STUDIES IN THE LOGIC OF EXPLANATION
CARL G. HEMPEL anp PAUL OPPENHEIM!

§1. Introduction.

To explain the phenomena in the world of our experience, to answer the ques-
tion “why?”’ rather than only the question “what?’’, is one of the foremost ob-
jectives of all rational inquiry; and especially, scientific research in its various
branches strives to go beyond a mere description of its subject matter by pro-
viding an explanation of the phenomena it investigates. While there is rather
general agreement about this chief objective of science, there exists considerable
difference of opinion as to the function and the essential characteristics of scien-
tific explanation. In the present essay, an attempt will be made to shed some
light on these issues by means of an elementary survey of the basic pattern of
scientific explanation and a subsequent more rigorous analysis of the concept of
law and of the logical structure of explanatory arguments.

The elementary survey is presented in Part I of this article; Part II contains
an analysis of the concept of emergence; in Part III, an attempt is made to
exhibit and to clarify in a more rigorous manner some of the peculiar and per-
plexing logical problems to which the familiar elementary analysis of explanation
gives rise. Part IV, finally, is devoted to an examination of the idea of explana-
tory power of a theory; an explicit definition, and, based on it, a formal theory
of this concept are developed for the case of a scientific language of simple logical
structure. :

PART I. ELEMENTARY SURVEY OF SCIENTIFIC EXPLANATION

§2. Some tllustrations.

A mercury thermometer is rapidly immersed in hot water; there occurs a tem-
porary drop of the mercury column, which is then followed by a swift rise. How
is this phenomenon to be explained? The increase in temperature affects at
first only the glass tube of the thermometer; it expands and thus provides a larger
space for the mercury inside, whose surface therefore drops. As soon as by heat
conduction the rise in temperature reaches the mercury, however, the latter
expands, and as its coefficient of expansion is considerably larger than that of

1 This paper represents the outcome of a series of discussions among the authors; their
individual contributions cannot be separated in detail. The technical developments con-
tained in Part IV, however, are due to the first author, who also put the article into its
final form.

Some of the ideas presented in Part II were suggested by our common friend, Kurt Grell-
ing, who, together with his wife, became a victim of Nazi terror during the war. Those
ideas were developed by Grelling, in a discussion by correspondence with the present au-
thors, of emergence and related concepts. By including at least some of that material,
which is indicated in the text, in the present paper, we feel that we are realizing the hope
expressed by Grelling that his contributions might not entirely fall into oblivion.

We wish to express our thanks to Dr. Rudolf Carnap, Dr. Herbert Feigl, Dr. Nelson
‘Goodman, and Dr. W. V. Quine for stimulating discussions and constructive criticism.
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glass, a rise of the mercury level results.—This account consists of statements
of two kinds. Those of the first kind indicate certain conditions which are
realized prior to, or at the same time as, the phenomenon to be explained; we shall
refer to them briefly as antecedent conditions. In our illustration, the ante-
cedent conditions include, among others, the fact that the thermometer consists
of a glass tube which is partly filled with mercury, and that it is immersed into
hot water. The statements of the second kind express certain general laws; in
our case, these include the laws of the thermic expansion of mercury and of glass,
and a statement about the small thermic conductivity of glass. The two sets of
statements, if adequately and completely formulated, explain the phenomenon
under consideration: They entail the consequence that the mercury will first
drop, then rise. Thus, the event under discussion is explaine\d\by subsuming it
under general laws, i.e., by showing that it occurred in accordance with those
laws, by virtue of the realization of certain specified antecedent conditions.

Consider another illustration. To an observer in a row boat, that part of an_
oar which is under water appears to be bent upwards. The phenomenon is ex-
plained by means of general laws—mainly the law of refraction and the law
that water is an optically denser medium than air—and by reference to certain
antecedent conditions—especially the facts that part of the oar is in the water,
part in the air, and that the oar is practically a straight piece of wood.—Thus,
here again, the question “Why does the phenomenon happen?” is construed as
meaning “according to what general laws, and by virtue of what antecedent con-
ditions does the phenomenon occur?”

So far, we have considered exclusively the explanation of particular events
occurring at a certain time and place. But the question “Why?” may be raised
also in regard to general laws. Thus, in our last illustration, the question might
be asked: Why does the propagation of light conform to the law of refraction?
Classical physics answers in terms of the undulatory theory of light, i.e. by stating
that the propagation of light is a wave phenomenon of a certain general type,
and that all wave phenomena of that type satisfy the law of refraction. Thus,
the explanation of a general regularity consists in subsuming it under another,
more comprehensive regularity, under a more general law.—Similarly, the
validity of Galileo’s law for the free fall of bodies near the earth’s surface can be
explained by deducing it from a more comprehensive set of laws, namely
Newton’s laws of motion and his law of gravitation, together with some state-
ments about particular facts, namely the mass and the radius of the earth.

