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Foundations of Logic and Mathematics
Rudolf Carnap

l. Logical Analysis of Language: Semantics and Syntax
1. Theoretical Procedures in Science

The activities of a scientist are in part practical: he arranges
experiments and makes observations. Another part of his work
is theoretical: he formulates the results of his observations in
sentences, compares the results with those of other observers,
tries to explain them by a theory, endeavors to confirm a theory
proposed by himself or somebody else, makes predictions with
the help of a theory, etc. In these theoretical activities, deduc-
tion plays an important part; this includes calculation, which
is a special form of deduction applied to numerical expressions.
Let us consider, as an example, some theoretical activities of
an astronomer. He describes his observations concerning a cer-
tain planet in a report, 0;. Further, he takes into consideration
* & theory T concerning the movements of planets. (Strictly
speaking, T would have to include, for the application to be
discussed, laws of some other branches of physics, e.g., concern-
ing the astronomical instruments used, refraction of light in the
atmosphere, etc.) From 0, and T, the astronomer deduces a
prediction, P; he calculates the apparent position of the planet
for the next night. At that time he will make a new observation
and formulate it in a report 0;. Then he will compare the pre-
diction P with O; and thereby find it either confirmed or not.
If T was a new theory and the purpose of the procedure de-
scribed was to test T, then the astronomer will take the con-
firmation of P by 0; as a partial confirmation for T'; he will
apply the same procedure again and again and thereby obtain
either an increasing degree of confirmation for T or else a dis-
confirmation. The same deduction of P from 0, and T is made
in the case where T is already scientifically acknowledged on the

Vol. I, No. 3
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Foundations of Logic and Mathematics

basis of previous evidence, and the present purpose is to obtain
a prediction of what will happen tomorrow. There is a third
situation in which a deduction of this kind may be made. Sup-
pose we bave made both the observations described in 0, and
in 0.; we are surprised by the results of the observation de-
scribed in 0, and therefore want an explanation for it. This
explanation is given by the theory T'; more precisely, by deduc-
ing P from O, and T and then showing that 0, is in accordance
with P (“What we have observed is exactly what we had to
expect”).

These simple examples show that the chief theoretical pro-
cedures in science—namely, testing a theory, giving an explana-
tion for & known fact, and predicting an unknown fact—involve
as an essential component deduction and caleulation; in other
words, the application of logic and mathematics. (These pro-
cedures will later be discussed more in detail, especially in
§§ 15, 19, and 23.) It is one of the chief tasks of this essay to
make clear the role of logic and mathematics as applied in em-
pirical science. We shall see that they furnish instruments for
deduction, that is, for the transformation of formulations of
factual, contingent knowledge. However, logic and mathe-
matics not only supply rules for transformation of factual sen-
tences but they themselves contain sentences of a different, non-
factual kind. Therefore, we shall have to deal with the ques-
tion of the nature of logical and mathematical theorems. It
will become clear that they do not possess any factual content.
If we call them true, then another kind of truth is meant, one
not dependent upon facts. A theorem of mathematics is not
tested like a theorem of physics, by deriving more and more
predictions with its help and then comparing them with the
results of observations. But what else is the basis of their va-
lidity? We shall try to answer these questions by examining
how theorems of logic and mathematics are used in the con-
text of empirical science.

The material on which the scientist works in his theoretical
activities consists of reports of observations, scientific laws and
- theories, and predictions; that is, formulations in language
Vel. I, No. 3
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Analysis of Language

which describe certain features of facts. Therefore, an analysis
of theoretical procedures in science must concern itself with
language and its applications. In the present section, in pre-
paring for the later task, we shall outline an analysis of lan-
guage and explain the chief factors involved. Three points of
view will be distinguished, and accordingly three disciplines
applying them, called pragmatics, semantics, and syntax. These
will be illustrated by the analysis of a simple, fictitious language.
In the later sections the results of these discussions will be
applied in an analysis of the theoretical procedure of science,
especially from the point of view of calculi, their interpretation,
and their application in empirical science.

2. Analysis of Language

A language, as, e.g., English, is a system of activities or,
rather, of habits, i.e., dispositions to certain activities, serving
mainly for the purposes of communication and of co-ordination
of activities among the members of a group. The elements of
the language are signs, e.g., sounds or written marks, produced
by members of the group in order to be perceived by other mem-
bers and to influence their bebavior. Since our final interest in
this essay concerns the language of science, we shall restrict
ourselves to the theoretical side of language, i.e., to the use of
language for making assertions. Thus, among the different
kinds of sentences, e.g., commands, questions, exclamations,
declarations, etc., we shall deal with declarative sentences only.
For the sake of brevity we shall call them here simply senfences.

This restriction to declarative sentences does not involve, in
the investigation of processes accompanying the use of lan-
guage, a restriction to theoretical thinking. Declarative sen-
tences, e.g., “This apple is sour’, are connected not ®nly with
the theoretical side of behavior but also with emotional, voli-
tional, and other factors. If we wish to investigate a language
as 2 human activity, we must take into consideration all these
factors connected with speaking activities. But the sentences,
and the signs (e.g., words) occurring in them, are sometimes
involved in still another relation. A sign or expression may con-

Yol. I, No. 3
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Foundations of Logic and Mathematics

cern or designate or describe something, or, rather, he who uses
the expression may intend to refer to something by it, e.g.,
to an object or a property or a state of affairs; this we call the
designatum of the expression. (For the moment, no exact defini-
tion for ‘designatum’ is intended; this word is merely to serve
as a convenient, common term for different cases—objects,
properties, etc.—whose fundamental differences in other re-
spects are not hereby denied.) Thus, three components have
to be distinguished in a situation where language is used. We
see these in the following example: (1) the action, state, and.
environment of & man who speaks or hears, say, the German
word ‘blau’; (2) the word ‘blau’ as an element of the German
language {meant here as a specified acoustic [or visual] design
which is the common property of the many sounds produced at
different times, which may be called the tokens of that design);
(8) a certain property of things, viz., the color blue, to which
this man—and German-speaking people in general—intends to
refer (one usually says, ‘““The man means the color by the
word”, or “The word means the color for these people”, or
“. ... within this language”).

The complete theory of language has to study all these three
components. We shall call pragmatics the field of all those in-
vestigations which take into consideration the first component,
whether it be alone or in combination with the other com-
ponents. Other inquiries are made in abstraction from the
speaker and deal only with the expressions of the language and
their relation to their designata. The field of these studies is
called semantics. Finally, one may abstract even from the desig-
nata and restrict the investigation to formal properties—in a
sense soon to be explained—of the expressions and relations
among them. This field is called logical syntaz. The distinction
between the three fields will become more clear in our subse-
quent discussions.

That an investigation of language has to take into consideration all the
three factors mentioned was in recent times made clear and emphasized
especially by C. S. Peirce, by Ogden and Richards, and by Morris (see Vol. I,
No. 2). Morris made it the basis for the three fields into which he divides

Vol. I, No. 3
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Pragmatics of Language B

semiotie (i.e., the general theory of signs), namely, pragmatics, semantics,
and syntactics. Qur division is in agreement with his in its chief features.
For general questions concerning language and its use compare also Bloom-
field, Volume I, No. 4.

3. Pragmatics of Language B

In order to make clear the nature of the three fields and the
differences between them, we shall analyze an example of a
language. We choose a fictitious language B, very poor and
very simple in its structure, in order to get simple systems of
semantical and syntactical rules.

Whenever an investigation is made about a language, we call
this language the object-language of the investigation, and the
language in which the results of the investigation are formu-
lated the metalanguage. Sometimes object-language and meta-
language -are the same, e.g., when we speak in English about
English. The theory concerning the object-language which is
formulated in the metalanguage is sometimes called metatheory.
Iis three branches are the pragmatics, the semantics, and the
syntax of the language in question. In what follows, B is our
object-language, English our metalanguage.

Suppose we find a group of people speaking a language B
which we do not understand; nor do they understand ours.
After some observation, we discover which words the people
use, in which forms of sentences they use them, what these
words and sentences are about, on what occasions they are
used, what activities are connected with them, etc. Thus we
may have obtained the following results, numbered here for
later reference.

Pragm. 1.—Whenever the people utter a sentence of the form
‘.. .ist kalt’, where “...” is the name of a thing, they intend
to assert that the thing in question is cold.

Pragm. 2a—A certain lake in that country, which has no
name in English, is usually called ‘titisee’. When using this
name, the people often think of plenty of fish and good meals.

Pragm. 2b.—On certain holidays the lake is called ‘rumber’;

Vol. |, No. 3
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Foundations of Logic and Mathematics

when using this name, the people often think—even during
good weather—of the dangers of storm on the lake.

Pragm. 3—The word ‘nicht’ is used in sentences of the form
‘nicht . . .’, where ‘. . .’ is a sentence. If the sentence ‘. . ." serves
to express the assertion that such and such is the case, the
whole sentence ‘nicht ...’ is acknowledged as a correct asser-
tion if such and such is not the case.

In this way we slowly learn the designata and mode of use
of all the words and expressions, especially the sentences; we
find out both the cause and the effect of their utterance. We
may study the preferences of different social groups, age groups,
or geographical groups in the choice of expressions. We investi-
gate the role of the language in various social relations, etc.

The pragmatics of language B consists of all these and simi-
lar investigations. Pragmatical observations are the basis of
all linguistic research. We see that pragmatics is an empirical
discipline dealing with a special kind of human behavior and
making use of the results of different branches of science (prin-
cipally social science, but also physics, biology, and psychology).

4. Semantical Systems

'We now proceed to restrict our attention to a special aspect
of the facts concerning the language B which we have found
by observations of the speaking activities within the group who
speak that language. We study the relations between the ex-
pressions of B and their designata. On the basis of those facts
we are going to lay down a system of rules establishing those
relations. We call them semantical rules. These rules are not
unambiguously determined by the facts. Suppose we have
found that the word ‘mond’ of B was used in 98 per cent of the
cases for the moon and in 2 per cent for a certain lantern. Now
it is a matter of our decision whether we construct the rules in
such a way that both the moon and the lantern are designata
of ‘mond’ or only the moon. If we choose the first, the use of
‘mond’ in those 2 per cent of cases was right—with respect to
our rules; if we choose the second, it was wrong. The facts do
not determine whether the use of a certain expression is right
Vol. I, Ne. 3
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Semantical Systems

or wrong but only how often it occurs and how often it leads
to the effect intended, and the like. A question of right or
wrong must always refer to a system of rules. Strictly speaking,
the rules which we shall lay down are not rules of the factually
given language B; they rather constitute a language system
corresponding to B which we will call the semaniical system
B-8. The language B belongs to the world of facts; it has many
properties, some of which we have found, while others are un-
known to us. The language system B-S, on the other hand, is
something constructed by us; it has all and only those properties
which we establish by the rules. Nevertheless, we construct B-S
not arbitrarily but with regard to the facts about B. Then we
may make the empirical statement that the language B is to
a certain degree in accordance with the system B-S. The previ-
ously mentioned pragmatical facts are the basis—in the sense
explained—of some of the rules to be given later (Pragm. 1
for SD 2a and SL 1, Pragm. 2a,b for SD 1a, Pragm. 3 for SL 2).

We call the elements of a semantical system signs; they may
be words or special symbols like ‘0’, ‘+’, ete. A sequence con-
sisting of one or several signs is called an expression. As signs
of the system B-S we take the words which we have found by
our observations to be words of B or, rather, only those words
which we decide to accept as “correct.” We divide the signs
of B-S—and, in an analogous way, those of any other semanti-
cal system—into two classes: descriptive and logical signs. As
descriptive signs we take those which designate things or prop-
erties of things (in a more comprehensive system we should
classify here also the relations among things, functions of
things, ete.). The other signs are taken as logical signs: they
serve chiefly for connecting descriptive signs in the construction
of sentences but do not themselves designate things, properties
of things, etc. Logical signs are, e.g., those corresponding to
English words like ‘is’, ‘are’, ‘not’, ‘and’, ‘or’, ‘if’, ‘any’, “some’,
‘every’, ‘all’. These unprecise explanations will suffice here.
Our later discussions will show some of the differentiae of the
two classes of signs.

Vol. I, No. 3
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Foundations of Logic and Mathematics

Semantics as an exact discipline is quite new; we owe it to the very fertile
school of contemporary Polish logicians. After some of this group, especially
Lesniewski and Ajdukiewicz, had discussed semantical questions, Tarski, in
his treatise on truth, made the first comprehensive systematic investigation
in this field, giving rise to very important results.

5.Rules of the Semantical System B-S

In order to show how semantical rules are to be formulated
and how they serve to determine truth conditions and thereby
give an interpretation of the sentences, we are going to con-
struct the semantical rules for the system B-S. As preliminary
steps for this construction we make a classification of the signs
and lay down rules of formation. Each class is defined by an
enumeration of the signs belonging to it. The signs of B-S are
divided into descriptive and logical signs. The descriptive signs
of B-S are divided into names and predicates. Names are the
words ‘titisee’, ‘rumber’, ‘mond’, etc. (here a complete list of
the names has to be given). Predicates are the words ‘kalt’,
‘blav’, ‘rot’, ete. The logical signs are divided into logical
constants (‘ist’, ‘nicht’, ‘wenn’, ‘so’, ‘fuer’, ‘jedes’) and variables
(‘c’, °y’, ete.). For the general description of forms of expres-
sions  we shall use blanks like “.. ., - - -, ete. They are not
themselves signs of B-S but have to be replaced by expressions
of B-S. If nothing else is said, a blank stands for any expression
of B-S. A blank with a subscript ‘»’, “p’, ‘¢’, or v’ (e.g., . . ")
stands for a name, a predicate, a sentence, or a variable, re-
spectively. If the same blank occurs several times within a rule
or a statement, it stands at all places for the same expression.

The rules of formation determine how sentences may be con-
structed out of the various kinds of signs. :

Rules of formation.—An expression of B-S is called a sentence
(in the semantical sense) or a proposition of B-S, if and only if
it has one of the following forms, F 14. F1: “ .., ist
-- -5 (e.g., ‘mond ist blau’); F 2: ‘nicht. ...’ (e.g., ‘nicht mond
ist blau’); F 8: ‘wenn.. ., so- - -’ (e.g., “wenn titisee ist rot, so
mond ist kalt’); F 4: ‘fuerjedes..,, -..-", where *-. .-’ stands
for an expression which is formed out of a sentence not contain-
ing a variable by replacing one or several names by the variable
Vol. I, No. 3



Rules of the Semantical System B-S

‘. .o (e.g., ‘fuer jedes z, z ist blau’; ‘fuer jedes y, wenn y ist blau,
so y ist kalt’). The partial sentence in a sentence of the form
F 2 and the two partial sentences in a sentence of the form F 3
(indicated above by blanks) are called components of the whole
sentence. In order to indicate the components of a sentence in
case they are themselves compound, commas and square brack-
ets are used when necessary.

Rules B-SD. Designate of descriptive signs:

8D 1. The names designate things, and especially
a) each of the thing-names ‘titisee’ and ‘rumber’ desig-
nates the lake at such and such a longitude and lati-
tude.
b) ‘mond’ designates the moon.
Etc. [Here is to be given a complete list of rules for all
the names of B-S.]
SD 2. The predicaies designate properties of things, and es-
pecially
a) ‘kalt’ designates the property of being cold.
b) ‘blaw’ designates the property of being blue.
¢) ‘rot’ designates the property of being red.
Etc. [for all predicates].

Rules B-SL. Truth conditions for the sentences of B-S. These
rules involve the logical stigns. We call them the L-semantical
rules of B-S.

SL 1. ‘ist’, form F 1. A sentence of the form *. . ., ist--- is
true if and only if the thing designated by °...." has the
property designated by ‘- - -’

-SL 2. ‘nicht’, form F 2. A sentence of the form ‘nicht ...’ is
true if and only if the sentence °. . .,’ is not true.

SL 8. ‘wenn’ and ‘so’, form F 8. A sentence of the form ‘wenn

.« 50 - - =, i8 true if and only if “. ..’ is not true or
‘-, is true.

SL 4. “fuer jedes’, form F 4. A sentence of the form ‘fuer jedes
. w; =+ » =5 Where ‘- .. -” is an expression formed out of a
sentence by replacing one or several names by the vari-
able ‘. ..”, is true if and only if all sentences of the follow-

Vol. |, No. 3
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ing kind are true: namely, those sentences constructed
out of the expression ‘-..-" by replacing the variable
‘. .» at all places where it occurs within that expression
by a name, the same for all places; here names of any
things may be taken, even of those for which there is no
name in the list of names in B-S. (Example: The
sentence ‘fuer jedes x, z ist blau’ is true if and only if
every sentence of the form °. . ., ist blau’ is true; hence,
according to SL 1, if and only if everything is blue.)

