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CHAPTER 1

Introduction to Mathematical Logic

1. What is ‘Mathematical Logic’?

Logic, in the most general sense of the term, refers to the study of the norms that govern the activity of reasoning.
Thus understood, logic comprehends not only the sort of reasoning that is expressed in mathematical proofs, but also
such reasoning as underwrites statistical inference or scientific induction. As such, the first and most obvious function
of the qualifier ‘mathematical’, when prefixed to the term logic, is to restrict the subject matter of the inquiry to just
such norms as govern the particular sort of reasoning that is done in mathematics (e.g., that by which one deduces
various geometrical theorems from basic axioms concerning points, lines, and other such elementary notions).

There is, however, a second interpretation of the phrase ‘mathematical logic’, according to which, the term ‘mathe-
matical’ functions as an adverbial modifier, indicating something about the methodology by which the study is to be
pursued rather than delimiting its object. In particular, the term implies that the methods to be used are themselves
mathematical in nature. Thus, just as the phrase ‘mathematical psychology’ does not refer to the psychological study
of mathematicians, but instead to research which employs mathematical techniques to investigate formal models of
psychological processes, ‘mathematical logic’, in this latter sense of the phrase, does not refer to the study of such
reasoning as is done by mathematicians, but instead to the study of reasoning, done mathematically.

In this course, the phrase ‘mathematical logic’ will be understood in both of the above senses. On the one hand, we
will be exclusively concerned with demonstrative reasoning of the sort which ensures that the truth of a conclusion
follows from a given set of premises in just the way that the truth of a theorem in geometry follows from a given
set of axioms. Moreover, in Part II of the course, we will consider such reasoning in its specific application to the
particular structures studied in mathematics. We will, for instance, consider systems of reasoning designed for the
express purpose of validating arithmetical inferences, such as: “from 3x +4y = =2 and y = 1, it follows that x = —2.’ﬂ
At the same time, however, our study of logic will be ‘mathematical’ in that the systems of reasoning that we will
consider will themselves be represented as mathematically well-defined structures, and the claims that we will make
about these systems will be established using standard mathematical techniques.

As will become more readily apparent in Part II of the course, it is this duality of meaning which endows mathematical
logic not only with its peculiar charm, but also with the greater part of its philosophical value: if mathematical logic
is concerned to study the sort of reasoning that is done in mathematics and if, at the same time, it is itself just a
branch of mathematics, then one may meaningfully ask what follows when the claims established in the study of
mathematical logic are applied to itself. The answer, as it turns out, is quite a lot! The essentially self-reflective
nature of mathematical logic is what allows for the precise formulation of such provocative theses as "arithmetical
truth cannot be defined arithmetically," and "if a computer can simulate all of our mathematical reasoning, then, in
principle, we cannot fully grasp how it works.ﬂ Unfortunately, a more careful analysis of these claims must be left for
Part IT of the course. For now, let us consider in more detail how the study of logic can be made mathematical.

2. Making Logic Mathematical

Logic seeks to investigate the norms that govern the activity of reasoning. As such, it is concerned to answer questions
of the form:

ndeed, by the end of Part I of the course, we will be in a position to formulate a single system of reasoning, involving only a handful of
axiom schemas and a single rule of inference, which is sufficient to represent all but an extremely small fraction of the proofs that have ever been
given in mathematics!

2To the reader: If such claims inspire in you anything more than an initial, vague sense of wonder, then the material covered in the first part of
this course may be too basic for you.
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e Is a given method of reasoning such as to only result in valid inferences or, by employing this method, will
one sometimes be led to draw a conclusion which does not follow from one’s initial assumptions?

e If an inference is valid, will one be able to draw this inference by employing a given method of reasoning,
or will there be some valid inferences which, in principle, cannot result from employing this method.

In order to render such questions mathematically precise, the following tasks must first be performed:

(1) ‘Inferences’ must be represented as well-defined mathematical structures.

(2) The standard for normative assessment by which a given inference is judged to be ‘valid’ or ‘invalid’, must
be expressed in terms of the possession by that inference of a mathematically well-defined property.

(3) The notion of a ‘method of reasoning’ must be described in such a way that it becomes a mathematical fact
whether or not by means of a given method of reasoning, one is able to draw a given inference.

Once these three tasks have been performed, then the two questions listed above become no less mathematically
well-defined than the question: Is 4,753,234,127 a prime number?

2.1. Arguments. In informal terms, an argument is a collection of propositions, one of which is distinguished as
that ‘for the sake of which’ the others are set forth. The distinguished proposition is referred to as the conclusion of
the argument and the propositions offered in its support as the argument’s premises.