§3. The basic pattern of scientific explanation.

From the preceding sample cases let us now abstract some general character-
istics of scientific explanation. We divide an explanation into two major con-
stituents, the explanandum and the explanans’. By the explanandum, we

2 These two expressions, derived from the Latin explanare, were adopted in preference
to the perhaps more customary terms ‘‘explicandum’ and ‘“‘explicans’’ in order to reserve
the latter for use in the context of explication of meaning, or analysis. On explication in
this sense, cf. Carnap, [Concepts], p. 513.—Abbreviated titles in brackets refer to the
bibliography at the end of this article.
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understand the sentence describing the phenomenon to be explained (not that phe-
nomenon itself); by the explanans, the class of those sentences which are adduced
to account for the phenomenon. As was noted before, the explanans falls into
two subclasses; one of these contains certain sentences Ci, C,, ---, C; which
state specific antecedent conditions; the other is a set of sentences Ly , Ly, - - - L,
which represent general laws.

If a proposed explanation is to be sound, its constituents have to satisfy cer-
tain conditions of adequacy, which may be divided into logical and empirical
conditions. For the following discussion, it will be sufficient to formulate these
requirements in a slightly vague manner; in Part III, a more rigorous anlysis and
a more precise restatement of these criteria will be presented.

1. Logical conditions of adequacy.

(R1) The explanandum must be a logical consequence of the explanans;
in other words, the explanandum must be logically deducible from’
the information contained in the explanans, for otherwise, the ex-
planans would not constitute adequate grounds for the explanandum.

(R2) The explanans must contain general laws, and these must actually
be required for the derivation of the explanandum.—We shall not
make it a necessary condition for a sound explanation, however, that
the explanans must contain at least one statement which is not a law;
for, to mention just one reason, we would surely want to consider as
an explanation the derivation of the general regularities governing the
motion of double stars from the laws of celestial mechanics, even though
all the statements in the explanans are general laws.

(R3) The explanans must have empirical content; i.e., it must be capable,
at least in principle, of test by experiment or observation.—This
condition is implicit in (R1); for since the explanandum is assumed
to describe some empirical phenomenon, it follows from (R1) that
the explanans entails at least one consequence of empirical character,
and this fact confers upon it testability and empirical content. But
the point deserves special mention because, as will be seen in §4, cer-
tain arguments which have been offered as explanations in the natural
and in the social sciences violate this requirement.

II. Empirical condition of adequacy.

(R4) The sentences constituting the explanans must be true.
That in a sound explanation, the statements constituting the explanans
have to satisfy some condition of factual correctness is obvious. But
it might seem more appropriate to stipulate that the explanans has to be
highly confirmed by all the relevant evidence available rather than that
it should be true. This stipulation however, leads to awkward conse-
quences. Suppose that a certain phenomenon was explained at an
earlier stage of science, by means of an explanans which was well sup-
ported by the evidence then at hand, but which had been highly
disconfirmed by more recent empirical findings. In such a case, we
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would have to say that originally the explanatory account was a correct
explanation, but that it ceased to be one later, when unfavorable
evidence was discovered. This does not appear to accord with sound
common usage, which directs us to say that on the basis of the limited
initial evidence, the truth of the explanans, and thus the soundness of
the explanation, had been quite probable, but that the ampler evidence
now available made it highly probable that the explanans was not
true, and hence that the account in question was not—and had never
been—a correct explanation. (A similar point will be made and
illustrated, with respect to the requirement of truth for laws, in the
beginning of §6.)

Some of the characteristics of an explanation which have been indicated so

far may be summarized in the following schema:

C,,Cs,+++,Cx  Statements of antecedent

conditions Explanans
Logical deduction l LyLs--- L, General Laws
E Description of the
empirical phenomenon Explanandum

to be explained

Let us note here that the same formal analysis, including the four necessary
conditions, applies to scientific prediction as well as to explanation. The differ-
ence between the two is of a pragmatic character. If E is given, i.e. if we know
that the phenomenon described by E has occurred, and a suitable set of state-
ments Cy,Cy, ---,Cx, Ly, Ly, -+, L, is provided afterwards, we speak of an
explanation of the phenomenon in question. If the latter statements are given
and E is derived prior to the occurrence of the phenomenon it describes, we speak
of a prediction. It may be said, therefore, that an explanation is not fully ade-
quate unless its explanans, if taken account of in time, could have served as a
basis for predicting the phenomenon under consideration.**—Consequently,
whatever will be said in this article concerning the logical characteristics of
explanation or prediction will be applicable to either, even if only one of them
should be mentioned.