The rule SL 1, in combination with SD, provides direct
truth conditions for the sentences of the simplest form; direct,
since the rule does not refer to the truth of other sentences.
SL 24 provide indirect truth conditions for the compound sen-
tences by referring to other sentences and finally back to sen-
tences of the simplest form. Hence the rules B-SD and SL to-
gether give a general definition of ‘true in B-S’ though not in
explicit form. (It would be possible, although in a rather com-
plicated form, to formulate an explicit definition of ‘true in
B-S’ on the basis of the rules given.) A sentence of B-S which
is not true in B-S is called false in B-S.

If a sentence of B-S is given, one can easily construct, with
the help of the given rules, a direct truth-criterion for it, i.e.,
a necessary and sufficient condition for its truth, in such a way
that in the formulation of this condition no reference is made
to the truth of other sentences. Since to know the truth condi-
tions of a sentence is to know what is asserted by it, the given
semantical rules determine for every sentence of B-S what it
asserts—in usual terms, its “‘meaning”—or, in other words, how
it is to be translated into English.

Examples: (1) The sentence ‘mond ist blau’ is true if and only if the moon
is blue. (2) The sentence ‘fuer jedes x, wenn z ist blau, so z ist kalt’ is true if
and only if every thing—not only those having a name in B-S—either is not
blue or is cold; in other words, if all blue things are cold. Hence, this sentence

asserts that all blue things are cold; it is to be translated into the English
sentence ‘all blue things are cold’.

Therefore, we shall say that we understand a language system,
or a sign, or an expression, or a sentence in a language system,
Vol. |, No. 3
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Some Terms of Semantics

if we know the semantical rules of the system. We shall also
say that the semantical rules give an inferpretation of the lan-

guage system.

We have formulated the semantical rules of the descriptive signs by stat-
ing their designata, for the logical signs by stating truth conditions for the
- sentences constructed with their help. We may mention here two other ways
of formulating them which are often used in the practice of linguistics and
Iogic, The first consists in giving #ranslations for the signs and, if necessary,
for the complex expressions and sentences, as it is done in a dictionary. The
second way consists in stating designata throughout, not only for the descrip-
tive signs as in SD, but also for expressions containing the logical signs, corre-
sponding to SL. Example (corresponding to SL 1): A sentence of the form
‘. .n ist « - -5’ designates (the state of affairs) that the thing designated by
‘. . .» has the property designated by *- - -y’

6. Some Terms of Semantics

We shall define some more terms which belong to the meta-
language and, moreover, to the semantical part of the metalan-
guage (as is seen from the fact that the definitions refer to the
semantical rules). Any semantical term is relative to a semanti-
cal system and must, in strict formulation, be accompanied by
a reference to that system. In practice the reference may often
be omitted without ambiguity (thus we say, e.g., simply ‘syn-
onymous’ instead of ‘synonymous in B-S’),

Two expressions are said to be semantically synonymous, or
briefly, synonymous, with each other in a semantical system
S if they have the same designatum by virtue of the rules of
S. Hence, according to SD 1a, the signs ‘titisee’ and ‘rumber’
are semantically synonymous with one another in B-S. They
are, however, not what we might call pragmatically synony-
mous in B, as is shown by Pragm. 2a,b. Since the transition
from pragmatics to semantics is an abstraction, some proper-
ties drop out of consideration and hence some distinctions dis-
appear. Because of the semantical synonymity of the names
mentioned, the sentences ‘titisee ist kalt’ and ‘rumber ist kalt’
are also semantically synonymous. These two sentences have
the same truth conditions, although different pragmatical con-
ditions of application. Suppose that the lake is cold and hence
the sentence ‘titisee ist kalt’ is true. Then the sentence ‘rumber

Vol. I, No. 3
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is kalt’ is also true, even if sinfully spoken on a working day.
If this happened by mistake, people would tell the speaker that
he is right in his belief but that he ought to formulate it—i.e.,
the same belief—in another way.

We shall apply the semantical terms to be defined not only
to sentences but also to classes of sentences. In what follows
we shall use S/, ‘Ss, etc., for sentences; ‘Cy, ‘Cy, ete., for
classes of sentences; ‘T, ‘T, etc., stand both for sentences and
for classes of sentences. (These ‘S’ and ‘C” with subscripts have
nothing to do with the same letters without subscripts, which
we use for semantical systems and calculi, e.g., ‘B-S’ and
‘B-C’.) We understand the assertion of a class of sentences C;
as a simultaneous assertion of all the sentences belonging to C;
therefore, we make the following definition: a class of sentences
C, is called true if all sentences of C, are true; false, if at least
one of them is false. T, and .T; (i.e., two sentences, or two
classes of sentences, or one sentence and one class) are called
equivalent with each other, if either both are true or. both are
false. T is called an implicate of T, if T, is false or T is true.
T, is said to exclude T's if not both are true.

7.1-Semantical Terms

Let us compare the following two sentences: ‘Australia is
large’ (S,) and ‘Australia is large or Australia is not large’ (S,).
We see that they have a quite different character; let us try
to give an exact account of their difference. We learn S, in
geography but S, in logic. In order to find out for each of these
sentences whether it is true or false, we must, of course, first
understand the language to which it belongs. Then, for S,
we have to know, in addition, some facts about the thing whose
name occurs in it, i.e.,, Australia. Such is not the case for S,.
Whether Australia is large or small does not matter here; just
by understanding S; we become aware that it must be right.
If we agree to use the same term “true’ in both cases, we may ex-
press their difference by saying that S, is factua]ly (or empirical-
ly) true while S, is logically true. These unprecise explanations
can easily be transformed into precise definitions by replacing
Vol I, No. 3
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the former reference to understanding by a reference to seman-
tical rules. We call a sentence of a semantical system S (logi-
cally true or) L-frueif it is true in such a way that the semantical
rules of S suffice for establishing its truth., We call a sentence
(logically false or) L-false if it is false in such a way that the
semantical rules suffice for finding that it is false. The two terms
just defined and all other terms defined on their basis we call
L-semantical terms. If a sentence is either L-true or L-false, it
is called L-determinate, otherwise (L-indeterminate or) factual,
(The terms ‘L-true’, ‘L-false’, and ‘factual’ correspond to the
terms ‘analytic’, ‘contradictory’, and ‘synthetic’, as they are
used in traditional terminology, usually without exact defini-
tions.) If a factual sentence is true, it is called (factually true
or) F-true; if it is false, (Iactually false or) F-false. Every sen-
tence which contains only logical signs is L-determinate. This
is one of the chief characteristics distinguishing logical from de-
scriptive signs. (Example: ‘For every object  and every prop-
erty F, if 2 is an F then z is an F’ is L-true. There are no sen-
tences of this kind in the system B-S.)

Classification of senlences of a semantical system:

true false

L-true F-true F-false D L-false

Examples of sentences in B-S: (1) We found earlier (§ 5) that the sentence
“‘mond ist blau’ (S,) is true in B-S if and only if the moon is blue. Hence, in
order to find out whether §; is true or Ialse, not only must we know the
rules of B-S but we have to make observations of the moon. Hence 8, is not
L-determinate but factual. (2) Let us analyze the sentence ‘wenn mond ist
blau, so mond is blaw’ (Ss). According to rule SL 3, a ‘wenn-s0’ sentence is
true if its first component is not true or its second component is true. Now, if
8, is true, the second component of 8; is true, and bence 8, is true; and if 8,
is ot true, then the first component of 8: is not true, and hence 8; is sgain
true. Thus §; is true in any case, independently of the facts concerning the
moon: it is true merely in virtue of rule SL 8. Therefore 8, is L-true. (3) The
sentence “nicht, wenn mond ist blau, so mond ist blau’ (S;) has 8; as its com-
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ponent; and we found §; to be true on the basis of SL 3. Therefore, according
to SL 2, 8, is not true but false. And, moreover, it is false not because some
fact happens to be the case but merely by virtue of the rules SL 3 and 2.
Hence, 8, is L-false.

Terminological remark.—The use of the word ‘true’ in everyday language
and in philosophy is restricted by some to factual sentences, while some
others use it in a wider sense, including analytic sentences. We adopted here
the wider use; it is more customary in modern logic (e.g., ‘truth function’,
‘truth-value-table’), and it turns out to be much more convenient. Otherwise,
we should always have to say in the semantical rules and in most of the se-
mantical theorems ‘true or analytic’ instead of ‘true’, Semantical rules stating
truth-conditions in the sense of ‘F-true’ would become very complicated and
indeed indefinite.

The definitions given can easily be transferred to classes of -
sentences. C, is called L-true if it is possible to find out that
C, is true with the help of the semantical rules alone, hence if all
sentences of C, are L-true. () is called L-false if it is possible to
find out with the help of the semantical rules that €, is false,
i.e., that at least one sentence of C, is false (in this case, how-
ever, all sentences of ) may be factual). If C, is either L-true or
L-false, it is called L-determinate, otherwise factual.

If the semantical rules suffice to show that T, is an implicate
of T, we call T, an L-implicale of T'. This relation of L-implica-
tion is one of the fundamental concepts in logical analysis of
language. The criterion for it can also be formulated in this
way: the semantical rules exclude the possibility of T being
true and T, false; or in this way: according to the semantical
rules, if T, is true, T2 must be true. This last formulation of
the criterion shows that L-implication, as defined here, is
essentially the same as what is usually called logical conse-
quence or deducibility or strict implication or entailment, al-
though the form of the definitions of these terms may be differ-
ent. Qur definition is a semantical one as it refers to the se-
mantical rules. Later we shall discuss the possibility of defining
a corresponding syntactical term.

Examples: (1) ‘mond ist rot’ (S)); ‘wenn mond ist rot, so titisee ist kalt’
(S4); “titisee ist kalt’ (S;). We shall see that S, is an L-implicate of the class

G, consnshng of 8, and S:. According to the definition of ‘implicate’ (§ 6), if
Sy is true, S; is an implicate of . The same holds if S, is false because Ciia
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then also false. The only remaining case is that S, is true and S; is false. In this
case, according to rule SL 8 (§ 5), S; is false and, hence, C; is false too, and §;
is an implicate of C). Thus we have found, without examining the facts de-
scribed by the sentences, and merely by referring to the semantical rules,
that S; is an implicate of C;. Therefore, S, is an L-implicate of 1. (2) ‘fuer
jedes z, z ist blau’ (S,); ‘mond ist blau’ (Ss}. We shall see that S; is an L-
implicate of S;. If S is true, S; is an implicate of S;. And if S; is not true, then
according to SL 4 (§ 5), S¢ is not true, and, hence, S; is again an implicate of
8¢ We found this result by merely referring to a semantical rule. Therefore,
" 8, is an L-implicate of Sy

T, and T, are said to be L-equivalent if the semantical rules
suffice to establish their equivalence, in other words, if T; and
T, are L-implicates of each other. L-equivalent sentences have
the same truth conditions; therefore, they say the same thing,
although the formulations may be quite different.

Example: ‘mond ist kalt’ (S:); ‘nicht, mond ist kalt’ (Si); ‘nicht, nicht,
mond ist kalt’ (S;). These sentences are factual; the semantical rules do not
suffice for finding out their truth or falsity. But they suffice for showing that
8, and S; are equivalent. If S, is true, §; is, according to SL 2 (§ 5), false,
and hence 8; true. Therefore, in this case, S; and S; are equivalent. And, if
S, is false, then S, is true and S, is false; hence, S, and Sy are again equivalent.
Thus, on the basis of the semantical rules, S, and 8; cannot be other than
equivalent, Therefore they are L-equivalent.

If S, is an L-true sentence, then the truth of S; can be estab-
lished without any regard to the facts, e.g., to the properties of
the things whose names occur in S,. Therefore, S; does not con-
vey any information about facts; this is sometimes formulated
by saying that an L-true sentence has no factual content. Sup-
pose S, to be an L-implicate of the class of sentences C,. Then
S, is an implicate of C,, and hence, if the sentences of ) are true,
S, is also true; and, moreover, this relation between C, and S,
can be found to hold without taking into account any facts.
Therefore, S: does not furnish any new information concerning
facts that were not already given by C,. This is sometimes ex-
pressed by saying that logical deduction does not increase the
factual content of the premisses. The two characteristics just
explained of L-truth and L-implication (which have been espe-
cially emphasized by Wittgenstein) are very important for a
clear understanding of the relation between logic and empirical
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knowledge. We shall see later that they hold also for mathe-
matical theorems and mathematical deductions even if applied
in empirical science (§ 19).

8. Logical Syntax

We distinguished three factors in the functioning of language:
the activities of the speaking and listening persons, the desig-
nata, and the expressions of the language. We abstracted from
the first factor and thereby came from pragmatics to semantics.
Now we shall abstract from the second factor also and thus
proceed from semantics to syntax. We shall take into consid-
eration only the expressions, leaving aside the objects, proper-
ties, states of affairs, or whatever may be designated by the ex-
pressions. The relation of designation will be disregarded en-
tirely. As this relation is the basis of the whole semantical sys-
tem, it might seem as if nothing would be left. But we shall soon
see that this is not the case.

A definition of a term in the metalanguage is called formal if
it refers only to the expressions of the object-language (or, more
exactly, to the kinds of signs and the order in which they occur
in the expressions) but not to any extralinguistic objects and
especially not to the designata of the descriptive signs of the
object-language. A term defined by a formal definition is also
called formal, as are questions, proofs, investigations, etc., in
which only formal terms occur. We call the formal theory of an
object-language, formulated in the metalanguage, the syntax of
the object-language (or the logical syntax, whenever it seems
necessary to distinguish this theory from that part of linguistics
which is known as syntax but which usually is not restricted to
formal terms). A formal definition, term, analysis, etc., is then
also called syntactical.

The definitions of all semantical terms refer directly or indi-
rectly to designata. But some of these terms—e.g., ‘true’, ‘L-
true’, ‘L-implicate’—are attributed not to designata but only
to expressions; they designate properties of, or relations be-
tween, expressions. Now our question is whether it is possible
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to define within syntax, i.e., in a formal way, terms which cor-
respond more or less to those semantical terms, i.e., whose exten-
sions coincide partly or completely with theirs. The develop-
ment of syntax—chiefly in modern symbolic logic—has led to an
affirmative answer to that question. Especially is the possibility
of defining in a formal way terms which completely correspond
to L-true’ and ‘L-implicate’ of fundamental importance. This
shows that logical deduction can be completely formalized.

A syntactical system or calculus (sometimes also called a for-
mal deductive system or a formal system) is a system of formal
rules which determine certain formal properties and relations of
sentences, especially for the purpose of formal deduction. The
simplest procedure for the construction of a calculus consists
in laying down some sentences as primitive sentences (some-
times called postulates or axioms) and some rules of inference.
The primitive sentences and rules of inference are used for two
purposes, for the construction of proofs and of derivations. We
shall call the sentences to which the proofs lead C-true sentences
(they are often called provable or proved sentences or theorems
of the calculus). A derivation leads from any not necessarily
C-true sentences, called the premisses, to a sentence, called the
conclusion. We shall call the conclusion a C-implicate of the
class of premisses (it is sometimes called derivable or derived or
[formally] deducible or deduced from the premisses or a [formalj
consequence of the premisses). A calculus may (but usually
does not) also contain rules which determine certain sentences
as C-false. If the rules of a calculus determine some sentence as
both C-true and C-false, the calculus is called tnconsisient;
otherwise consistent. (If, as is usually done, no rules for ‘C-false’
are given, the calculus cannot be inconsistent.) In order to ex-
plain this procedure, we shall construct the calculus B-C as an
example. .

Logical syntax has chiefly grown out of two roots, one being formal logic,
founded by Aristotle, the other the axiomatic method, initiated by Euclid.
The general idea of operations with calculi goes back to Leibniz; since the
middle of the last century it has been developed in the systems of symbolic
logic into a comprehensive discipline, Among the founders of symbolic logic,
or logistic, Boole (1854) is especially to be mentioned. More comprehensive
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systems (including the higher functional calculus {see § 14]) were created by
Schroeder (1890), Frege (1898), Peano (1895), and Whitehead and Russell
(1910). Frege was the first to formulate explicitly and to fulfil strictly the re-
quirement of formality, i.e., of a formulation of rules of logic without any ref-
erence to designata. Hilbert considerably developed the axiomatic method,

in its application both to geometry (see § 21) and to classical mathematics
(see §§ 18 and 20).

9. The Calculus B-C

While the sentences of a semantical system are interpreted,
assert something, and therefore are either true or false, within a
calculus the sentences are looked at from a purely formal point
of view. In order to emphasize this distinction, we sometimes
call sentences as elements of a semantical system propositions
and as elements of a caleulus formulas.

We constructed earlier a semantical system B-S on the basis
of the language B, but not, as we have seen, uniquely deter-
mined by B. Analogously, we shall now construct a calculus
B-C on the basis of B. As preliminary steps for the construc-
tion of the syntactical rules proper, which we shall then call
rules of transformation, we have to make a classification of the
signs of B-C and to lay down syntactical rules of formation Fe
1-4. But they correspond exactly to the classification and the
rules of formation F 1-4 of B-S (§ 5); these rules were already
formal. Therefore we shall not write them down again.
Calculus B-C. Rules of Transformation:

PS. A sentence of B-C is called a primitive sentence of B-C, if
it has one of the following forms, PS 1-4:

PS 1. ‘wenn ..., so[wennnicht...,so---].