Although arguments are typically expressed by a collection of sentences in a language, it is natural to regard an
argument as something distinct from its linguistic expression (one may, for example, wish to allow for the possibility
that the same argument can be expressed in either German or French). Nevertheless, for the purpose of formalization,
we will disregard the intuitive difference between an argument and its expression, and construe arguments as purely
syntactical constructs. In other words, we will represent an argument by a particular collection of sentences expressed
in a given syntaxE]

The syntax in which we will formulate arguments will not be that of a natural language such as English, but will instead
be introduced in the context of an artificial or ‘formal’ language devised for the express purpose of representing certain
argument forms. We adopt this approach so as to minimize the syntactic complexity of the arguments that we will
consider. The rules determining when a sequence of symbols in the English alphabet (or a sequence of words in
the English lexicon) constitute a grammatically well-formed sentence are exceedingly complex, and much of this
complexity is unnecessary for capturing the differences in meaning that are relevant for assessing the particular sort of
arguments with which we will be concemedﬂ

In each of the formal languages that we will consider, the syntax of the language will be introduced in two distinct
stages:

(1) First, we will specify an alphabet for the language, i.e., a set of symbols. Any finite string of symbols from
this alphabet will be referred to as an expression of the language.

(2) Second, we will specify formation rules determining when a given expression constitutes a sentence of the
language.

When they are defined in this way, sentences are purely syntactical constructs — they are strings of symbols, devoid
of any meaning. Nevertheless, our choice of the syntax for a language will, in all cases, be guided by semantical
considerations. In other words, we will always have in mind a certain conception of how various syntactical items
are to be interpreted, and we will choose our syntax so as to ensure that the sentences in the language consist only of
expressions, which, when given such an interpretation, express meaningful propositions.

3We will later give a formal account of when two sentences express the same proposition, or, in the terminology we will adopt, when two
sentences are logically equivalent, and we will define the validity of arguments in such a way as to ensure that validity is preserved through
substitution by equivalents.

4Thus, for example, while there may be some subtle difference in meaning (or emphasis) between the sentence ‘John gave the letter to Mary,’
and the sentence ‘Mary was given the letter by John,” this difference in meaning (while relevant perhaps for producing a desired poetic effect) is
altogether irrelevant for judging whether or not it follows from this claim that ‘Mary was given something by someone.’
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DeriniTION 1.1. An argument in a formal language consists of (i) a (possibly emptyﬂ) set of sentences of the
language, whose members are referred to as the argument’s premises; and (ii) a sentence of the language
referred to as the argument’s conclusion.

We denote the argument whose premises comprise the set I' and whose conclusion is ¢ by
r

¥

(for the sake of readability, we will often omit the outer braces from the premise list).

ExampiE 1. In this example, we will devise a formal language % suitable for expressing a very simple class
of arithmetical arguments, namely, those which only consist of equations involving a single variable, x, and
in which both sides of the equality are expressed as the product of numbers belonging to the set {1, 0}.

The alphabet for our language is given by the set of symbols:
{‘x’ 1’ O’ X’ :}'

We refer to the symbols ‘x’, ‘1°, and ‘0’ as numerals.

DerintTioN 1.2. A numerical expression is any expression which can be judged as such on the
basis of the following two facts:

(1) Every expression consisting of a single numeral is a numerical expression.

(2) If @ and B are numerical expressions, then the expression @ X 8 is a numerical expres-
sion

It follows from this definition that the numerical expressions are all and only the expressions of the form:
ny X ny X -« X n,

where n1, ..., n; are numerals.

The formation rule for the language is as follows:

Formation Rule: An expression is a sentence of the language iff it is of the form @ = 8, where a and S8 are
numerical expressions.

In accordance with this rule, the following expressions are all sentences of the language:

G x=0 iv) xxx=1
(i) 1=x V) xx0x1xx=1
i) 1x0=0x1 (vi) xX1Xx1x1=1xxx%x0

An example of an argument expressed in this language is

5Tn what follows, it will be convenient to assume that there exists a unique set containing no members, which we will denote by @ and refer to
as the empty set. We will henceforth assume that (i) for every set S, @ C S; (ii) for every property P, it is (vacuously) true that for all x € 0, x has
the property P; and (iii) for every property P, it is (vacuously) false that for some x € @, x has the property P.
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xXx0=0x1, 1xxx1=1

1=x

Exercise 1.1. We refer to the number of symbols comprising an expression as the length of that
expression.

(a) Show that the length of every sentence is odd.

(b)* If k is an odd number greater than 2, how many distinct expressions are there of length
k? How many distinct sentences are there of length k? Show that the probability with
which a randomly chosen expression of length k is a sentence goes to 0 as k increases.

Exercise 1.2 (*%). A binary tree is a tree structure in which every node in the tree has either
exactly two direct descendants (referred to as its ‘left’ and ‘right’ children, respectively), or is a
terminal node (i.e., a node with no direct descendants). By a formation tree for an expression «,
we mean a binary tree the nodes of which are all expressions, and for which:

(1) The root node of the tree (i.e., the unique node with no parents) is a.
(2) If y and y’ are the left and right children of the node 3, then 3 is the expression y X .