It is this potential predictive force which gives scientific explanation its im-
portance: only to the extent that we are able to explain empirical facts can we
attain the major objective of scientific research, namely not merely to record the
phenomena of our experience, but to learn from them, by basing upon them
theoretical generalizations which enable us to anticipate new occurrences and
to control, at least to some extent, the changes in our environment.

Many explanations which are customarily offered, especially in pre-scientific
discourse, lack this predictive character, however. Thus, it may be explained

2 The logical similarity of explanation and prediction, and the fact that one is directed
towards past occurrences, the other towards future ones, is well expressed in the terms ‘‘ post-
dictability’’ and ‘“ predictability’’ used by Reichenbach in [Quantum Mechanies], p. 13.
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that a car turned over on the road “because” one of its tires blew out while the
car was travelling at high speed. Clearly, on the basis of just this information,
the accident could not have been predicted, for the explanans provides no ex-
plicit general laws by means of which the prediction might be effected, nor does
it state adequately the antecedent conditions which would be needed for the
prediction.—The same point may be illustrated by reference to W. S. Jevons’s
view that every explanation consists in pointing out a resemblance between
facts, and that in some cases this process may require no reference to laws at all
and “may involve nothing more than a single identity, as when we explain the
appearance of shooting stars by showing that they are identical with portions
of a comet”.® But clearly, this identity does not provide an explanation of the
phenomenon of shooting stars unless we presuppose the laws governing the
development of heat and light as the effect of friction. The observation of simi-
larities has explanatory value only if it involves at least tacit reference to gen-
eral laws. '

In some cases, incomplete explanatory arguments of the kind here illustrated
suppress parts of the explanans simply as “obvious”; in other cases, they seem
to involve the assumption that while the missing parts are not obvious, the
incomplete explanans could at least, with appropriate effort, be so supplemented
as to make a strict derivation of the explanandum possible. This assumption
may be justifiable in some cases, as when we say that a lump of sugar disappeared
“because” it was put into hot tea, but it is surely not satisfied in many other
cases, Thus, when certain peculiarities in the work of an artist are explained
as outgrowths of a specific type of neurosis, this observation may contain sig-
nificant clues, but in general it does not afford a sufficient basis for a potential
prediction of those peculiarities. In cases of this kind, an incomplete explana-
tion may at best be considered as indicating some positive correlation between
the antecedent conditions adduced and the type of phenomenon to be explained,
and as pointing out a direction in which further research might be carried on in
order to complete the explanatory account.

The type of explanation which has been considered here so far is often referred
to as causal explanation. If E describes a particular event, then the antecedent
circumstances described in the sentences Cy, C:, - -, Cx may be said jointly
to “cause’ that event, in the sense that there are certain empirical regularities,
expressed by the laws Ly, Ly, -- -, L,, which imply that whenever conditions
of the kind indicated by C,, C:, -- -, C occur, an event of the kind described
in E will take place. Statements such as L,, L,, -- -, L,, which assert general
and unexceptional connections between specified characteristics of events, are
customarily called causal, or deterministic, laws. They are to be distinguished
from the so-called statistical laws which assert that in the long run, an explicitly
stated percentage of all cases satisfying a given set of conditions are accompanied
by an event of a certain specified kind. Certain cases of scientific explanation
involve “subsumption” of the explanandum under a set of laws of which at
least some are statistical in character. Analysis of the peculiar logical structure

* [Principles], p. 533.
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of that type of subsumption involves difficult special problems. The present
essay will be restricted to an examination of the causal type of explanation,
which has retained its significance in large segments of contemporary science,
and even in some areas where a more adequate account calls for reference to
statistical laws.*

§4. Explanation in the non-physical sciences. Motivational and teleological ap-
proaches.

Our characterization of scientific explanation is so far based on a study of
cases taken from the physical sciences. But the general principles thus ob-
tained apply also outside this area.” Thus, various types of behavior in labora-
tory animals and in human subjects are explained in psychology by subsumption
under laws or even general theories of learning or conditioning; and while fre-
quently, the regularities invoked cannot be stated with the same generality and
precision as in physics or chemistry, it is clear, at least, that the general char-
acter of those explanations conforms to our earlier characterization.

Let us now consider an illustration involving sociological and economic fac-
tors. In the fall of 1946, there occurred at the cotton exchanges of the United
States a price drop which was so severe that the exchanges in New York, New
Orleans, and Chicago had to suspend their activities temporarily. In an attempt
to explain this occurrence, newspapers traced it back to a large-scale speculator
in New Orleans who had feared his holdings were too large and had therefore
begun to liquidate his stocks; smaller speculators had then followed his example

4+ The account given above of the general characteristics of explanation and prediction
in science is by no means novel; it merely summarizes and states explicitly some funda-
mental points which have been recognized by many scientists and methodologists.