PS 2. ‘wenn [wenn nicht...,s0...],s0....

PS 3. ‘wenn [wenn . .. ,s0---],50 [wenn[wenn---,so.-.-],
so[wenn...,so.-.-]].

PS 4. ‘wenn [fuer jedes..,-..-], so-.-.-’; here ..’ is a
variable, -.-.-’ is a sentence which does not contain
‘fuer jedes’ but contains a name ‘.-.’ one or several
times, and ‘-..-’ is an expression constructed out of
“-.-.~"byreplacing “. - .” at one or several (not necessari-
ly all) places by the variable ., .’. (Examples: [1] ‘wenn
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[fuer jedes z, z ist rot], so mond ist rot’; [2] see sentence
(8) in the first example of a derivation, at the end of this
section.)

R. Rules of Inference: The relation of direct derivability holds
if and only if one of the following conditions is fulfilled.

R1. Rule of Implwatwn From ‘wenn..., so ---" and
<+ = =-"is directly derivable in B- C

R 2. Rule o_f Synonymity: The words ‘titisee’ and ‘rumber’ may
be exchanged at any place (i.e., if S, is constructed out of
Sy by replacing one of those words at one place by the
other one, then §; is directly derivable from 8, in B-C).

A proof in B-C is a sequence of sentences of B-C such that each
of them is either a primitive sentence or directly derivable from
one or two sentences preceding it in the sequence. A sentence
S1 of B-C is called provable in B-C if it is the last sentence of a
proof in B-C. A sentence of B-C is called C-irue in B-C if and
only if it is provable in B-C; a sentence *...” is called C-false
in B-C if and only if ‘nicht ...’ is provable in B-C. (For B-C,
provability and C-truth coincide, and likewise derivability and
C-implication; for other calculi, this is in general not the case, as
we shall see.)

A derivation in B-C with a class C; of premisses is a sequence
of sentences of B-C such that each of them is either a sentence of
C, or a primitive sentence or directly derivable from one or two
sentences preceding it in the sequence. The last sentence of a
derivation is called its conclusion. S; is called derivable from C,
and also a C-implicate of C, if it is the conclusion of a derivation
with the class of premisses C).

Both the rules of formation and the rules of transformation of
B-C do not in any way refer to designata; they are strictly for-
mal. Nevertheless, they have been chosen with regard to B-S
in such a way that the extension of the terms ‘C-true’, ‘C-false’,
and ‘C-implicate’ in B-C coincides with that of ‘L-true’,
‘L-false’, and ‘L-implicate’, respectively, in B-S. There are an
infinite number of other possible choices of primitive sentences
and rules of inference which would lead to the same result. This
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result gives the practical justification for our choice of the rules
of B-C. A calculus in itself needs no justification; this point will
be discussed later. )

The calculus B-C corresponds to & restricted form of the so-called lower
functional cateulus, as constructed by Hilbert and Bernays. PS1-8and R 1
correspond to the so-called sentential calculus. That the lower functional
calculus is complete, i.e., that it exhausts the extension of L-truth and L-im-
plication, has been shown by Gudel.

Ezample of a proof in B-C. If in the following sequence the blank *. ., .* is
always replaced by the snme sentence, e.g., “titisee ist blau’, the sequence fulfils
the conditions—as shown by the remarks on the left side—and therefore is a
proof. Hence any sentence of the form ‘wenn ..., so ...’ is provable and
C-true in B-C, e.g., “wenn titisee ist blau, so titisee ist blaw’. -

P51 wenn ..., 80 [wenn nicht...,s0...] (1)
PS¢ wenn [wenn nicht ...,s0...),80... . ®?)
PSs " wenn [wemn ..., so [wenn nicht ..., s0...]],

g0 [wenn [wenn [wennnicht...,s0...},50...],

80 [wenn ...,50...] (8)

(here, ‘wenn nicht ..., s0 ... has been taken for *- - -, and
Sl fort .l .
()@ R1  wenn [wenn [wenn nicht ...,s0...],80...],

50 [wenn ..., 80 ...] {4)
(V4 R1 WEII o2 vy 80 .4, (5)
First example of a derivation in B-C:

. [titisee ist blau ' (1)
Premisses {fuer jedes z, [wenn = ist blau, so  ist kalt] 2
PS4 wenn [fuer jedes x, [wenn = ist blau, so z

ist kalt]], so [wenn titisee ist blau, so

titisee ist kalt] (€)]
(2)(3) R 1 wenn titisee ist blau, so titisee ist kalt 4)
(1)(4) R1 Conclusion: titisee ist kalt )

If we interpret these sentences as in B-S, (1) says that a certain object is
blue, (2) says that all blue things are cold (see example [2] at the end of § 5),
(5) says that that object is cold. Here, however, the conclusion is derived from

.the premisses in a formal way, i.e., without making use of an interpretation.

Second example of a derivation in B-C:

. wenn mond ist blau, so mond ist kalt (1)
Premisses {nicht mond ist kalt : @
Provable: wenn [wenn mond ist blau, so mond ist kalt), so

[wenn nicht mond ist kalt, so nicht mond ist blau] (8)
Vol. |, No. 3
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{1)(3) R 1 wenn nicht mond ist kalt, so nicht mond ist blau 4)
(2)(4) R 1 Conclusion: nicht mond ist blau {5)

(8) is a provable sentence. To save space, we do not give its proof here.
Suppose that the proof of (3) has been constructed earlier, then the example
shows how its result can be used in a derivation. According to the definitions
previously given for ‘proof’ and ‘derivation’, any proof may also occur as a
part of a derivation. If this happens, we ean abbreviate the derivation; we
write in the derivation not all the sentences of the proof, whose last sentence
we intend to use, but only this one sentence, as we have done in the example
given with sentence (3). In this way a sentence which has been proved once
can be used in derivations again and again. Later, in the discussion of the ap-
plication of calculi in empirical science we shall come back to this application
of proved sentences in derivations (§ 19). -

II. Calculus and Interpretation

10. Calculus and Semantical System

We shall investigate the relations which may hold between
a calculus and a semantical system. Sometimes we shall use
as examples the calculus B-C and the semantical system B-S as
discussed before. Suppose a calculus is given—it may be desig-
nated by ‘Z-C’ or briefly “‘C'—and a semantical system—desig-
nated by ‘Z-S’ or ‘S’. We call S an interpretation of C if the
rules of S determine truth criteria for all sentences of C; in
other words, if to every formula of C there is 2 corresponding
proposition of S; the converse is not required.

Suppose S fulfils the following condition: for any T, T}, T,
and T, if T is a C-implicate of T in C, T; is an implicate of
Tiin S; if T;is C-true in C, it is true in S; if 7' is C-false in C,
it is false in S. If an interpretation S of C fulfils the condition
stated, we call it a true interpretation of C; otherwise a false in-
terpretation. If the semantical rules suffice to show that Sis a
true interpretation of C, then we call S an L-true interpretation
of C. In this case C-implication becomes L-implication; every
C-true sentence becomes L-true, and every C-false sentence be-
comes L-false. If, on the other hand, these semantical rules
suffice to show that S is a false interpretation, we call S an
Lfalse interpreiation. If S is an interpretation but neither an
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L-true nor an L-false interpretation of C, we call S a facfual
interpretation of C. In this case, in order to find out whether
the interpretation is true, we have to find out whether some fac-
tual sentences are true; for this task we have to carry out em-
pirical investigations about facts. An interpretation S of C is
called a logical interpretation if all sentences of C become logical
sentences of S (i.e., sentences containing logical signs only),
otherwise a descriptive inlerpretation. A logical interpretation is
always L-determinate. Applying these definitions to the system
of our former example: B-S is a true and, moreover, L-true,
and descriptive interpretation of B-C.

The class of the sentences which are C-true in C is, interpreted
by S, a class of assertions; we call it the theory correlated to C
by S. If the interpretation is true, L-true or logical, respective-
ly, the correlated theory is likewise true, L-true or logical, re-
spectively; the converse does not hold generally.

Previously we had a semantical system B-S and then con-
structed a calculus B-C ““in accordance with” B-S. What was
meant by this can now be formulated: we intended to construct
B-C in such a way that B-S is a true interpretation of B-C. It is
easy to see that for any given semantical system § it is possible
to construct a calculus C of that kind. All we have to dois to se-
lect partial domains, as small as we wish, of the extensions of
‘implicate in §’, ‘true in §’, and ‘false in §’ (usually the null class),
and then lay down formal definitions of ‘C-implicate’, ‘C-true’,
and possibly ‘C-false’, in such a way that their extensions
correspond to these partial domains. On the other hand, it is
an important problem whether it is possible to construct for a
given system S a calculus C such that C is not only in accord-
ance with S, in the sense explained, but that the extensions of
‘C-implicate’, ‘C-true’, and (if defined at all) ‘C-false’ coincide
with those of ‘L-implicate’, ‘L-true’, and possibly ‘L-false,” re-
spectively. If this is the case, we call C an L-exhaustive caleulus
with respect to S. Thus B-C is L-exhaustive with respect to
B-S. (We do not define a term for the case that the extensions
of ‘C-implicate’, ‘C-true’, and ‘C-false’ coincide with those of
‘implicate’, ‘true’, and ‘false’ because that would be impossible
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for any somewhat richer language system, e.g., for any language
system of a branch of science.)

In order to answer the question of the possibility of an L-exhaustive cal-
culus, we have to distinguish two fundamentally different kinds of rules of
transformation, which we call finite and transfinite rules. By finite rules we
understand those of the customary kind: primitive sentences and rules of in-
ference each of which refers to a finite number of premisses (in most cases one
or two). Almost all rules used by logicians up to the present time are finite.
Finite rules are applied in the construction of proofs and derivations of the
usual kind, which are finite sequences of sentences, as we have seen in the
examples in B-C. A rule of transformation is called tranafinite if it refers to an
infinite number of premisses. Because of this number being infinite, a trans-
finite rule cannot be used within a proof or derivation; a procedure of deduc-
tion of an entirely new kind is necessary. We call a calculus finite if all its
rules of transformation are finite, otherwise transfinite, It may be remarked
that some logicians reject transfinite rules.

We shall make the following terminological distinction: the terms ‘C-im-
plicate’ and ‘C-true’ are applied generally with respect both to finite and to
transfinite calculi. On the other hand, we shall restrict the corresponding
terms “derivable’ and ‘provable’ to finite calculi. Thus we call T; a C-implicate
of T, in C, if it is possible to obtain T's from the premisses T by a procedure
of deduction of any kind in C; and we call T3 C-true if it is possible to obtain
T; by a procedure of deduction without premisses, If C 15 a finite calculus—
83, €.g., B-C—the deduction takes the form of a finite sequence of sentences,
either & derivation or a proof. In this case T} is called, moreover, derivable
from T, and T; is called, moreover, provable.

Now we come back to the problem whether it is possible to construet for a
given semantical system S an L-exhaustive calculus C. The answer can now

- be formulated (but not proved here). The answer depends upon the degree of
complexity of S; more precisely, it depends upon whether there are in S a
sentence S3 and an infinite class of sentences €, such that 8, is an L-implicate
of C; but not an L-implicate of any finite subclass of C;. (Example. S con-
tains a name for every object of an infinite domain: ‘ay’, ‘as’, ‘as’, ete. ‘P’ is
& descriptive predicate. C, is the [infinite] class of all sentences of the form
‘...isa P’ where ...’ is one of the object names. 8 is the sentence ‘for every
z, zis a P’.) If this is not the case, then there is a finite L-exhaustive calculus
C. If, however, it is the case, an L-exhaustive calculus C can be constructed
if and only if transfinite rules are admitted. For, because C) is infinite, 8, can-
not be derivable from ;. If we decide in a given case to admit transfinite
rules, we have to accept the complications and methodological difficulties
connected with them. It was first shown by Giidel that a calculus of the ordi-
nary kind (in our terminology, a finite calculus) canrot be constructed for the
whole of arithmetic.
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11. On the Construction of a Language System

We found earlier that the pragmatical description of a lan-
guage gives some suggestions for the construction of a corre-
sponding semantical system without, however, determining it.
Therefore, there is a certain amount of freedom for the selection
and formulation of the semantical rules. Again; if a semantical
system S is given and a calculus C is to be constructed in ac-
cordance with S, we are bound in some respects and free in
others. The rules of formation of C are given by S. And in the
construction of the rules of transformation we are restricted by
the condition that C must be such that S is a true interpretation
of C, as discussed before. But this still leaves some range of
choice. We may, for instance, decide that the class of C-true
sentences is to be only a proper subclass of the class of L-true
sentences, or that it is to coincide with that class (as we did in
constructing B-C), or that it is to go beyond that class and com-
prehend some factual sentences, e.g., some physical laws. When
the extensions of ‘C-true’ and ‘C-implicate’ are decided, there is
still some possibility of choice in the construction of the rules,
e.g., primitive sentences and rules of inference, leading to those
extensions. This choice, however, is not of essential impor-

tance, as it concerns more the form of presentation than the re-
sult.

If we are concerned with a historically given language, the
pragmatical description comes first, and then we may go by
abstraction to semantics and (either from semantics or immedi-
ately from pragmatics) to syntax. The situation is quite differ-
ent if we wish to construct a language (or rather a language sys-
tem, because we lay down rules), perhaps with the intention of
practical application, as for making communications or formu-
lating a scientific theory. Here we are not bound by a previous
use of language, but are free to construct in accordance with our
wishes and purposes. The construction of a language system Z
may consist in laying down two kinds of rules, the semantical
rules (Z-S or briefly S) and the syntactical rules (calculus Z-C
or C). Asa common basis for both, according to our former dis-
cussion, we have to make a classification of the signs which we
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intend to use and lay down rules of formation Z-F. Z-S consists
of two parts, rules for the descriptive signs (Z-SD or SD) and
rules for the logical signs (Z-SL or SL).

In constructing the system Z, we can proceed in two different
ways—different as to the order of S and C. Here the order is
not unessential, for, if we have chosen some rules arbitrarily, we
are no longer free in the choice of others. ,

The first method consists in first constructing S and then con-
structing C. We start with a classification of the kinds of signs
which we want, and rules F determining the forms of sentences
which we intend to use. Then we lay down the rules SD; we
choose objects, properties, etc., for which we wish to have direct
designations, and then signs to designate these objects, prop-
erties, etc. Next we construct the rules SL; we choose signs to
be used as logical signs and state for each of them the conditions of
the truth of the sentences constructed with its help. (As men-
tioned before, we may also proceed by indicating the translations
of the sentences containing logical signs, or giving their desig-
nata.) After this we proceed to syntax and construct the calculus
C, e.g., by stating primitive sentences and rules of inference. It
has been explained already that, if S is given or constructed, we
are limited in constructing C in some essential respects, because
C must be such that S is a true interpretation of C; but we are
free in other respects.

The second method for constructing Z is first to construct C
and then S. We begin again with a classification of signs and a
system F of syntactical rules of formation, defining ‘sentence in
C’ in a formal way. Then we set up the system C of syntactical
rules of transformation, in other words, a formal definition of
‘C-true’ and ‘C-implicate’. Since so far nothing has been de-
termined concerning the single signs, we may choose these defi-
nitions, i.e., the rules of formation and of transformation, in any
way we wish. With respect to a calculus to be constructed there
is only a question of expedience or fitness to purposes chosen,
but not of correctness. This will be discussed later.

Then we add to the uninterpreted calculus C an interpreta-
tion S. Its function is to determine truth conditions for the sen-
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tences of C and thereby to change them from formulas to propo-
sitions. We proceed in the following way. It is already deter-
mined by the rules F which expressions are formulas in C. Now
we have to stipulate that each of them is also a proposition in
S. By the syntactical classification of the signs it is not yet com-
pletely settled which signs are logical and which descriptive.
In many cases there is still a considerable amount of freedom of
choice in this respect, as we shall see later in some examples.
After having stated which signs are to be logical and which de-
scriptive, we construct the rules SL for the logical signs. Here
our choice is restricted to some extent by the requirement that
the interpretation must be true.

Finally we establish the rules SD for the descriptive signs.
Here we have to take into account the classification of signs.
We choose the designata for each kind of signs and then for
each sign of that kind. We may begin with individual names.
First we choose a field of objects with which we wish to deal
in the language to be constructed, e.g., the persons of a certain
group, the towns of a certain country, the colors, geometrical
structures, or whatever else. Then we determine for each in-
dividual name, as its designatum, one object of the class chosen.
Then, for each predicate, we choose a possible property of those
objects, ete. In this way, a designatum for every descriptive
sign is chosen. If we decide to make S an L-true interpretation
of C, we have a great amount of freedom for the choice of the
rules SD. Otherwise, we find some essential restrictions. If
some of the C-true formulas are to become factual propositions,
they must be factually true. Therefore, in this case, on the basis
of our factual knowledge about the objects which we have
chosen as subject matter of Z, we have to take care that the in-
terpretations for the descriptive names, predicates, ete., i.e.,
their designata, are chosen in such a way that those factual C-
true sentences are actually true.

