis with respect to the theory. To return to Newton, from the
actual evidence about features of the orbits of planets and
satellites, Newton calculates, using his theory, the forces act-
ing on the planets and satellites and finds them to be inverse
square and directed towards the primary bodies, and to be in
proportion to the product of the masses; had the motions of
the planets been different—had the planets moved on third
degree curves rather than second degree curves—the inverse
square law of gravitation would not have been satisfied, and
the forces calculated from the motions would not have pro-
vided instances of the law.

The notion of the possible values of the quantities that
occur in our evidence is not one that I can make precise. The
notion of two computations being of the same form or of the
same kind can be made precise, but I will not do so here.® The
fundamental idea is that confirmation is obtained only when
instances of the hypothesis to be confirmed are obtained. Such
instances are obtained by deducing them from the evidence by
means of a theory; the instances only count as confirming
instances if alternative evidence would, by the same form of
argument, lead to counter-instances to the hypothesis. In
confirmation, a theory is pulled up by its own bootstraps. The
idea can be made precise enough either for theories and
hypotheses viewed as first-order sentences, or for hypotheses
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understood as equations and theories understood as systems
of equations. However one does it, as soon as one looks at
things in this way, certain structural features of obvious
methodological importance become apparent. Holism be-
comes importantly qualified. If we fix a theory and fix a body
of evidence, then in general it will turn out that, applying the
procedure just described, certain hypotheses can be tested
with respect to the theory by a particular part of the evidence,
and others cannot be. If we look at the claims of the theory
itself, it turns out in general that a particular piece of evidence
will test some claims of the theory with respect to the theory
itself, but not other pieces. Considerations about simplicity
also result, virtually automatically: the inclusion of what sci-
entists (according to field) variously call physically meaning-
less quantities, or unobservable quantities or non-identifiable
quantities within a theory will result in some of the theory’s
hypotheses not being testable with respect to the theory. The
strategy of testing likewise provides a natural and familiar
basis for much (but by no means all) of the scientific concern
with variety of evidence. The evidence for a theory must be
various both because no individual pieces of the evidence may
suffice to test all of the hypotheses in the theory and also
because we want, in so far as possible, independent tests of the
various hypotheses in the theory—that is, for every pair of
hypotheses A and B of the theory, we want, if possible, a test of
A that does not use B (to compute values of unmeasured
quantities) and likewise a test of B that does not use A. These
are only the most obvious methodological results of looking at
confirmation in the upside down way I have described. I will
mention some deeper ones shortly.

If considerations of explanatory power are to be corre-
lated with those of testing, one needs some criteria for com-
parative confirmation of theories based on the analysis of the
the latter notion. The bootstrap strategy permits some obvi-
ous dimensions of comparison, but provides no ordering of
them. (Although in restricted contexts an ordering can be
developed plausibly enough.)!? In comparing theories with
respect to a given body of evidence, we are comparing the
confirmation of one theory with respect to itself with the
confirmation of another theory with respect to itself. It is
better that all of the hypotheses of a theory be tested rather
than only some of them, or at least that a body of hypotheses
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sufficient to entail the entire theory be tested. More tests are
preferable to fewer. Not all hypotheses within a theory are
equal, and for various reasons some are more important than
others; if a piece of evidence tests a central hypothesis of one
theory but only peripheral hypotheses of another, then it is
better evidence for the first than for the second. We prefer
that the evidence provide a variety of tests, that it permit one
to test the various hypotheses of a theory independently of
one another.