Thus,e.g., Mill says:* Anindividual fact issaid to be explained by pointing out its cause,
that is, by stating the law or laws of causation of which its production is an instance’’, and
“a law of uniformity in nature is said to be explained when another law or laws are pointed
out, of which that law itself is but a case, and from which it could be deduced.” ([Logicl,
Book III, Chapter XII, section 1). Similarly, Jevons, whose general characterization of
explanation was critically discussed above, stresses that ‘“the most important process of
explanation consists in showing that an observed fact is one case of a general law or ten-
dency.” ([Principles], p. 533). Ducasse states the same point as follows: ‘ Explanation
essentially consists in the offering of a hypothesis of fact, standing to the fact to be ex-
plained as case of antecedent to case of consequent of some already known law of connec-
tion.” ([Explanation], pp. 150-51). A lucid analysis of the fundamental structure of
explanation and prediction was given by Popper in [Forschung], section 12, and, in an im-
proved version, in his work [Society], especially in Chapter 25 and in note 7 referring to that
chapter.—For a recent characterization of explanation as subsumption under general the-
ories, cf., for example, Hull’s concise discussion in [Principles], chapter I. A clear elemen-
tary examination of certain aspects of explanation is given in Hospers, [Explanation], and a
concise survey of many of the essentials of scientific explanation which are considered in
the first two parts of the present study may be found in Feigl, [Operationism], pp. 284 ff.

5 On the subject of explanation in the social sciences, especially in history, cf. also the
following publications, which may serve to supplement and amplify the brief discussion to
be presented here: Hempel, [Laws]; Popper, [Society]; White, [Explanation]; and the ar-
ticles Cause and Understanding in Beard and Hook, [Terminology].
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in a panic and had thus touched off the critical decline. Without attempting to
assess the merits of the argument, let us note that the explanation here suggested
again involves statements about antecedent conditions and the assumption of
general regularities. The former include the facts that the first speculator had
large stocks of cotton, that there were smaller speculators with considerable
holdings, that there existed the institution of the cotton exchanges with their
specific mode of operation, etc. The general regularities referred to are—as
often in semi-popular explanations—not explicitly mentioned; but there is ob-
viously implied some form of the law of supply and demand to account for the
drop in cotton prices in terms of the greatly increased supply under conditions
of practically unchanged demand; besides, reliance is necessary on certain regu-
larities in the behavior of individuals who are trying to preserve or improve their
economic position. Such laws cannot be formulated at present with satisfactory
precision and generality, and therefore, the suggested explanation is surely in-
complete, but its intention is unmistakably to account for the phenomenon by
integrating it into a general pattern of economic and socio-psychological
regularities.

We turn to an explanatory argument taken from the field of linguistics.® In
Northern France, there exist a large variety of words synonymous with the
English “bee,” whereas in Southern France, essentially only one such word is
in existence. For this discrepancy, the explanation has been suggested that in
the Latin epoch, the South of France used the word ‘“‘apicula’, the North the
word “apis”. The latter, because of a process of phonologic decay in Northern
France, became the monosyllabic word ‘““é”; and monosyllables tend to be elimi-
nated, especially if they contain few consonantic elements, for they are apt to
give rise to misunderstandings. Thus, to avoid confusion, other words were
selected. But “apicula’, which was reduced to “abelho’, remained clear enough
and was retained, and finally it even entered into the standard language, in the
form “abbeille’”. While the explanation here described is incomplete in the
sense characterized in the previous section, it clearly exhibits reference to specific
antecedent conditions as well as to general laws.’

‘While illustrations of this kind tend to support the view that explanation in
biology, psychology, and the social sciences has the same structure as in the
physical sciences, the opinion is rather widely held that in many instances, the
causal type of explanation is essentially inadequate in fields other than physics
and chemistry, and especially in the study of purposive behavior. Let us ex-

6 The illustration is taken from Bonfante, [Semantics], section 3.

7 While in each of the last two illustrations, certain regularities are unquestionably relied
upon in the explanatory argument, it is not possible to argue convincingly that the intended
laws, which at present cannot all be stated explicitly, are of a causal rather than a statistical
character. It is quite possible that most or all of the regularities which will be discovered
as sociology develops will be of a statistical type. Cf., on this point, the suggestive ob-
servations by Zilsel in [Empiricism] section 8, and [Laws]. This issue does not affect,
however, the main point we wish to make here, namely that in the social no less than in the
physical sciences, subsumption under general regularities is indispensable for the explana-
tion and the theoretical understanding of any phenomenon.