12.1s Logic a Matter of Convention?

There has been much controversial discussion recently on the
question whether or not logic is conventional. Are the rules on
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which logical deduction is based to be chosen at will and, hence,
to be judged only with respect to convenience but not to cor-
rectness? Or is there a distinction between objectively right
and objectively wrong systems so that in constructing a system
of rules we are free only in relatively minor respects (as, e.g., the
way of formulation) but bound in all essential respects? Obvi-
ously, the question discussed refers to the rules of an interpreted
language, applicable for purposes of communication; nobody
doubts that the rules of & pure calculus, without regard to any
interpretation, can be chosen arbitrarily. On the basis of our
former discussions we are in a position to answer the question.
‘We found the possibility-—which we called the second method—
of constructing a language system in such a way that first a
caleulus C is established and then an interpretation is given by
adding a semantical system S. Here we are free in choosing the
rules of C. To be sure, the choice is not irrelevant; it depends
upon C whether the interpretation can yield a rich language or
only a poor one.

- 'We may find that a calculus we have chosen yields & lan-
guage which is too poor or which in some other respect seems
unsuitable for the purpose we have in mind. But there is no
question of a calculus being right or wrong, true or false. A true
interpretation is possible for any given consistent calculus (and
hence for any calculus of the usual kind, not containing rules
for ‘C-false’), however the rules may be chosen.

On the other hand, those who deny the conventional charac-
ter of logie, i.e., the possibility of a free choice of the logical
rules of deduction, are equally right in what they mean if not in
what they say. They are right under a certain condition, which
presumably is tacitly assumed. The condition is that the
“meanings” of the logical signs are given before the rules of de-
duction are formulated. They would, for instance, insist that
the rule R 1 of B-C (“from ‘wenn...,s0---"and ‘.., --"is
directly derivable’ {§ 9]) is necessary; that it would be wrong
to change it arbitrarily, e.g., into R 1*: ‘from ‘wenn ..., so
---"and ‘picht .. ., - - -’ is directly derivable’. What they pre-
sumably mean is that the rule R 1* is incorrect on the basis of
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the presupposed “meaning” of the signs ‘wenn’, ‘so’, and ‘nicht’.
Thus they have in mind the procedure which we called the first
method (§ 11): we begin by establishing the semantical rules
SL or assume them as given—obviously this is meant by saying
that the “meaning” is given—and then we ask what rules of
deduction, i.e., syntactical rules of transformation, would be in
accordance with the presupposed semantical rules. In this order
of procedure, we are, as we have seen, indeed bound in the
choice of the rules in all essential respects. Thus we come to a
reconciliation of the opposing views. And it seems to me that
an agreement should easily be attainable in the other direction
as well. The anti-conventionalists would certainly not deny
that the rule R 1* can also be chosen and can lead to correct re-
sults, provided we interpret the logical signs in a different way
(in the example given, we could interpret ‘wenn ..., so ---’,
eg,as‘...or---").

The result of our dlscussmn is the following: logic or - the
rules of deduction (in our terminology, the syntactical rules of
transformation) can be chosen arbitrarily and hence are conven-
tional if they are taken as the basis of the construction of the
language system and if the interpretation of the system is later
superimposed. On the other hand, a system of logic is not a mat-
ter of chaice, but either right or wrong, if an interpretation of the
logical signs is given in advance. But even here, conventions
are of fundamental importance; for the basis on which logic is
constructed, namely, the interpretation of the logical signs (e.g.,
by a determination of truth conditions) can be freely chosen.

It is important to be aware of the conventional components
in the construction of a language system. This view leads to an
unprejudiced investigation of the various forms of new logical
systems which differ more or less from the customary form {e.g.,
the intuitionist logic constructed by Brouwer and Heyting, the
systems of logic of modalities as constructed by Lewis and
others, the systems of plurivalued logic as constructed by Luka-
siewicz and Tarski, etc.), and it encourages the construction of
further new forms. . The task is not to decide which of the dit-
ferent systems is “the right logic”” but to examine their formal
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properties and the possibilities for their interpretation and ap-
plication in science. It might be that a system deviating from
the ordinary form will turn out to be useful as a basis for the
language of science.

lIl. Calculi and Their Application in Empirical Science

13. Elementary Logical Calculi

For any given calculus there are, in general, many different
possibilities of a true interpretation. The practical situation,
however, is such that for almost every calculus which is actually
interpreted and applied in science, there is a certain interpreta-
tion or a certain kind of interpretation used in the great major-
ity of cases of its practical application. This we will call the
customary interpretation (or kind of interpretation) for the cal-
culus. In what follows we shall discuss some calculi and their
application. We classify them according to their customary in-
terpretation in this way: logical calculi (in the narrower sense),
mathematical, geometrical, and (other) physical calculi. The
customary interpretation of the logical and mathematical caleu-
li is a logical, L-determinate interpretation; that of the geo-
metrical and physical ealculi is descriptive and factual. The
mathematical calculi are a special kind of logical caleuli, dis-
tinguished merely by their greater complexity. The geometrical
calculi are a special kind of physical calculi. This classification
is rather rough and is only meant to serve a temporary, prac-
tical purpose.

To the logical caleuli (in the narrower sense) belong most of
the calculi of elementary structure used in symbolic logie, above
all, the so-called sentential calculus and the so-called lower
functional calculus. The sentential calculus has approximately
the structure of B-C with F 4 and PS 4 omitted. The customary
interpretation corresponds to the rules B-SL 2, 8. The form
mostly used contains, however, only those signs which are logi-
cal in the customary interpretation, corresponding to the Eng-
lish words ‘not’, ‘if’, ‘or’, ‘and’, and the like, and sentential
variables. The lower functional calculus (or predicate calculus)
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contains the sentential calculus and, in addition, general sen-
tences with individual variables, namely, universal sentences
(interpretation: ‘for every z,...’°) and existential sentences (in-
terpretation: ‘there is an z such that ...’). Within symbolic
logic, this calculus too is mostly used without descriptive signs
but with three kinds of variables: sentential variables, indi-
vidual variables (as in B-C), and predicate variables. The cus-
tomary interpretation is a logical one, as given by B-SL. In the
case of the logical calculi here explained the customary inter-
pretation is the only one which is ever used practically. (I the
calculi are supplemented in a certain way, it is even the only
possible true interpretation.) Therefore, we shall call it the
normal interpretation of the logical calculus. _

If a calculus C is constructed with the intention of using it
mostly or exclusively with a certain interpretation S, it may
often seem convenient to use as signs of C not artificial sym-
bols but those words of the word-language whose ordinary use
is approximately in acccord with the interpretation intended
(a word with exact accordance will usually not be available).
Then we have in C the same sentences as in the interpreted lan-
guage S, which is perhaps to be applied in science; “the same
sentences” as to the wording, but in C they are formulas, while
they are propositions in S, This procedure is mostly chosen in
geometrical and other physical calculi (for examples see end
of § 17, beginning of § 22).

In what follows we shall do the same for the logical calculus
(where, for good reasons, it is usually not done). Thus, instead
of symbols, we shall use the words ‘not’, ‘if’, ete. It has been
shown (by H. M. Sheffer) that two primitive signs are sufficient,
namely, ‘excludes’ (to be interpreted later) and “for every’. It
is not necessary to take as many primitive signs as we did in
B-C, corresponding to ‘not’, ‘if—then’, ‘for every’. The other
logical signs of the logical calculus can be introduced by defini-
tions. The primitive signs mentioned and all signs defined with
their help are called logical constants. We shall use three kinds
of variables: sentential variables (‘p’, ‘¢’, ete.), individual vari-
ables (2’, ¢, etc., as in B-C), and predicate variables (‘F,
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‘G’, etc.). For a sentential variable a sentence may be substi-
tuted, for an individual variable an individual name, for a predi-
cate variable a predicate, and for ‘Fz’ an expression of sentential
form containing the variable ‘2’.

A definition is a rule of a calculus which serves for introducing
a new sign. In simpler cases the rule states that the new sign
is to be taken as an abbreviation for a certain expression con-
sisting only of old signs (i.e., primitive signs or signs defined
earlier). In other cases the rule states that sentences containing
the new sign and old signs are to be taken as abbreviations for
certain sentences containing old signs only. Rules of the first
kind are called explicit definitions (e.g., Defs. 11, 12, and 18 in
§ 14); those of the second kind are called definitions in use
(e.g., Defs. 1-7, below) ; we shall use still another kind of defini-
tion, the so-called recursive definitions frequently found in
arithmetic (e.g., Defs. 14 and 15 in § 14). The definitions in a
caleulus are, so to speak, additional rules of transformation,
either primitive sentences or rules of inference, according to
their formulation; they are added in order to provide shorter
expressions. If a calculus C contains definitions and the inter-
pretation S contains semantical rules for the primitive signs of
C, the interpretation of the defined signs need not be given ex-
plicitly. The definitions, together with those rules of S, deter-
mine the truth conditions of the sentences containing the de-
fined signs and thereby the interpretation of these signs.

We shall formulate the definitions here in this form: ‘..
for ‘- - > °. This means that ‘. . .’ is to serve as an abbreviation
for - - -%, i.e., that ‘...’ and ‘- - -, and likewise two expressions
constructed out of *..." and ‘- - -’ by the same substitutions,
may always be replaced by each other. In this calculus, we
take as simplest form of sentences in the beginning ‘Fz’ (e.g.,
‘city Chicago’ instead of ‘Chicago is a city’); the usual form
with “is a’ is introduced later by Definition 7.

The expressions included in parentheses serve merely to facili-
tate understanding; in the exact formulation they have to be
omitted. The brackets and commas, however, are essential;
they indicate the structure of the sentence (cf. § 5).
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Def. 1. ‘not p’ for ‘p excludes p'.

Def. 2. ‘p or ¢ for ‘not p, excludes, not ¢'.

Def. 8. “p and ¢’ for ‘not {p excludes gJ".

Def. 4. “if p then ¢’ for ‘not p, or ¢'.

Def, 5. ‘p if and only if ¢' for *[if p then ¢] and {if g then p]'.
Def. 6. ‘for some z, Fz’ for ‘not ffor every z, not Fx]

Def. 7. ‘z is an F” for ‘Fz’.

The rules of transformation of the sentential calculus and the
functional caleulus will not be given here. They are not essen-
tially different from those of B-C. It has been shown (by J.
Nicod) that, if ‘excludes’ is taken as primitive sign, one primi-
tive sentence is sufficient for the sentential calculus. For the
lower functional calculus we have to add one more primitive
sentence for ‘for every’, analogous to PS 4 in B-C.

The normal interpretation for the logical calculus is a logical
one. Therefore, if interpreted, it is, so to speak, a skeleton of a
language rather than a language proper, i.e., one capable of
describing facts. It becomes a factual language only if sup-
plemented by descriptive signs. These are then interpreted by
SD-rules, and the logical constants by SL-rules. As SL-rules
for the lower functional calculus we can state the following two

rules for the two primitive signs. For the sentential calculus the
first rule suffices.

1. A sentence of the form °. . . excludes - - -’ is true if and only
if not both ¢, . .” and ‘- - -’ are true.

2. A sentence of the form ‘for every . ---"is true if and
only if all individuals have the property designated by
‘- - <> with respect to the variable *. . .’. (The individuals are
the objects of the domain descrlbed which is to be deter-
mined by an SD-rule.)

The interpretation of the defined signs ‘not’, ete., is deter-
mined by rule (1) and Definition 1, ete. The interpretation of
‘not’ and ‘if—then’ is easily seen to be the same as that of
‘nicht’, and ‘wenn—so’ in B-SL. (The truth conditions here
given by rule [1] and Definitions 1-5 are the same as those which
in symbolic logic usually are stated with the help of truth-value
tables for the corresponding symbols, the so-called connectives.)
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14. Higher ngical Caleuli

The lower functional calculus can be enlarged to the higher
functional calculus by the addition of predicates of higher levels.
The predicates occurring in the lower functional calculus are
now called predicates of first level; they designate properties of
first level, i.e., properties of individuals. Now we introduce
predicates of second level, which designate properties of second
level, i.e., properties of properties of first level; predicates of
third level designating properties of third level, ete. Further,
new kinds of variables for these predicates of higher levels are
introduced. (In the subsequent definitions we shall use as vari-
ables for predicates of second level ‘m’ and “»’, for predicates of
third level ‘K’.) Expressions of the form ‘for every ...’, and
analogously ‘for some . ..” (Def. 8), are now admitted not only
for individual variables but also for predicate variables of any
level. Some new rules of transformation for these new kinds of
variables have to be added. We shall not give them here. Some
of them are still controversial.

The normal interpretation of the higher functional calculus
can again be given by two semantical rules. Rule (1) is kept, as
the sentential calculus remains the basis for the higher function-
al calculus. Rule (2) must be replaced by the subsequent rule
(2%), because of the extended use of “for every’. For individual
variables, (2*) is in accordance with (2). (It may be remarked
that there are some controversies and unsolved problems con-
cerning the properties of higher levels.)

2*, A sentence of the form ‘for every ..., ---'is true if and
only if all entities belonging to the range of the variable
‘...’ have the property designated by ‘- - -’ with respect to
‘...%. (To the range of an individual variable belong all
individuals, to the range of a predicate variable of level r
belong all properties of level r.)

To the definitions which we stated in the lower functional
calculus, new ones can now be added which make use of predi-
cates and variables of higher levels. We shall first give some
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rough explanations of the new expressions and later the defini-
tions. First, identity can be defined; ‘z =y’ is to say that z is the
same object as y; this is defined by ‘z and y have all properties in
common’ (Def. 8). Then we shall define the concept of a car-
dinal number of a property, restricting ourselves, for the sake
of simplicity, to finite cardinal numbers. ‘F is an m’ is to say
. that the property F has the cardinal number m; i.e., that there
are m objects with the property F. This concept is defined by a
recursive definition (for finite cardinals only). ‘F is a 0’ is de-
fined as saying that no object has the property F (Def. 8a).
Then ‘F is an m*’, where ‘m*’ designates the next cardinal num-
ber greater than m, i.e., m+1, is defined in the following way
in terms of ‘m’: there is a property G with the cardinal number
m such that all objects which have the property G, and, in addi-
tion, some object x, but no other objects, have the property F
(Def. 9b). A property K of numbers is called hereditary if,
whenever a number m i1s a K, m+1 is also a K. Then ‘m is a
finite cardinal number’ can be defined (as Frege has shown) in
this way: m has all hereditary properties of 0 (Def. 10). The
numerals ‘1’, ‘?’, ete., can easily be defined by ‘0¥, ‘1+, ete.
(Def. 11, ete.). The sum (‘m+n’) and the product (“m X7’) can
be defined by recursive definitions, as is customary in arith-
metic (Defs. 14 and 15). :
Def. 8. ‘z=y" for ‘for every (property) F, if = is an F then y is an F.
Analogously for any higher level.
Def. fa. ‘Fis a0’ for "not [for some z, x is an FJ'.
b. ‘F is an m* for ‘for some G, for some z, for every y [[y is an F if
and only if [y is a G or y==]] and G is an m and, not z is a G].
Def. 10. ‘m is a finite cardinal number’ for ‘for every (property of numbers)
K, it [0isa K and, for every n [if n is a K then ntis a KJ] then m
isa K.
Def. 11. *‘1' for ‘0+.
Def. 12. ‘@ for 1+,
Def. 18. ‘9 for ‘2.

Analogously for any further numeral.
Def. 14a. ‘m+0’ for ‘m’.
b. ‘m-nt for (mtnjt.
Def. 15a. ‘m X0’ for ‘0.
b. ‘mXn¥ for mXnl+m'.
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For the reasons mentioned before we have used, instead of
arbitrary symbols, words whose ordinary use agrees approxi-
mately with the interpretation intended. It is, however, to be
noticed that their exact interpretation in our language system
is not to be derived from their ordinary use but from their defi-
nition in connection with the semantical rules (1) and (2*).

We see that it is possible to define within the logical calculus
signs for numbers and arithmetical operations. It can further
be shown that all theorems of ordinary arithmetic are provable
in this calculus, if suitable rules of transformation are estab-
lished.

The method of constructing a calculus of arithmetic within a logical cal-
culus was first found by Frege (1884) and was then developed by Russell
(1903) and Whitehead (1910). (Defs. 915 are, in their essential features, in ac-
cordance with Frege and Russell, but make use of some simplifications due to
the recent development of symbolic logic.) We shall later outline another
form of an arithmetical calculus (§ 17) and discuss the problem of mathe-
matics more in detail (§ 20).