How well a theory is tested by a body of evidence depends
on how tight the linkages are, according to the theory, among
the properties with which the theory is concerned. So, too, a
theory succeeds in explaining an empirical regularity by re-
ducing it to a necessary truth only if there is a special intimacy
postulated among the properties concerned. Now the two
kinds of closeness—the one required for confirmation and the
one required for the elimination of contingency—are not the
same, and neither one is a sub-species of the other. They can
diverge, but they more often go together. How they go to-
gether is best seen by reconsidering an example, the Coperni-
can explanation of the Ptolemaic claim that if a superior
planet goes through a number of cycles of anomaly while
going through a number of revolutions in longitude in a
number of solar years, then the number of solar years is equal
to the number of oppositions plus the number of revolutions
of longitude. Jupiter, for example, goes through 65 cycles of
anomaly and 6 revolutions of longitude in 71 solar years. We
have already seen that, construed as identifications, the fol-
lowing three Copernican principles reduce the Ptolemaic
regularity to a necessary truth:

1. A solar year is the period of the Earth’s orbit.

2. A cycle of anomaly (the period between oppositions)
of a superior planet is the period between two suc-
cessive collineations of the planet, the Earth and the
sun, with the planet and the Earth on the same side of
the sun (i.e., the period between two successive over-
takings of the planet by the Earth).

3. The [average] period required for a revolution in
longitude of a superior planet is the orbital period of
the superior planet.
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These claims are at the heart of Copernican theory, and their
confirmation is of the first importance. Each of these claims is
tested with respect to the other two by measurement of the
number of oppositions and revolutions of longitude through
which a superior planet passes in a number of solar years; that
is, using the other two Copernican claims, an instance of any
one of these claims can be deduced from such measurements.
For example, from the fact that Jupiter has gone through 65
cycles of anomaly, the second Copernican hypothesis entails
that Jupiter has been overtaken 65 times by the Earth. Be-
cause the planetin its orbit has been overtaken 65 times while
71 solar years have passed, and from the first hypothesis a
solar year is the period of the Earth’s orbit, it follows that in
this same period Jupiter has made 6 revolutions about the sun.
We have then that the period required for Jupiter to make 6
revolutions in its orbit is the same as the period required for
Jupiter to make 6 revolutions of longitude, and so we obtain
an instance of the third Copernican hypothesis. Moreover, it is
an instance that tests the hypothesis, for had the relations
among solar years, cycles of anomaly, and revolutions in longi-
tude been different—that is, had the Ptolemaic regularity
been otherwise—the same computations would have resulted
in an instance contrary to hypothesis 3. 1f, for example, Jupi-
ter had gone through 65 cycles of anomaly and 10 revolutions
of longitude in 70 solar years, the Copernican hypothesis
would have been disconfirmed with respect to its fellows.
If we compare the Ptolemaic theory, we find that not only
does the theory fail to explain the relation between solar years
and cycles of anomaly and revolutions of longitude, but also
that instances of that relation provide no test of any common
Ptolemaic hypothesis. All that the facts about Jupiter test, for
instance, are the Ptolemaic parameters for Jupiter. Some of
the features which enable the Copernican theory to explain
the regularity are also features which make the regularity a
test of Copernican hypotheses. The fact that the observed
features of the planets are set equal in value to “theoretical”
features by means of general principles is crucial to both
explanation and confirmation; and the fact that the three
identifications transform the Ptolemaic regularity into
mathematical identity means that each identification is tested
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with respect to the other two, without the need of any further
theoretical principles for the computations.