15. Application of Logical Calculi

The chief function of a logical calculus in its application to
science is not to furnish logical theorems, i.e., L-true sentences,
but to guide the deduction of factual conclusions from factual
premisses. (In most presentations of logical systems the first
point, the proofs, is overemphasized; the second, the derivations,
neglected.)

For the following discussions we may make a rough distinc-
tion between singular and universal sentences among factual
sentences. By a singular sentence of the language of science or
of an interpreted calculus we mean a sentence concerning one or
several things (or events or space-time-points), describing, e.g.,
a property of a thing or a relation between several things. By
a universal sentence we mean a sentence concerning all objects
of the field in question, e.g., all things or all space-time-points.
A report about a certain event or a description of a certain land-
scape consists of singular sentences; on the other hand, the so-
called laws of nature in any field (physics, biology, psychology,
ete.) are universal. The simplest kind of an application of the
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logical calculus to factual sentences is the derivation of a singu-
lar sentence from other singular sentences (see, e.g., the second
example of a derivation in B-C, end of §9). Of greater prac-
tical importance is the deduction of a singular sentence from
premisses which include both singular and universal sentences.
We are involved in this kind of a deduction if we explain a
known fact or if we predict an unknown fact. The form of the
deduction is the same for these two cases. We have had this
form in the first example of a derivation in B-C (§ 9); we find
it again in the following example, which contains, besides signs
of the logical calculus, some descriptive signs. In an application
of the logical calculus, some descriptive signs have to be intro-
duced as primitive; others may then be defined on their basis.
SD-rules must then be laid down in order to establish the inter-
pretation intended by the scientist, Premiss (3) is the law of
thermic expansion in qualitative formulation. In later examples
we shall apply the same law in quantitative formulation (D,
in § 19; D, in § 23).

1. ¢ is an iron rod.
Premisses: 1 2. ¢ is now heated.

8. for every =, if z is an iron rod and z is heated, z expands.
Conclusion: 4. ¢ now expands,

A deduction of this form can occur in two practically quite
different kinds of situations. In the first case we may have
found (4) by observation and ask the physicist to explain the
fact observed. He gives the explanation by referring to other
facts (1) and (2) and a law (3). In the second case we may have
found by observation the facts (1) and (2) but not (4). Here the
deduction with the help of the law (8) supplies the prediction
(4), which may then be tested by further observations.

The example given shows only a very short deduction, still
more abbreviated by the omission of the intermediate steps be-
tween premisses and conclusion. But a less trivial deduction
consisting of many steps of inference has fundamentally the
same nature. In practice a deduction in science is usually made
by a few jumps instead of many steps. It would, of course, be

Vol. 1, No. 3
36



Nonlogical Calculi

practically impossible to give each deduction which occurs the
form of a complete derivation in the logical calculus, i.e., to dis-
solve it into single steps of such a kind that each step is the ap-
plication of one of the rules of transformation of the calculus,
including the definitions. An ordinary reasoning of a few sec-
onds would then take days. But it is essential that this dissolu-
tion is theoretically possible and practically possible for any
small part of the process. Any critical point can thus be put
under the logical microscope and enlarged to the degree de-
sired. In consequence of this, a scientific controversy can be
split up into two fundamentally different components, a factual
and a logical (including here the mathematical). With respect
to the logical component the opponents can come to an agree-
ment only by first agreeing upon the rules of the logical calculus
to be applied and the L-semantical rules for its interpretation,
and by then applying these rules, disregarding the interpreta-
tion of the descriptive signs. The discussion, of course, need
not concern the whole calculus; it will be sufficient to expand
the critical part of the controversial deduction to the degree re-
quired by the situation. The critical point will usually not be
within the elementary part of the logical calculus (to which all
examples of derivations discussed above belong), but to a more
complex calculus, e.g., the higher, mathematical part of the
logical calculus, or & specific mathematical calculus, or a physi-
cal caleulus. This will be discussed later; then the advantage of
the formal procedure will become more manifest.

16. General Remarks about Nonlogical Caleuli (Axiom Systems)

In later sections we shall discuss certain other calculi which
are applied in science. The logical calculus explained previous-
ly is distinguished from them by the fact that it serves as their
basis. Each of the nonlogical calculi to be explained later con-
sists, strictly speaking, of two parts: a logical basic calculus and
a specific calculus added to it. The basic calculus could be ap-
proximately the same for all those calculi; it could consist of the
sentential calculus and a smaller or greater part of the functional
calculus as previously outlined. The specific partial calculus
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does not usually contain additional rules of inference but only
additional primitive sentences, called axioms. As the basic
calculus is essentially the same for all the different specific cal-
culi, it is customary not to mention it at all but to describe only
the specific part of the calculus. What usually is called an
azxiom system is thus the second part of a caleulus whose charac-
ter as a part is usually not noticed. For any of the mathematical
and physical axiom systems in their ordinary form it is necessary
to add a logical basic calculus. Without its help it would not be
possible to prove any theorem of the system or to carry out any
deduction by use of the system. Not only is a basic logical cal-
culus tacitly presupposed in the customary formulation of an
axiom system but so also is a special interpretation of the logical
calculus, namely, that which we called the normal interpreta-
tion. An axiom system contains, besides the logical constants,
other constants which we may call its specific or axiomatic con-
stants. Some of them are taken as primitive; others may be de-
fined. The definitions lead back to the primitive specific signs
and logical signs. An interpretation of an axiom system is given
by semantical rules for some of the specific signs, since for the
logical signs the normal interpretation is presupposed. If se-
mantical rules for the primitive specific signs are given, the
interpretation of the defined specific signs is indirectly deter-
mined by these rules together with the definitions. But it is also
possible—and sometimes convenient, as we shall see—to give
the interpretation by laying down semantical rules for another .
suitable selection of specific signs, not including the primitive
signs. If all specific signs are interpreted as logical signs, the
interpretation is & logical and L-determinate one; otherwise it
is a descriptive one. (Every logical interpretation is L-deter-
minate; the converse does not always hold.)

17. An Elementary Mathematical Calculus

We take here as mathematical calculi those whose customary
interpretation is mathematical, i.e., in terms of numbers and
functions of numbers. As an example, we shall give the classical
axiom system of Peano for (elementary) arithmetic, It is usual-
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Iy called an axiom system of arithmetic because in its customary
interpretation it is interpreted as a theory of natural numbers,
as we shall see. This interpretation is, however, by no means the
only important one. The logical basic calculus presupposed has
to include the lower functional caleulus and some part of the
higher, up to expressions ‘for every F’ for predicate variables
of first level and Definition 8 for ‘=" (§ 14). The specific primi-
tive signs are Y, ‘N’, *”’. (The following axioms, of course, are,
within the calculus, independent of any interpretation. Never-
theless, the reader who is not familiar with them will find it
easier to conceive their form and function by looking at their in-
terpretation given below.)
Aziom System of Peano:
P1 bisanN. ’ .
P 2. For every z, if z is an N, then 2’ isan N.
P 3. Forevery 2, #, if [z is an N and y is an N and 2'=y’] then z=y.
P 4. For every z, if z is an N, then, not b=2".
P 5. Forevery F, if [bis an F and, for every # [if 2 is an F then 2’ is an F]] then
[for every y, i y is an N then y is an F].
(Briefly: if F is any property of b which is hereditary [from z to z'
then all N are F.)

Tt is easy to see that any number of true inferpretations of this
calculus can be constructed. We have only to choose any in-
finite class, to select one of its elements as the beginning mem-
ber of a sequence and to state a rule determining for any given
member of the sequence its immediate successor. (An order of
elements of this kind is called a progression.) Then we inter-
pret in this way: ‘b’ designates the beginning member of the
sequence; if ‘. .." designates a member of the sequence then
‘...!* designates its immediate successor; ‘N’ designates the
class of all members of the sequence that can be reached from
the beginning member in a finite number of steps. It can easily
be shown that in any interpretation of this kind the five axioms
become true.

Example: ‘b designates August 14, 1038; if *. . .’ designates a day, *...
designates the following day; ‘N’ designates the class (supposed to be infinite)
of all days from August 14, 1938, on. This interpretation of the Peano system
is descriptive, while the customary one is logical.
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The customary interpretation of the Peano system may first
be formulated in this way: ‘D’ designates the cardinal number 0;
if ‘... designates a cardinal number =, then *. ..’ ’ designates
the next one, i.e., n+1; ‘N’ designates the class of finite cardinal
numbers. Hence in this interpretation the system concerns the
progression of finite cardinal numbers, ordered according to
magnitude. Against the given semantical rule ¢ ‘b’ designates
the cardinal number 0’ perhaps the objection will be raised that
the cardinal number 0 is not an object to which we could point,
as to my desk. This remark is right; but it does not follow that
the rule is incorrect. We shall give the interpretation in another
way, with the help of a translation.

In the investigation of calculi the procedure of franslation of
one calculus into another is of great importance. A system of
rules of translation of the caleulus K, into the calculus K; de-
termines for each primitive sign of K; an expression of K,
called its correlated expression, and for each kind of variable in
K, its correlated kind of variable in K;. The rules must be such
.that the result of translating any sentence in K is always a sen-
tence in K. .The translation is called C-true if the following
three conditions are fulfilled: (1) every C-true sentence in K,
becomes, if translated, C-true in K;; (2) every C-false sentence
in K; becomes C-false in K;; (3) if the relation of C-implication
in K, holds among some sentences, then the relation of C-
implication in K; holds among those into which they are
translated. If we have an interpretation I, for the calculus Kj,
~ then the translation of K; into K, determines in connection
with I, an interpretation I for K;. I, may be called a secondary
interpretation. If the translation is C-true and the (primary)
interpretation I, is true, I, is also true.

‘We shall now state rules of translation for the Pea.no system
into the higher functional calculus and thereby give a secondary
interpretation for that system. The logical basic calculus is
translated into itself; thus we have to state the correlation only
for the specific primitive signs. As correlates for b’, ¢, ‘N”, we
take ‘0°, *+, ‘finite cardinal number’; for any variable a va.na.ble
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two levels higher. Accordingly, the five axioms are translated

into the following sentences of the logical calculus.

P’ 1. 0 is a finite cardinal number,

P’ 2. For every m, if m is a finite cardinal number, then m+ is a finite cardinal
number.

P’ 3. For every m, n, if [m is a finite cardinal number and n is a finite cardinal
number and mt+=n+] then m=n.

P’ 4. For every m, if m is a finite cardinal number, then, not 0 =m+.

P’ 5. For every K, if [0 is a K and, for every m [if m isa K then m+ is 8 K]}
then [for every n, if n is & finite cardinal number then n is a K].

. 'The customary interpretation of the Peano system can now be
formulated in another way. This interpretation consists of the
given translation together with the normal interpretation of the
higher functional ealeulus up to the third level. (P’ 5 contains a
variable of this level.)

The whole interpretation is thus built up in the following way.
We have two L-semantical rules for the primitive signs ‘ex-
cludes’ and ‘for every’ of the logical calculus, indicating truth
conditions (rules [1] and [2*] in § 14). Then we have a chain of
definitions leading to Definitions 9« and b and 11 for ‘0, “+’, and
‘finite cardinal number’ (§ 14). Finally we have rules of trans-
lation which correlate these defined signs of the logical calculus
to the primitive signs ‘b’, *’, and ‘N’ of the Peano system.

If we assume that the normal interpretation of the logical
calculus is true, the given secondary interpretation for the Pe-
ano system is shown to be true by showing that the correlates
of the axioms are C-true. And it can indeed be shown that the
sentences P’ 1-5 are provable in the higher functional calculus,
provided suitable rules of transformation are established. As
the normal interpretation of the logical caleulus is logical and
L-true, the given interpretation of the Peano system is also
logical and L-true.

We can now define signs within the Peano axiom system
which correspond to the signs ‘0’, ‘1, ete., ‘+’, ete., of the logi-
cal calculus. For greater clarity we distinguish them by the sub-
script ‘P’. (In an arithmetical calculus, however—whether in
the form of Peano’s or some other—one ordinarily does not use
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arbitrary symbols like ‘b’ or ‘0f’, ‘0" or ‘Ip’, ‘+5’, ete., but,
because of the customary interpretation, the corresponding
signs of the ordinary language 0°, ‘1’, ‘4, etc.)
Def. P1. ‘0p' for ‘b,
Def. P2, ‘1p for 'b”.
Def. P 3. '2p for ‘b'".
Ete.
Def. P 4a. ‘z +p 0p' for ‘2",
b. ‘z +p y” for ‘[z +py]".
Def. P Ba. ‘x X p 0p’ for 0", :
b. 'z Xpy" for'[xXpyl +p 7.

Thus the natural numbers and functions of them can be de-
fined both in the logical calculus and in a specific arithmetical
calculus, e.g., that of Peano. And the theorems of ordinary
arithmetic are provable in both calculi. (Strictly speaking, they
are not the same theorems in the different calculi, but corre-
sponding theorems; if, however, the same signs are used—and,
as mentioned before, this is convenient and usual—then corre-
sponding theorems consist even of the same signs.)

18. Higher Mathematical Calculi

On the basis of a calculus of the arithmetic of natural num-
bers the whole edifice of classical mathematics can be erected
without the use of new primitive signs. Whether a specific calcu-
lus of arithmetic or the logical calculus is taken as a basis does not
make an essential difference, once the translation of the first into
the second is established. It is not possible to outline here the
construction of mathematics; we can make only a few remarks.
There are many different possibilities for the introduction of
further kinds of numbers. A simple method is the following one.
The integers (positive and negative) are defined as pairs of

natural numbers, the fractions as pairs of integers, the real
" numbers as classes either of integers or of fractions, the complex
numbers as pairs of real numbers. Another way of introducing
any one of these kinds of numbers consists in constructing a new
specific calculus in which the numbers of that kind are taken as
individuals, like the natural numbers in the Peano calculus.
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This has been done especially for the real numbers. A specific
calculus of this kind can be translated in one way or another
into a more elementary specific calculus or into the logical calcu-
lus. (Example: The individual expressions of a specificcalculus of
real numbers may be translated into expressions for classes of
integers or of fractions either in the Peano calculus or in the logi-
cal calculus.) For each of the kinds of numbers, functions (sum-
mation, multiplication, etc.) can be defined. Further, the con-
cept of limit can be defined, and with its help the fundamental
concepts of the infinitesimal calculus, the differential coefficient,
and the integral.

If a mathematical calculus is based on the Peano calculus by
the use of definitions, then its customary interpretation is de-
termined by that of the latter. If, on the other hand, a mathe-
matical caleulus is constructed as an independent specific cal-
culus, we can give an interpretation for it by translating it either
into an enlarged Peano system or into an enlarged logical cal-
culus (as indicated above for a calculus of real numbers.) Here
we can scarcely speak of “the” customary interpretation, but
only of the set of customary interpretations. Their forms may
differ widely from one another; but they have in common the
character of logical interpretations. If the interpretation is
given by a translation either into the Peano system with refer-
ence to its customary interpretation or by a translation into the
logical calculus with reference to its normal interpretation, this
character is obvious. In a customary interpretation of a mathe-
matical caleulus every sign in it is interpreted as a logical sign,
and hence every sentence consists only of logical signs and is

therefore L-determinate (see § 7).
If we choose the form of the construction of mathematics

within the logical calculus, we do not even need & translation;
the interpretation is simply the normal interpretation of the
logical calculus. In this case every mathematical sign is defined
on the basis of the two primitive signs of the logical calculus, and
hence every mathematical sentence is an abbreviation for a sen-
tence containing, besides variables, only those two signs. In
most cases, though, this sentence would be so long that it would
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not be possible to write it down within a lifetime. Therefore,
the abbreviations introduced in the construction of mathe-
matics are not only convenient but practically indispensable.

19. Application of Mathematical Calculi

The application of mathematical calculi in empirical science
is not essentially different from that of logical calculi. Since
mathematical sentences are, in the customary interpretation,
L-determinate, they cannot have factual content; they do not
convey information about facts which would have to be taken
into consideration besides those described in empirical science.
The function of mathematics for empirical science consists in
providing, first, forms of expression shorter and more efficient
than non-mathematical linguistic forms and, second, modes of
logical deduction shorter and more efficient than those of ele-
mentary logic. :

Mathematical calculi with their customary interpretation are
distinguished from elementary logical calculi chiefly by the oc-
currence of numerical expressions. There are two procedures in
empirical science which lead to the application of numerical ex-
pressions: counting and measurement (cf. Lenzen, Vol. I, No. 5,
§§ 4 and 5). Counting is ascertaining the cardinal number of a
class of single, separate things or of events. Measuring is ascer-
taining the value of a magnitude for a certain thing or place at a
certain time. For each physical magnitude, e.g., length, weight,
temperature, electric field, ete., there are one or several methods
of measurement. The result of a measurement is a fraction or a
real number. (Irrational real numbers can also occur, but only
if, besides direct measurement, calculation is applied.) If a de-
duction has to do with results of counting, we may apply, be-
sides an elementary logical calculus, a calculus of elementary
arithmetic. If it has to do with results of measurements, we
may apply a calculus of analysis, i.e., of real numbers.

Let us look at a very simple example of a logico-mathematical
deduction. We apply a certain part of the higher functional cal-
culus and an arithmetical calculus. We presuppose for the fol-
lowing derivation that in this arithmetical caleulus the sentence
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8+6=9" (7) has been proved earlier. Whether we take the
arithmetical calculus in the form of a part of the higher func-
tional calculus (as in § 14) or in the form of a specific calculus
(as in § 17) does not make any essential difference; in both cases
sentence (7) is provable. In order to keep in closer contact with
ordinary language, we use the following definition: ‘there are
m F’s’ for °F is an m’; further, we write ‘n.i.t.r.” for ‘now in this
room’, :
. There are 8 students n.it.r.
. ‘There are 6 girls n.i.t.r.
. For every z [z is a person n.i.t.r. if and only if [z is &
student n.it.r. or z is a girl n.i.t.r.]].
4. For every z [if z is a girl n.i.t.r., then, not z is a stu-
dent n.it.r.l
Defs. 1-9, 14 5. Forevery F,G, H,m,n [if [m and n are finite cardi-
nal numbers and G is an m and H is an n and for
every z[zisan Fifand only if, z is a G or z is an H]
and for every y [if ¥ is a @ then, not y is an H]] then
Fisan m-i-n].
[This says that, if a class F is divided into two
parts, @ and H, the cardinal number of F is the sum
of the cardinal pumbers of G and H.]

{1)(2)(8)(4)(5) 8. There are 346 persons n.iLt.r.
Arithmet. theorem: 7. 84-6=9.
(6}(7) Conclusion: 8. There are 9 persons n.i.t.r.

o W =~

Premisses

The premisses of this derivation describe some facts empiri-
cally established by observation (including counting). The con-
clusion is also a factual sentence; but its content, the amount of
factual information it conveys, does not go beyond that of the
premisses. We have discussed earlier (at the end of §9) the
application of proved theorems in a derivation; here (5) and
(7) are examples of this method. These sentences do not con-
tribute to the factual content of the conclusion; they merely
help in transforming the premisses into the conclusion. To say
that the result (8) is “calculated” from the data (1)-(4), means
just this: it is obtained by a formal procedure involving a math-
ematical calculus. The effect of the application of a mathemati-
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cal calculus is always, as in this example, the pqssibility of pre-
senting in a shorter and more easily apprehensible way facts al-
ready known. _

Here an objection will perhaps be raised. That the applica-
tion of mathematics consists merely in a transformation of the
premisses without adding anything to what they say about the
facts, may be true in trivial cases like the example given. If,
however, we predict, with the help of mathematics, & future
event, do we not come to a new factual content? Let us discuss
an example of a derivation of this kind. The derivation—called
D;—leads to the prediction of a thermic expansion as in a former
example (§ 15), but now with quantitative determinations. The
premisses of D; relate the results of measurements of the tem-
- perature of an iron rod at two time-points and its length at the
first; further, the law of thermic expansion is one of the prem-
isses, but now in quantitative formulation; and, finally, there is
included a statement of the coefficient of thermic expansion.
The conclusion states the amount of the expansion of the rod.
We shall not represent D, here in detail because a similar deriva-
tion D; will be discussed later (§ 23); the premisses of D) are not
only the sentences (1)-(5) of D; but also (6) and (10); the con-
clusion in D, is the same as in D,. In D, a calculus of real num-
bers (or at least of fractions) is appliéd. The conclusion de-
scribes a fact which has not yet been observed but could be test-
ed by observations. Now, the question is whether the deriva-
tion D, does not lead, with the help of a mathematical calculus,
to a factual content beyond that of the premisses. This might
seem so if we look only at the singular sentences among the
premisses. But two laws also belong to the premisses of D; (the
sentences {6] and {10] of D,). They are universal; they say that
certain regularities hold not only in the cases so far observed
but at any place at any time. Thus, these sentences are very
comprehensive. The conclusion merely restates what is already
stated by the universal premisses for all cases and hence also for
the present case, but now explicitly for this case. Thus, the
logico-mathematical derivation merely evolves what is implicit-
ly involved in the premisses. To be sure, if we state a new law
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on the basis of certain observations, the law says much more
than the observation sentences known; but this is not a deduc-
tion. If, on the other hand, a law is used within a derivation
with the help of a logico-mathematical calculus, then the law
must be among the premisses, and hence the conclusion does
not say more than the premisses. The situation is different in
the application of a physical calculus, as we shall see later
(§28).

On the basis of the presupposed interpretation, the premisses
and the conclusion of the derivation D, are factual. But D, also
contains sentences which are proved in a logico-mathematical
calculus and hence, when interpreted, are L-true, e.g., the sen-
tences which in D, occur as (7) and (18) (§ 23). As explained
before, derivations are immensely simplified by the method of
laying down for any future use certain partial sequences occur-
ring in many derivations and containing only provable sentences.
Each sequence of this kind is a proof of its last sentence; wher-
ever it occurs in other proofs or derivations it may be represent-
ed by its last element, i.e., the theorem proved. Thus & logical
or mathematical theorem is, regarded from the point of view of
its application in empirical science, a device or tool enabling us to -
make a very complex and long chain of applications of the rules
of the calculus by one stroke, so to speak. The theorem is itself,
even when interpreted, not a factual statement but an instru-
ment facilitating operations with factual statements, namely,
the deduction of a factual conclusion from factual premisses.
The service which mathematics renders to empirical science
consists in furnishing these instruments; the mathematician not
only produces them for any particular case of application but
keeps them in store, so to speak, ready for any need that may
arise.

It is important to notice the distinction between ‘primitive sentence’ and
‘premiss’. A primitive sentence of a caleulus C (no matter whether it belongs

to the basic calculus or is one of the specific axioms, and no matter whether,
in an interpretation, it becomes L-true or factual) is stated as C-true by the
rules of the calculus C. Therefore, it has to become a true pmpog:tw.n in any
adequate (i.e., true) interpretation of C. The premisses of a dl.E’erlt]on D in
C, on the other hand, need not be C-true in C or true in & true interpretation
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of C. Tt is merely shown by D that a certain other sentence (the conclusion of
D) is derivable from the premisses of D and must therefore, in a true inter-
pretation, be true if the premisses happen to be true; but whether this is the
case is not determined by D.

20. The Controversies ove.r “Foundations” of Mathematics

There have been many discussions in modern times about the
nature of mathematics in general and of the various kinds of
numbers, and, further, about the distinction and relationship be-
tween knowledge in mathematics and knowledge in empirical
science. In the course of the last century, mathematicians
found that all mathematical signs can be defined on the basis of
the signs of the theory of natural numbers.

The fundamental concepts of the infinitesimal calculus (differential co-
efficient and integral} were defined by Cauchy and Weierstrass in terms of the
calculus of real numbers, with the help of the concept ‘limit (of & sequence of
real numbers)’. Thereby they succeeded in entirely eliminating the dubious
concept of “infinitely small magnitudes” and thus giving the infinitesimal
calculus a rigorous basis in the theory of real numbers. The next step was
made by Frege and Russell, who defined real numbers as classes of natural
numbers or of fractions. (Fractions can easily be defined as pairs of natural

pumbers.)

The reduction mentioned was entirely inside of mathematics.
Therefore, it left the more general and fundamental problems
unanswered. These have been discussed especially during the
last fifty years, usually under the heading ‘“foundations of
‘mathematics”. Among the different doctrines developed in this
field, three are outstanding and most often discussed; they are
known as logicism, formalism, and intuitionism. We will indi-
cate briefly some characteristic features of the three movements.
Logicism was founded by Frege and developed by Russell and
Whitehead. Its chief thesis is that mathematies is a branch of
logic. This thesis was demonstrated by constructing a system
for the whole of classical mathematics within a logical calculus
(see § 14 and some remarks in § 18). Truth conditions for the
primitive signs of the logical calculus were given; thereby an
interpretation for the whole mathematical system was deter-
mined. In this interpretation all mathematical signs became logi-
cal signs, all mathematical theorems L-true propositions.
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Formalism, founded by Hilbert and Bernays, proposed, in
contradistinction to logicism, to construct the system of classical
mathematics as a mere calculus without regard to interpreta-
tion. The theory developed is called metamathematics; it is,
in our terminology, a syntax of the language system of mathe-
matics, involving no semantics. Hilbert’s system is a com-
bination of a logical basic calculus with a specific mathematical
calculus using as specific primitive signs ‘0’ and ‘" as did
Peano’s system (§ 17). The controversy between the two doc-
trines concerning the question whether first to construct logic
and then mathematics within logic without new primitive signs,
or both simultaneously, has at present lost much of its former
appearance of importance. We see today that the logico-mathe-
matical calculus can be constructed in either way and that it does
not make much difference which one we choose. If the method of
logicism is chosen, constructing the system of mathematics as
a part of the logical calculus, then by the normal interpretation
of the latter we get an interpretation, and moreover the cus-
tomary one, of the former. The formalists have not concerned
themselves much with the question how the mathematical cal-
culus, if constructed according to their method, is to be inter-
preted and applied in empirical science. As already explained
(§ 17), the interpretation can be given by rules of translation
for the specific primitive signs into the logical calculus. Another
way would be to lay down L-semantical rules for these signs,
stating the truth conditions for the descriptive sentences in
which they occur. Formalists do not give an interpretation for
the mathematical calculus and even seem to regard it as im-
possible for the nonelementary parts of the calculus, but they
emphasize very much the need for a proof of the consistency
for the mathematical calculus and even regard it as the chief
task of metamathematics. There is some relation between the
two questions; if a proof of consistency for a calculus can be
given, then a true interpretation and application of the calculus
is logically possible. So far, a proof of consistency has been
given only for a certain part of arithmetic; the most comprehen-
sive one has been constructed by Gentzen (1936).
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Gudel has shown (1981) that it is not possible to construct a proof for the
consistency of a calculus C containing arithmetic, within a metalanguage pos-
sessing no other logical means (forms of expression and modes of deduction)
than C. Hilbert’s aim was to construct the proof of consistency in a “finitist”
metalanguage (similar to an intuitionist system, see below). At the present,
it is not yet known whether this aim can be reached in spite of Gdel’s result.
In any case, the concept of “‘finitist logic” is in need of further clarification.

The doctrine of intuitionism was originated by Brouwer
(1912) and Weyl (1918) on the basis of earlier ideas of Kroneck-
er and Poincaré. This doctrine rejects both the purely formal
construction of mathematics as a calculus and the interpreta-
tion of mathematics as consisting of L-true sentences without
factual content. Mathematics is rather regarded as a field of
mental activities based upon “pure intuition”. A definition, a
sentence, or a deduction is only admitted if it is formulated in
“constructive” terms; that is to say, a reference to a mere pos-
sibility is not allowed unless we know a method of actualizing it.
Thus, for instance, the concept of provability (in the mathe-
matical system) is rejected because there is no method which
would lead, for any given sentence S, either to a proof for S or
to a proof for the negation of S. It is only allowed to call a
sentence proved after a proof has been constructed. For similar
reasons, the principle of the excluded middle, the indirect proof
of purely existential sentences, and other methods are rejected.
In consequence, both elementary logic and classical mathe-
matics are considerably curtailed and complicated. However,
the boundary between the admissible and the nonadmissible is
not stated clearly and varies with the different authors.

Concerning mathematics as a pure calculus there are no sharp
controversies. These arise as soon as mathematics is dealt with
as a system of “knowledge”; in our terminology, as an inter-
preted system. Now, if we regard interpreted mathematics as
an instrument of deduction within the field of empirical knowl-
edge rather than as a system of information, then many of the
controversial problems are recognized as being questions not of
truth but of technical expedience. The question is: Which form
of the mathematical system is technically most suitable for the
purpose mentioned? Which one provides the greatest safety?
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If we compare, e.g., the systems of classical mathematics and of
intuitionistic mathematics, we find that the first is much simpler
and technically more efficient, while the second is more safe
from surprising occurrences, e.g., contradictions, At the pres-
ent time, any estimation of the degree of safety of the system of
classical mathematics, in other words, the degree of plausibility
of its principles, is rather subjective. The majority of mathe-
maticians seem to regard this degree as sufficiently high for all
‘practical purposes and therefore prefer the application of classi-
cal mathematics to that of intuitionistic mathematics. The lat-
ter has not, so far as I know, been seriously applied in physics by
anybody. ]

The problems mentioned cannot here be discussed more in detail. Such
discussion is planned for a later volume of this Encyclopedia. A more detailed
discussion can be found in those of the books which deal with mathematics
mentioned in the “Selected Bibliography” at the end of this monograph.

21. Geometrical Calculi and Their Interpretations

When we referred to mathematics in the previous sections, we
did not mean to include geometry but only the mathematics of
numbers and numerical functions. Geometry must be dealt
with separately. To be sure, the geometrical calculi, aside from
interpretation, are not fundamentally different in their char-
acter from the other calenli and, moreover, are closely related to
the mathematical calculi. That is the reason why they too have
been developed by mathematicians. But the customary inter-
pretations of geometrical celculi are descriptive, while those of
the mathematical calculi are logical.

A geometrical calculus is usually constructed as an axiom
system, i.e., & specific calculus presupposing a logical calculus
(with normal interpretation). Sucha calculus describes a struc-
ture whose elements are left undetermined as long as we do not
make an interpretation. The geometrical calculi describe many
different structures. And for each structure, e.g., the Euclidean,
there are many different possible forms of calculi describing it.
As an example let us consider an axiom system of Euclidean
geometry. We choose a form having six primitive signs; three
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for classes of individuals, ‘P;’, ‘Py’, ‘Py’, and three for relations,

‘I, ‘B, ‘K’. We write ‘I(z,y)’ for ‘the relation I holds between

z and ¢’, and ‘B(z,y,z)’ for ‘the (triadic) relation B holds for

z,,5. We will give only a few examples out of the long series of

axioms:

G 1. Yor every z, y [if [z is a P; and y is & Py] then, for some z [z is a Ps and
1(z.) and I,

G 2. For every z [if zis a P, then, for some y [y is a Py and, not I o))

G 8. For every z, ¥, z [if B(z,.2) then, not B(y.z,z)].

G 4. Foreveryz, ¥,z |if [xisa Pyand ¥ is & P; and 2 is & P; and I{z.z) and
I(y.2) and, not I{z,y)] then there is (exactly) 1 u such that [u is a P;and
I(z,u) and I (u,2) and, for every ¢ (if I(,u) then, not I (t,y)]]] . (Euclidean
parallel axiom.)

For a geometrical calculus there are many interpretations,
and even many quite different and interesting interpretations,
some of them logical, some descriptive. The customary inter-
pretation is descriptive. It consists of a translation into the
physical calculus (to be dealt with in the next section) together
with the customary interpretation of the physical calculus.
Rules of translation: (1) ‘P, is translated into ‘point’, (2) ‘P;’
into ‘straight line’, (3) ‘Py’ into ‘plane’, (4) ‘I{z,y)" into ‘z is
lying on ¥’ (incidence), (5) ‘B(z,y,3)’ into ‘the point z is be-
tween the points y and z on a straight line’, (6) ‘K(z,y,u,v)’ into
‘the segment z,y is congruent with the segment up (i.e., the
distance between z and y is equal to the distance between « and
v)’. It is to be noticed that the words ‘point’, etc., are here signs
of the physical calculus in its customary interpretation. Hence
we may think of a point as a place in the space of nature;
straight lines may be characterized by reference to light rays in
a vacuum or to stretched threads; congruence may be char-
acterized by referring to 2 method of measuring length, ete.
Thus the specific signs of a geometrical calculus are interpreted
as descriptive signs. (On the other hand, the specific signs of a
mathematical calculus are interpreted as logical signs, even if
they occur in descriptive factual sentences stating the results
of counting or measuring; see, e.g., the logical sign ‘8’, defined
by Def. 18, § 14, occurring in premiss [1], § 19.) The axioms and
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theorems of a geometrical calculus are translated into descrip-

tive, factual propositions of interpreted physics; they form a

theory which we may call physical geometry, because it is a

branch of physics, in contradistinction to mathematical geom-

etry ie., the geometrical calculus. As an example, the four

axioms stated above are translated into the following sentences

of the physical calculus (formulated here, for simplicity, in the

forms of ordinary language).

PG 1. For any two points there is a straight line on which they lie.

PG 2. For any plane there is a point not lying on it.

PG 8. If the points z, 7, and z lie on a straight line and z is between y and z,
then y is not between z and z.

PG 4. If the point z and the line y lie in the plane z, but 2 not on y, then
there is one and only one line u in the plane z such that z lies on  and
no point is both on % and y (hence u is the parallel to y through z).