Not every feature of the elimination of contingency is
important for confirmation, and not every explanation which
proceeds by reducing the apparently contingent to the neces-
sary is correlated with a test of the hypotheses used in the
explanation. In the first place, the fact that the theoretical
principles are identifications—a fact which is crucial to their .
explanatory role—is incidental to confirmation. The Coper-
nican hypotheses would be tested with respect to one another
by the measurements of positional astronomy even if they
were not identifications, even if they were only unvarying
correlations. In the second place, the theoretical quantities
may not have values calculable from the properties they are
postulated to explain. The internal Maxwell equations pro-
vide a vivid example; although they are explained by the
identification of the electric and magnetic fields with func-
tions of a scalar and vector potential, those identifications are
not tested by the Maxwell equations, because the values of the
scalar and vector potentials cannot be determined from values
of the electric and magnetic fields. The demands for theories
that explain by eliminating contingency and the demand for
theories that are tested by instances can diverge and conflict.
When a theory provides powerful explanations but does so in
terms of quantities that cannot be determined—even using
principles of the theory—from the phenomena explained,
doubts often arise as to the reality of the properties postulated
to explain the phenomena. Exactly this sort of doubt has been
common enough about the electromagnetic potentials. A
conflict of this kind was, I think, the central one in the first
fifty years or so of the modern atomic theory. Dalton’s theory
did not reduce regularities such as the law of definite propor-
tions to mathematical truths, but it did reduce the law of
definite proportions to the additivity of mass, and somehow (I
do not know how)!? the additivity of mass must have seemed
dramatically less contingent than did definite proportions. At
the same time, the properties in virtue of which this explana-
tion was accomplished—atomic and molecular weights—were
not determinable other than by procedures that seemed arbi-
trary and without warrant. Fifty years and more of scientific
work and argument were devoted to expanding the atomic
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theory to include a body of hypotheses that could be tested
against one another and that sufficed to determine the
weights of atoms.!*

Explanatory unification is accompanied by something
like the sort of unification Friedman describes—a reduction
of the number of “independently acceptable” hypotheses.
But, more exactly, explanatory unification takes regularities
which provide no evidence for one another, and explains
them by an hypothesis or hypotheses for which the several
regularities are evidence. Consider a simple example, nearly
Friedman’s own. Newtonian gravitational theory explains
such diverse regularities as Galileo’s law of falling bodies, the
law of the pendulum, and Kepler’s laws. Consider just the
body of regularities alone. Would observations that test the
law of the pendulum also test Kepler’s laws or Galileo’s law?
Apparently not, whether we apply intuition or philosophical
theory. On the account of confirmation described earlier,
consider the “theory” that consists just in the set of empirical
laws mentioned (and, of course, their consequences). Then
measurements that test the law of the pendulum will not test
any of Kepler’s laws with respect to this theory, and observa-
tions that test Kepler’s third law will not necessarily test
Kepler’s other laws or Galileo’s law or the law of the pendulum
with respect to this theory. From the period of a pendulum
one cannot compute the period of a planetary orbit. What is
tested by what depends on the tightness of the theory, and the
theory that consists of the conjunction of these empirical
regularities is particularly loose. The evidence for the con-
junction of Kepler’s laws, Galileo’s law, and the law of the
pendulum is just the evidence for the first two of Kepler’s
laws, for the third of Kepler’s laws, for Galileo’s law and for
the law of the pendulum. The laws afford one another no
mutual support in the context of the theory consisting merely
of their conjunction. Consider what happens when we intro-
duce Newtonian gravitational theory. Kepler’s second and
third laws and the law of the pendulum provide evidence for
the fundamental postulates of the theory—instances of those
regularities test the gravitational law with respect to Newton’s
second and third laws; likewise, they also test the second and
third of Newton’s laws with respect to the gravitational force
law. Similar results should obtain if we use the instances of
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~Galileo’s law in conjunction with Kepler’s second and third
laws, or if we use Kepler’s first law instead of Kepler’s second
and third laws. Various pieces of the evidence test a common
set of theoretical principles—test them, that is, with respect to
the very theory consisting of these principles and their conse-
quences. If we consider what else Newtonian gravitational
theory might explain, the case is even more dramatic. Con-
sider the infinity of independent claims of the kind: “Under
such and such initial conditions, a system of n bodies subject
only to mutual gravitational attraction will exhibit property
P.” P may be any property describable without infinitary op-
erations (differentialtion, infinite series). The number of such
results derivable in Newtonian celestial mechanics is unli-
mited. Some give algebraic expressions for the trajectories of
the bodies under special initial conditions, some give qualita-
tive characteristics of the trajectories under initial conditions
of a general kind, and so on. With respect to the “theory”
consisting just of all of the claims of this kind that are conse-
quences of Newtonian celestial mechanics itself (that is, the
“theory” in question does not include the differential equa-
tions of Newtonian celestial mechanics itself), most of these
claims have no bearing on one another, they provide one
another no mutual support. For example, unless we pass
through the differential equations of celestial mechanics, in-
stances of the claim that each body in every system of two
bodies moves on a second degree curve need provide no
confirmation of the claim that if two bodies have, initally,
collinear velocities then they will collide. Nor will results about
two-body systems provide evidence for results about three-
body systems, and so on. Yet many of these claims provide
evidence for the fundamental principle of Newtonian celestial
mechanics that specifies the differential equation satisfied by
every system of n bodies subject only to mutual gravitational
attraction. '