22. The Distinction between Mathematical and Physical Geometry

The distinction between mathematical geometry, i.e., the
caleulus, and physical geometry is often overlooked because
both are usually called geometry and both usually employ the
same terminology. Instead of artificial symbols like ‘P, ete.,
the words ‘point’, ‘line’, ete., are used in mathematical geometry
as well. The axioms are then not formulated like G 1-4 but like
PG 1—4, and hence there is no longer any difference in formula-
tion between mathematical and physical geometry. This pro-
cedure is very convenient in practice—like the analagous pro-
cedure in the mathematical calculus, mentioned previously—
because it saves the trouble of translating, and facilitates the
understanding and manipulating of the calculus. But it is essen-
tial to keep in mind the fundamental difference between mathe-
matical and physical geometry in spite of the identity of for-
mulation. The difference becomes clear when we take into con-
sideration other interpretations of the geometrical calculus.

Of especial importance for the development of geometry in
the past few centuries has been a certain translatlon' of the
geometrical calculus into the mathematical calculus. This leads,
in combination with the customary interpretation of the mathe-
matical calculus, to & logical interpretation of the geometrical
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caleulus. The translation was found by Descartes and is known
as analytic geometry or geometry of coordinates. ‘Py’ (or, in
ordinary formulation, ‘point’) is translated into ‘ordered triple
of real numbers’; ‘P’ (‘plane’) into ‘class of ordered triples of
real numbers fulfilling a linear equation’, etc. The axioms,
translated in this way, become C-true sentences of the mathe-
matical calculus; hence the translation is C-true. On the basis
of the customary interpretation of the mathematical calculus,
the axioms and theorems of geometry become L-true proposi-
tions.

The difference between mathematical and physical geometry
became clear in the historical development by the discovery of
non-Euclidean geometry, i.e., of axiom systems deviating from
the Euclidean form by replacing the parallel axiom (G 4) by
some other axiom incompatible with it. It has been shown that
each of these systems, although they are incompatible with one
another, does not contain a contradiction, provided the Euclid-
ean system is free from contradictions. This was shown by giv-
ing a translation for each of the non-Euclidean systems into the
Euclidean system. Mathematicians regarded all these systems
on a par, investigating any one indifferently. Physicists, on the
other hand, could not accept this plurality of geometries; they
asked: “Which one is true? Has the space of nature the Euclid-
ean or one of the non-Euclidean structures?”’ It became clear by
an analysis of the discussions that the mathematician and the
physicist were talking about different things, although they
themselves were not aware of this in the beginning. Mathe-
maticians have to do with the geometrical calculus, and with
respect to a calculus there is no question of truth and falsity.
Physicists, however, are concerned with a theory of space, i.e.,
of the system of possible configurations and movements of
bodies, hence with the interpretation of a geometrical calculus.
‘When an interpretation of the specific signs is established—and,
to a certain extent, this is a matter of choice—then each of the
calculi yields a physical geometry as a theory with factual con-
tent. Since they are incompatible, at most one can be true
(truth of a class of sentences [see § 6]). The theories are factual.
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The truth conditions, determined by the interpretation, refer to
facts. Therefore, it is the task of the physicist, and not of the
mathematician, to find out whether a certain one among the
theories is true, i.e., whether & certain geometrical structure is
that of the space of nature. (Of course, the truth of a system of
physical geometry, like that of any other universal factual
sentence or theory, can never be known with absolute certainty
but at best with a high degree of confirmation.) For this pur-
pose, the physicist has to carry out experiments and to see
whether the predictions made with the help of the theory under
investigation, in connection with other theories confirmed and
accepted previously, are confirmed by the observed results of
the experiments. The accuracy of the answer found by the
physicist is, of course, dependent upon the accuracy of the in-
struments available. The answer given by classical physics was
that the Euclidean system of geometry is in accordance with the
results of measurements, within the limits of the accuracy of
observations. Modern physics has modified this answer in the
general theory of relativity by stating that the Euclidean
geometry describes the structure of space, though not exactly,
yet with a degree of approximation sufficient for almost all prac-
tical purposes; a more exact description is given by a certain
non-Euclidean system of geometry. Physical geometry is in its
methods not fundamentally different from the other parts of
physics. This will become still more obvious when we shall see
how other parts of physics can also take the form of cal-
culi (§ 23). ‘
The doctrine concerning geometry acknowledged l::y most
philosophers in the past century was that of Kant:, saying that
geometry consists of “synthetic judgments a priori”, i.e., of
sentences which have factual content but which, nevertheless,
are independent of experience and necessarily true. Kant at-
tributed the same character also to the sentences of arithmetic.
Modern logical analysis of language, however, does not find any
sentences at all of this character. We may assume that the
doctrine is not to be understood as applying to the formulas of
a calculus; there is no question of truth with respect to them
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because they are not assertions; in any case they are not syn-
thetic (i.e., factual). The doctrine was obviously meant to ap-
ply to arithmetic and geometry as theories, i.e., interpreted
systems, with their customary interpretations. Then, however,
the propositions of arithemetic are, to be sure, independent of
experience, but only because they do not concern experience or
facts at all; they are L-true (analytic), not factual (synthetic).
For geometry there is also, as mentioned before, the possibility
of a logico-mathematical interpretation; by it the sentences of
geometry get the same character as those of mathematics. On
the basis of the customary interpretation, however, the sen-
tences of geometry, as propositions of physical geometry, are
indeed factual (synthetic), but dependent upon experience, em-
pirical. The Kantian doctrine is based on a failure to distinguish
between mathematical and physical geometry. It is to this dis-
tinction that Einstein refers in his well-known dictum: “So far
as the theorems of mathematics are about reality they are not
certain; and so far as they are certain they are not about
reality.”

The question is frequently discussed whether arithmetic and
geometry, looked at from the logical and methodological point
of view, have the same nature or not. Now we see that the an-
swer depends upon whether the calculi or the interpreted sys-
tems are meant. There is no fundamental difference between
arithmetic and geometry as ealculi, nor with respect to their
possible interpretations; for either calculus there are both logical
and descriptive interpretations, If, however, we take the sys-
tems with their customary interpretation—arithmetic as the
theory of numbers and geometry as the theory of physical
space—then we find an important difference: the propositions
of arithmetic are logical, L-true, and without factual content;
those of geometry are descriptive, factual, and empirical.

23. Physical Caluli and Their Interpretations

The method described with respect to geometry can be ap-
plied likewise to any other part of physics: we can first con-
struct a calculus and then lay down the interpretation intended
Vol. I, No. 3
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in the form of semantical rules, yielding a physical theory as an
interpreted system with factual content. The customary for-
mulation of a physical calculus is such that it presupposes a
logico-mathematical calculus as its basis, e.g., a calculus of real
numbers in any of the forms discussed above (§ 18). To this
basic calculus are added the specific primitive signs and the
_axioms, i.e., specific primitive sentences, of the physical calculus
in question.

Thus, for instance, a calculus of mechanics of mass points can
be constructed. Some predicates and functors (i.e., signs for
functions) are taken as specific primitive signs, and the funda-
mental laws of mechanics as axioms. Then semantical rules are
laid down stating that the primitive signs designate, say, the
class of material particles, the three spatial coordinates of a
particle = at the time #, the mass of a particle z, the class of
forces acting on a particle z or at a space point ¢ at the time &.
(As we shall see later [§ 24], the interpretation can also be given
indirectly, i.e., by semantical rules, not for the primitive signs,
but for certain defined signs of the calculus. This procedure
must be chosen if the semantical rules are to refer only to ob-
servable properties.) By the interpretation, the theorems of the
calculus of mechanics become physical laws, i.e., universal
statements describing certain features of events; they constitute
physical mechanics as a theory with factual content which can
be tested by observations. The relation of this theory to the
calculus of mechanics is entirely analogous to the relation of
physical to mathematical geometry. The customary division
into theoretical and experimental physics corresponds roughly
to the distinction between calculus and interpreted system.
The work in theoretical physics consists mainly in constructing
caleuli and carrying out deductions within them; this is essen-
tially mathematical work. In experimental phy.sics interpreta-
tions are made and theories are tested by experiments.

In order to show by an example how a deduction is carried
out with the help of a physical calculus, we will discuss a
calculus which can be interpreted as a theory of thermic expan-
sion. To the primitive signs may belong the predicates ‘Sol’ and
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‘Fe’, and the functors ‘Ig’, ‘te’, and ‘th’. Among the axioms may
be A1 and A 2. (Here, ‘z’, ‘8" and the letters with subscripts
are real number variables; the parentheses do not contain ex-
planations as in former examples, but are used as in algebra and
for the arguments of functors.) .
A4 1. Forevery z, b, &, b, b, T1, Ty, 8 [if [z is 2 Sol and Ig(z.ty) =1
and Ig(z,t;) =L and te(z,l;)="T, and te(z.l) = T: and th{z)=p]
then L=4X (1+8X(T:—T)}].
A 2. For every z, if (z is a Sol and z is a Fe] then th(z) =0.000012.

The customary inierpretation, 1.e., that for whose sake the
calculus is constructed, is given by the following semantical
rules. ‘lg(z,t)’ designates the length in centimeters of the body
z at the time ¢ (defined by the statement of a method of meas-
urement); ‘te(z,f)’ designates the absolute temperature in centi-
grades of = at the time ¢ (likewise defined by a method of
measurement); ‘th(z)’ designates the coefficient of thermic ex-
pansion for the body z; ‘Sol’ designates the class of solid bodies;
‘Fe’ the class of iron bodies. By this interpretation, A1and A 2
become physical laws. A 1 is the law of thermic expansion in
quantitative form, A 2 the statement of the coefficient of ther-
mic expansion for iron. As A 2 shows, a statement of a physical
constant for a certain substance is also a universal sentence. Fur-
ther, we add semantical rules for two signs occcuring in the sub-
sequent example: the name ‘¢’ designates the thing at such and
such a place in our laboratory; the numerical variable ‘¢’ as
time coordinate designates the time-point ¢ seconds after August
17, 1938, 10:00 A.M.

Now we will analyze an example of a derivation within the
calculus indicated. This derivation D, is, when interpreted by
the rules mentioned, the deduction of a prediction from prem-
isses giving the results of observations. The construction of the

_derivation D, however, is entirely independent of any inter-
pretation. It makes use only of the rules of the calculus, name-
ly, the physical calculus indicated together with a calculus of
real numbers as basic calculus. We have discussed, but not
written down, a similar derivation D, (§ 19), which, however,
made use only of the mathematical calculus. Therefore the
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physical laws used had to be taken in D, as premisses. But here
in D, they belong to the axioms of the calculus (A 1 and A 2,
occurring as [6] and [10]). Any axiom or theorem proved in a
physical calculus may be used within any derivation in that
caleulus without belonging to the premisses of the derivation, in
exactly the same way in which a proved theorem is used within a
derivation in a logical or mathematical calculus, e.g., in the first
example of a derivation in § 19 sentence (7), and in D, (§ 19)
the sentences which in D, are called (7) and (13). Therefore
only singular sentences (not containing variables) occur as
premisses in D;. (For the distinction between premisses and
axioms see the remark at the end of § 19.)

Derivation Ds:
1. ¢ is a Sol.
2. ¢ is a Fe.
Premisses 8. te{c,0)=300.
4. te(c,600) =350,
5. 1g(e,0)=1,000.
Axiom A 1 . 6. Foreveryx, by, ts, hy b, Th, To. B [if [z is & Sol

and lg(z,)=h and lg(z.t)= L and te(z,))=T,
and te(z,f)=7: and th(z)= f]
then b=hX (14+8X(T:—T1))}.

Proved mathem. 7, For every b, Iy, Th, Ta, B [b—h=LXBX(T:—T)

theorem: if and only if b=4X(1+8X(T:~T1))].
(6)(7) 8. Forevery z, 41, ... {as in [6]) ... [if [ - -]
then L=L=LXBX(Ts—T1)].
(1)(3)(4)(8) 9. For every h, b, 8 [if th(c)=8 and Ig(c, 0) =1, and
1g(c,600) =1] then b~ =1 XBX(350—3800)].
Axiom A 2 10. For every z, if [z is a Sol and =z is a Fe] then
th{z) =0.000012.
(1)(2)(10) 11. th(c)=0.000012.
(9)(11)(5) 12. For every b, L [if [ig(c.0)=h and lg(c,600)=j]
then h—k=1,000X0.000012 X (350—300)].
Proved mathem.
theorem: 18. 1,000X0.000012 X (350—300) = 0.6.

(12)(18) Conclusion: 14. 1g(c,600) —1g{c,0) = 0.6.
Vol. |, No. 3
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On the basis of the interpretation given before, the premisses
are singular sentences concerning the body e¢. They say that
¢ is a solid body made of iron, that the temperature of ¢
was at 10:00 a.m. 300° abs., and at 10:10 a.m. 350° abs., and
that the length of ¢ at 10:00 A.M. was 1,000 cm. The conclusion
says that the increase in the length of ¢ from 10:00 to 10:10
A.M. is 0.6 cm. Let us suppose that our measurements have con-
firmed the premisses. Then the derivation yields the conclusion
as a prediction which may be tested by another measurement.

Any physical theory, and likewise the whole of physics, can
in this way be presented in the form of an interpreted system,
consisting of a specific calculus (axiom system) and a system of
semantical rules for its interpretation; the axiom system is, tac-
itly or explicitly, based upon a logico-mathematical calculus
with customary interpretation. It is, of course, logically pos-
sible to apply the same method to any other branch of science as
well. But practically the situation is such that most of them
seem at the present time to be not yet developed to a degree
which would suggest this strict form of presentation. There is
an interesting and successful attempt of an axiomatization of
certain parts of biology, especially genetics, by Woodger (Vol. I,
No. 10). Other scientific fields which we may expect to be soon
accessible to this method are perhaps chemistry, economics, and
some elementary parts of psychology and social science.

Within a physical calculus the mathematical and the physical
theorems, i.e., C-true formulas, are treated on a par. But there
is a fundamental difference between the corresponding mathe-
matical and the physical propositions of the physical theory, i.e.,
the system with customary interpretation. This difference is
often overlooked. That physical theorems are sometimes mis-
taken to be of the same nature as mathematical theorems is per-
haps due to several factors, among them the fact that they con-
tain mathematical symbols and numerical expressions and that
-they are often formulated incompletely in the form of 2 mathe-
matical equation (e.g., A 1 simply in the form of the last equa-
tion occurring in it). A mathematical proposition may contain
only logical signs, e.g., ‘for every m, n, m + n = n + m’, or
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descriptive signs also, if the mathematical calculus is applied in
a descriptive system. In the latter case the proposition, al-
though it conteains signs not belonging to the mathematical
calculus, may still be provable in this calculus, e.g., ‘lg(c) +
lg(d) = lg(d) + 1g(c)’ (‘lg’ designates length as before). A phys-
ical proposition always contains descriptive signs, because
otherwise it could not have factual content; in addition, it usual-
ly contains also logical signs. Thus the difference between math-
ematical theorems and physical theorems in the interpreted
system does not depend upon the kinds of signs occurring but
rather on the kind of truth of the theorems. The truth of a
mathematical theorem, even if it contains descriptive signs, is
not dependent upon any facts concerning the designata of these
signs, We can determine its truth if we know only the semanti-
cal rules; hence it is L-true. (In the example of the theorem just
mentioned, we need not know the length of the body ¢.) The
truth of a physical theorem, on the other hand, depends upon
the properties of the designata of the descriptive signs oc-
curing. In order to determine its truth, we have to make ob-
servations concerning these designata; the knowledge of the
semantical rules is not sufficient. (In the case of A 2, e.g., we
have to carry out experiments with solid iron bodies.) There-
fore, a physical theorem, in contradistinction to a mathematical

theorem, has factual content.

24, Elementary and Abstract Terms

We find among the concepts of physics—and likewise among
those of the whole of empirical science—differences of abstract-
ness. Some are more elementary than others, in the sense that
we can apply them in concrete cases on the basis of observations
in & more direct way than others. The others are more abstract;
in order to find out whether they hold in a certain case, we have
to carry out a more complex procedure, which, however, also
finally rests on observations. Between quite elen?entary con-
cepts and those of high abstraction there are many intermediate
levels. We shall not try to give an exact definition for ‘degree of
abstractness’; what is meant will become sufficiently clear by
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the following series of sets of concepts, proceeding from ele-
mentary to abstract concepts: bright, dark, red, blue, warm,
cold, sour, sweet, hard, soft (all concepts of this first set are
meant as properties of things, not as sense-data); coincidence;
length; length of time; mass, velocity, acceleration, density,
pressure; temperature, quantity of heat; electric charge, electric
current, electric field; electric potential, electric resistance, co-
efficient of induction, frequency of oscillation; wave function.

Suppose that we intend to construct an interpreted system of
physics—or of the whole of science. We shall first lay down a
calculus. Then we have to state semantical rules of the kind
SD for the specific signs, i.e., for the physical terms. (The SL-
rules are presupposed as giving the customary interpretation of
the logico-mathematical basic calculus.) Since the physical
terms form a system, i.e., are connected with one another,
obviously we need not state a semantical rule for each of them.
For which terms, then, must we give rules, for the elementary or
for the abstract ones? We can, of course, state a rule for any
term, no matter what its degree of abstractness, in a form like
this: ‘the term ‘te’ designates temperature’, provided the meta-
language used contains a corresponding expression (here the
word ‘temperature’) to specify the designatum of the term in
question. But suppose we have in mind the following purpose
for our syntactical and semantical description of the system of
physics: the description of the system shall teach a layman to
understand it, i.e., to enable him to apply it to his observations
in order to arrive at explanations and predictions. A layman is
meant as one who does not know physics but has normal senses
and understands a language in which observable properties of
things can be described (e.g., a suitable part of everyday non-
scientific English). A rule like ‘the sign ‘P’ designates the prop-
erty of being blue’ will do for the purpose indicated; but & rule
like ‘the sign ‘Q’ designates the property of being electrically
charged’ will not do. In order to fulfil the purpose, we have to
give semantical rules for elementary terms only, connecting
them with observable properties of things. For our further dis-
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f:us§ion Wwe suppose the system to consist of rules of this kind, as
indicated in the following diagram. '

first second
method method
- primitive
abstract terms: ‘electrie field, . .... <5 terma
‘temperature’, .. ... 2|5 &le
length’,.......... -g f§ g .‘%
elementary terms: | ‘yellow’, ‘hard’, ... primitive §' &
terms
interpretation of
elementary terms:
observable properties
of things

. Now let us go back to the construction of the calculus. We
have first to decide at which end of the series of terms to start
the construction. Should we take elementary terms as primitive
signs, or abstract terms? Our decision to lay down the semanti-
cal rules for the elementary terms does not decide this question.
Either procedure is still possible and seems to have some reasons
in its favor, depending on the point of view taken. The first
method consists in taking elementary terms as primitive and
then introducing on their basis further terms step by step, up to
those of highest abstraction. In carrying out this procedure, we
find that the introduction of further terms cannot always take
the form of explicit definitions; conditional definitions must also
be used (so-called reduction sentences [see Vol. I, No. 1, p. 50]).
They describe a method of testing for a more abstract term, i.e.,
a procedure for finding out whether the term is applicable in
particular cases, by referring to less abstract terms. The first
method has the advantage of exhibiting clearly the connection
between the system and observation and of making it easier to
examine whether and how a given term is empirically founded.
However, when we shift our attention from the terms of the
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system and the methods of empirical confirmation to the laws,
i.e., the universal theorems, of the system, we get a different
perspective. Would it be possible to formulate all laws of phys-
ics in elementary terms, admitting more abstract terms only as
abbreviations? If so, we would have that ideal of a science in
sensationalistic form which Goethe in his polemic against New-
ton, as well as some positivists, seems to have had in mind. But
it turns out—this is an empirical fact, not a logical necessity—
that it is not possible to arrive in this way at a powerful and
efficacious system of laws. To be sure, historically, science
started with laws formulated in terms of a low level of abstract-
ness. But for any law of this kind, one nearly always later found
some exceptions and thus had to confine it to a narrower realm
of validity. The higher the physicists went in the scale of terms,
the better did they succeed in formulating laws applying to a
wide range of phenomena. Hence we understand that they are
inclined to choose the second method. This method begins at the
top of the system, so to speak, and then goes down to lower and
lower levels. It consists in taking a few abstract terms as primi-
tive signs and a few fundamental laws of great generality as
axioms. Then further terms, less and less abstract, and finally
elementary ones, are to be introduced by definitions; and here,
so it seems at present, explicit definitions will do. More special
laws, containing less abstract terms, are to be proved on the
basis of the axioms. At least, this is the direction in which phys-
icists have been striving with remarkable success, especially in
the past few decades. But at the present time, the method can-
not yet be carried through in the pure form indicated. For many
less abstract terms no definition on the basis of abstract terms
alone is as yet known; hence those terms must also be taken as
primitive. And many more special laws, especially in biological
fields, cannot yet be proved on the basis of laws in abstract
terms only; hence those laws must also be taken as axioms.
Now let us examine the result of the interpretation if the first
or the second method for the construction of the caleulus is
chosen. In both cases the semantical rules concern the elemen-
tary signs. In the first method these signs are taken as primi-
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tive. Hence, the semantical rules give a comnplete interpretation
for these signs and those explicitly defined on their basis. There
are, however, many signs, especially on the higher levels of
abstraction, which can be introduced not by an explicit defini-
tion but only by & conditional one. The interpretation which the
rules give for these signs is in a certain sense incomplete. This is
due not to a defect in the semantical rules but to the method by
which these signs are introduced; and this method is not arbi-
trary but corresponds to the way in which we really obtain
knowledge about physical states by our observations.

If, on the other hand, abstract terms are taken as primitive—
according to the second method, the one used in scientific
physics—then the semantical rules have no direct relation to the
primitive terms of the system but refer to terms introduced by
Iong chains of definitions. The calculus is first constructed float-
ing in the air, so to speak; the construction begins at the top and
then adds lower and lower levels. Finally, by the semantical
rules, the lowest level is anchored at the solid ground of the
observable facts. The laws, whether general or special, are not
directly interpreted, but only the singular sentences. For the
more abstract terms, the rules determine only an tndirect inler-
pretation, which is—here as well as in the first method—incom-
plete in a certain sense. Suppose ‘B’ is defined on the basis of
‘A’; then, if ‘4’ is directly interpreted, ‘B’ is, although indirect-
ly, also interpreted completely; if, however, ‘B’ is directly inter-
preted, ‘4’ is not necessarily also interpreted completely (but
only if ‘4’ is also definable by ‘B’).

To give an example, let us imagine a calculus of physics constructed, ac-
cording to the second method, on the basis of primitive specific signs like
*electromagnetic field’, ‘gravitational field’, ‘electron’, ‘proton’, ete. The sys-
tem of definitions will then lead to elementary terms, e.g., to ‘Fe’, defined as a
class of regions in which the configuration of particles fulfils certain conditions,
and ‘Na-yellow’ as a class of space-time regions in which the temporal dis-
tribution of the electromagnetic field fulfils certain conditions. Then seman-
tical rules are laid down stating that ‘Fe’ designates iron and ‘Na-yellow’
designates a specified yellow color. (If ‘iron’ is not accepted as mﬂic.icntly
elementary, the rules can be stated for more elementary terms.) In this way
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the connection between tde calculus and the realm of nature, to which it is to
be appliced, is made foy terms of the caleulus which are far remote from the
primitive terms, =

Let us eyamine, on the basis of these discussions, the example
of a derivation D, (§ 28). The premisses and the conclusion of
D, are singular sentences, but most of the other sentences are
not. Hence the premisses and the conclusion of this as of all
other derivations of the same type can be directly interpreted,
understood, and confronted with the results of observations.
More of an interpretation is not necessary for a practical appli-
cation of a derivation. If, in confronting the interpreted prem-
isses with our observations, we find them confirmed as true,
then we accept the conclusion as a prediction and we may base
a decision upon it. The sentences occurring in the derivation be-
tween premisses and conclusion are also interpreted, at least
indirectly. But we need not make their interpretation explicit
in order to be able to construct the derivation and to apply it.
All that is necessary for its construction are the formal rules of
the calculus. This is the advantage of the method of formaliza-
tion, i.e., of the separation of the calculus as a formal system
from the interpretation. If some persons want to come to an
agreement about the formal correctness of a given derivation,
they may leave aside all differences of opinion on material ques-
tions or questions of interpretation. They simply have to ex-
amine whether or not the given series of formulas fulfils the
formal rules of the calculus. Here again, the function of calculi
in empirical science becomes clear as instruments for transform-
ing the expression of what we know or assume,

Against the view that for the application of a physical cal-
culus we need an interpretation only for singular sentences, the
following objection will perhaps be raised. Before we accept a
derivation and believe its conclusion we must have accepted the
physical calculus which furnishes the derivation; and how can
we decide whether or not to accept a physical calculus for appli-
cation without interpreting and understanding its axioms? To
be sure, in order to pass judgment about the applicability of a
given physical calculus we have to confront it in some way or
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- other with observation, and for this purpose an interpretation is
necessary. But we need no explicit interpretation of the axioms,
nor even of any theorems. The empirical examination of a phys-
ical theory given in the form of a calculus with rules of inter-
pretation is not made by interpreting and understanding the
axioms and then considering whether they are true on the basis
of our factual knowledge. Rather, the examination is carried
out by the same procedure as that explained before for obtaining
a prediction. We construct derivations in the calculus with
premisses which, are singular sentences describing the results of
our observations, and with singular sentences which we can test
by observations as conclusions. The physical theory is indirect-
Iy confirmed to a higher and higher degree if more and more of
these predictions are confirmed and none of them is discon-
firmed by observations. Only singular sentences with elemen-
tary terms can be directly tested; therefore, we need an explicit
interpretation only for these sentences.

25, “Understanding"” in Physics
The development of physics in recent centuries, and especially
in the past few decades, has more and more led to that method
in the construction, testing, and application of physical theories
which we call formalization, i.e., the construction of a caleulus
supplemented by an interpretation. It was the progress of
knowledge and the particular structure of -the su!)Je.ct matter
that suggested and made practically possible this increasing
formalization. In consequence it became more and more pos-
sible to forego an “intuitive understanding” of the a.bstract
terms and axioms and theorems formulated with their help.
The possibility and even necessity of aband.oning the searcl} for
an understanding of that kind was not reslized for a long time,
When abstract, nonintuitive formulas, as, e.g., Max?vell's equa-
tions of electromagnetism, were proposed as new axioms, I?hys-
icists endeavored to make them “intuitive” by constructing &
“model”, i.e., & way of representing electromagnetic micro-
¢ by an analogy to known macro-processes, e.g., move-
21::1?5 éz)efsvi.)srible thingsg.yMany attempts have been made in this
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direction, but without satisfactory results. It is important to
realize that the discovery of a model has no more than an
aesthetic or didactic or at best a heuristic value, but is not at all
essential for a successful application of the physical theory.
The demand for an intuitive understanding of the axioms was
less and less fulfilled when the development led to the general
theory of relativity and then to quantum mechanics, involving
the wave function. Many people, including physicists, have a
feeling of regret and disappointment about this. Some, especial-
ly philosophers, go so far as even to contend that these modern
theories, since they are not intuitively understandable, are not
at all theories about nature but “mere formalistic construe-
tions”, “mere caleuli”. But this is a fundamental misunder-
standing of the function of a physical theory. It is true a theory
must not be a “mere caleulus” but possess an interpretation, on
the basis of which it can be applied to facts of nature. But it is
- sufficient, as we have seen, to make this interpretation explicit
for elementary terms; the interpretation of the other terms is
then indirectly determined by the formulas of the calculus,
either definitions or laws, connecting them with the elementary
terms. If we demand from the modern physicist an answer to
the question what he means by the symbol ‘Y’ of his calculus,
and are astonished that he cannot give an answer, we ought to
realize that the situation was already the same in classical
phbysics. There the physicist could not tell us what he meant by -
the symbol ‘E’ in Maxwell’s equations. Perhaps, in order not to
refuse an answer, he would tell us that ‘E’ designates the electric
field vector. To be sure, this statement has the form of a seman-
tical rule, but it would not help us a bit to understand the
theory. It simply refers from a symbol in a symbolic caleulus
to a corresponding word expression in a calculus of words. We
are right in demanding an interpretation for ‘E’, but that will be
given indirectly by semantical rules referring to elementary
signs together with the formulas connecting them with ‘E’.
This interpretation enables us to use the laws containing ‘E’ for
the derivation of predictions. Thus we understand ‘E’, if “un-
derstanding” of an expression, a sentence, or a theory means
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capability of its use \for the description of known facts or the
prediction of new fac{s. An “intuitive understanding” or a di-
rect translation of ‘E} into terms referring to observable prop-
erties is neither necedsary nor possible. The situation of the
modern physicist is not aegsentially different. He knows how to
use the symbol ‘Y’ in the calculus in order to derive predictions
which we can test by observations. (If they have the form of
probability statements, they are tested by statistical results of
observations.) Thus the physicibt, although he cannot give us a
translation into everyday language, understands the symbol
‘Y’ and the laws of quantum mechanics. He possesses that kind
of understanding which alone is essential in the field of knowl-

edge and science. \

Selected Bibliography

Carnav, BR. Abriss der Logistik, Wien, 1920,

. “Die Mathematik als Zweig der Logik,” Bldtler fiir deutsche Philoso-

phie, Vol. IV (1930).

. Logical Syniaxr of Language. (Orig., Wien, 1934.) London and New

York, 1937.

. “Formalwissenschaft und Realwissenschaft,” Erkenninis, Vol. V

(1935).

~. ‘““Testability and Meaning,” Philosophy of Science, Vols. 111 (1936)
and IV (1087).

Depregynp, R. Was sind und was sollen die Zahlen? Braunschweig, 1888,

EImnsTtEIN, A. Geometrie and Erfokrung. Berlin, 1921.

FrAENKEL, A, Einleitung in die Mengenlshre. 3d ed. Berlin, 1928,

Frank, P. Interpretations and Misinterpretations of Modern Physics. Puaris,
1938.

Freer, G. Die Grundlagen der Arithmetik. Brestau, 1884.

. Orundgesetze der Arithmetik, Vols, I and II. Jena, 1893 and 1903,

Hany, H. Logik, Mathematik und Naturerkennen. Wien, 1933,

Hzyring, A. Mathematische Grundlagenforschung, Intuilionismus, Beweis.
theorie. Berlin, 1084.

Husesr, D. “Axiomatische; Denken,” Math. Annalen, Vol. LXXVIII
(1918).

Hicpesar, D., and AckerMANN, W. Grundzilge der theoretischen Logik. Berlin,
1928. 2d ed., 1088.

Hieerr, D., and Beenavys, P. Grundlagen der Mathematik, Vol. 1. Berlin,
1984.

Yol. I, No. 3
69



Foundations of Logic and Mathematics

Lewis, C. 1., and Lanarorp, C. H. Symbolic Logig. New York and London,
1932. '

MenoeR, K. “The New Logic,” Philosophy of Scfience, Vol. IV {1937).

Mornris, C. W, Logical Posilivism, Pragmatismy and Scientific Empiricism.
Poris, 1087,

Peirce, C. S. Collected Papers (esp. Vol IT). .Cambridge, Mass., 1931 ff. *

Quing, W. V. “Truth by Convention,” i Philosophical Essays for A. N.
Whitehead. London and New York, :1986.

Reicrenpach, H. Philosophie der Rapm—Zei!-Lehre. Berlin, 1928,

Russery, B. The Principles of Mathematics. Cambridge, 1908. 2d ed., 1938.

. Introduction to Mathematical Philosophy. London, 1919. 2d ed., 1820.

Scrovz, H. Geschichte der Logik. Betlin, 1991.

Tarskr, A. “Der Wahrheitshegrifi ul den formalisierten Sprachen,” Studia
philosophica, Vol. I (1885). "

. *Grundlegung der wissenschaftlichen Semantik,” in Acfes du congrés

international de philosophie scientifique. Paris, 1936.

. Einfithrung in die mathematische Logik. Wien, 1937.

WaismanN, F. Einfiihrung in das mathematische Denken. Wien, 1936.

WniTeHEAD, A. N. and RusseLl, B. Principia mathematica, Vols. I, II, and
IIL. Cambridge, (1910) 1925, (1912) 1927, and (1918) 1927.

WrirraeNsTEIN, L. Tractaius dogico-philosophicus. London, 1922.

. Vol. I, No. 3
70



Index of Terms

[The numbers refer to the sections of

Abstract term, 24
Axiom system, 16

Basic caleulus, 16

C...,879

Caleulus, 8

Classifieation of signs, 5
Conclusion, 9

Congistent, 8

Convention, 12

Customary interpretation, 13

Definition, 13
Derivable, derivation, 9
Descriptive sign, 4
Designatum, 2

Elementary term, 24
Equivalent, 6
Exclude, 6
Explanation, 1, 15
Expression, 4

F-..., factual, 7
False, 8

Finite rule, caleulus, 10
Formal, 8

Formalism, 20
Formaligation, 25
Formula, 9

Geometry, 21

Implicate, 6
Interpretation, 10
Intuitionism, 20

L-...,%
L-exhaustive, 10
Logical caleuli, 13, 14

- A interpretatic L.,
. ivimber, 14, 17, 18

Object-language, 8

Physical calculi, 23
Pragmatics, 2, 3
Predicate, 5

Prediction, 1, 15

Premiss, 9, (19)

Primitive sentence, 9, (18)
Proof, provable, 9
Propasition, 5, 9

Rules of formation, 5, 9
Rules of inference, 9
Rules of transformation, 9

Semantics, 2, 4
Sentence, 2

Sentential ealeulus, 13
Sign, 4 ‘
Singular sentence, 15
Specific caleulus, sign, 16
Synonymous, 6

Syntax, &, 8

Transfinite rule, caleulus, 10
Translation, 17
True, &

Understanding, 5, 25
Universal sentence, 15

Vol. I, No. 3

71