The unity of Copernican theory is reflected in the power
of observations of the planetary motion in testing Copernican
hypotheses.'®> There are many examples, but consider simply
the fact that, in Ptolemaic theory, the motions of the inferior
planets have no bearing on hypotheses about the superior
planets, but in Copernican theory they do. For example, ob-
servations of the inferior planets provide a test, with respect to
Copernican theory, of the claim that the greater the distance a
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planet is from the sun, the smaller is its angular velocity (and
so the greater is its orbital period). The principle that, for the
superior planets, the greater the period required for a revo-
lution in longitude, the greater the mean distance of the
planet from the Earth, was common to both Ptolemaic and
Copernican astornomical views. On the Ptolemaic theory, it
cannot be tested, because the distances of the planets cannot
be determined. On the Copernican theory, not only is the
principle tested by observations of the superior planets them-
selves, it is besides a special case of the principle about the
inverse correlation of planetary distances (from the sun) and
their orbital periods, a principle tested by observations of the
inferior planets. In binding the observations together,
Copernican theory permits those observations to test its fun-
damental theoretical assumptions more completely, more
often and with greater variety than does the Ptolemaic theory.

When we see a common pattern, what we see is the appli-
cability of a common set of principles to diverse circum-
stances. In scientific contexts, that application ordinarily re-
sults in tests of those principles in diverse ways, with the result
that disparate regularities, which have alone no mutual bear-
ing, in common support a theory which entails and explains
them all. Thus it happens that a finite body of observational
consequences of a theory can provide better evidence for that
theory, with respect to the theory itself, than that same finite
body of observational consequences provides for the set of
observational consequences of the theory with respect to the
set of observational consequences of the theory. The exam-
ples discussed already suggest that this may be so, and one can
give formalized theories that illustrate the point with respect
to a formalized version of the confirmation theory.'¢

I have discussed two ways in which theories explain, and
how those patterns of explanation are linked with confirma-
tion I don’t mean to suggest that these two patterns of expla-
nation are all there are, or are the only patterns that have
intimate connections to confirmation. Quite the contrary.
Wesley Salmon'” has emphasized the importance of patterns
of explanation which proceed by attributing, in special cir-
cumstances, the correlation between two or more quantities to
the action of a common cause, and which explain events by
locating their place in a causal network. I believe a variety of
patterns of causal explanation are closely connected with con-
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siderations of confirmation and testing. No doubt there are,
besides, still other patterns of explanation, still other
explanatory virtues, with other connections %o testing, and
they need to be described. The ohly great mistake would be a
jejune generality that insists that explanation is one thing
alone. Explanation is not the description of causal connec-
tions, or unification, or the elimination of contingency. It is
any of those things, or others.

Successful tests and satisfying explanations are two dif-
ferent sorts of reasons to believe a theory; both make demands
of theories far beyond the demand of empirical adequacy
alone, and both are virtues of theories which may override
small defects of empirical adequacy. The two kinds of reasons
often go together, but they need not: one can have explana-
tions without tests, and tests without explanatory virtues. I do
not think we can understand the way of scientific reasoning
and argument unless we understand how the variety of
explanatory virtues and the many considerations of confir-
mation can conflict with one another and support one another
and how, together, they function to select what is to be be-
lieved from the infinity of bizarre hypotheses that would save
the phenomena.
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