(3) Every terminal node is an expression consisting of a single numeral.

For example, the following tree is a formation tree for the expression 1 X x X 0:

1xxx0
| 70\
X 0

It is easy to see that an expression ¢ is a numerical expression iff there is a formation tree for ¢,
but a single numerical expression can have multiple distinct formation trees. Show that there are
exactly

2k-2)!  (2k=2)-2k=3)---(k+1)
Kk-1D! k=1 (k-2)---1
distinct formation trees for any numerical expression involving k numerals. (Hint: Prove this

claim by induction on k. First, show that the claim holds for k = 2. Then show that if the claim
holds for all k, such that 2 < k < n, then the claim must also hold for k = n + 1.)

2.2. Validity. Consider the following hackneyed syllogism:

6A definition of this type is called an inductive (or recursive) definition. To define a class of objects inductively, one first stipulates that a
certain set of objects belong to the class. This stipulation is referred to as the base clause of the definition. One then specifies a set of laws, each
of which asserts that if an object stands in a certain relation to certain objects belonging to the class, then it too belongs to the class. These laws
are referred to as the inductive clauses of the definition. The class itself is then defined as consisting of only those objects which can be judged to
belong to the class by appeal to both the base clause and finitely many instances of the inductive clauses of the definition.
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All men are mortal, Socrates is a man.
Socrates is mortal.

Intuitively, this is a valid argument, but what is it about this argument that makes it valid? The most immediate answer
is that the argument is valid because the truth of the argument’s conclusion follows necessarily from the truth of its
premises. But, in what sense of ‘necessity’ does Socrates’ mortality necessarily follow from Socrates’s being a man
and from the fact that all men are mortal?

In general, to say that a claim is necessarily true is to assert not only that the claim itself is true, but moreover that its
truth is independent of certain features of the context of utterance in which the claim is made. Thus, when we say that
it is necessarily the case that if the premises of the above argument are true, so too is its conclusion, not only do we
claim that:

(P) If ‘All men are mortal’ and ‘Socrates is a man’ are both true, then ‘Socrates is mortal’ is true.

but, further, that (P) would be true, regardless of certain features of the actual context in which this claim is made.
The precise sense of the implicated modality is determined by which features of the context of utterance are deemed
accidental. In this case, when we say that (P) is necessarily true, we mean that it would be true no matter who (or
what) the name ‘Socrates’ refers to, and no matter what properties are designated by the phrases ‘man’ and ‘mortal’.
If the name ‘Socrates’ were to refer to Kurt Godel, the phrase ‘man’, to the property of being German, and the phrase
‘mortal’ to the property of being a poor logician, it would no less follow from the truth of the sentences ‘All men are
mortal’ and ‘Socrates is a man,” that ‘Socrates is mortal’ is true (for if all Germans are poor logicians, and Godel is a
German, then Gddel, too, is a poor logician).

Note that it is crucial to this line of reasoning that the meaning of the linguistic constructs ‘All --- are —— and - -
is a ——, as they appear in the premises and conclusion of the argument, are taken to operate in their usual way, i.e.,
the former asserts that all objects possessing the property designated by *- - -’ also possess the property designated by
‘——’, and the latter asserts that the object named by ‘- - -’ possesses the property designated by ‘——’. If the meaning
of these constructs were allowed to vary along with ‘Socrates’, ‘mortal” and ‘man’ (e.g., if ‘All --- are ——’ were
interpreted as asserting that only some objects possessing property ‘- --’, possess property ‘——") then there may be
ways of interpreting the premises and conclusion of the argument according to which the premises are true and the

conclusion false.

As a second example, consider the following elementary arithmetical argument:

x+2y=-2,y>1
8 < —2x

To say that this argument is valid is to assert that no matter what numbers are referred to by the variables x and y, if it
is true that x + 2y = —2 and y > 1, then it is also true that 8 < —2x. Here we are assuming that the numerals ‘1°, 2’
and ‘8’ refer to the numbers 1, 2 and 8, respectively; that the symbol ‘+’ refers to the operation of addition; and that
the symbols ‘=", ‘<’ and ‘>’ refer to the relations of equality, being less than and being greater than, respectively.

As these examples illustrate, in assessing the validity of an argument, we must first distinguish between those elements
of the syntax that are taken to have a fixed meaning for the purpose of the assessment, and those elements of the syntax
whose meanings are allowed to vary. We refer to the former as the logical elements of the syntax and the latter as its
non-logical elements. To say that an argument is valid is to assert that (under the assumption that the logical elements
of the syntax are given their standard meaning) the truth of the argument’s conclusion follows from the truth of its
premises no matter how the non-logical elements of the syntax are interpreted.

Let us now try to formulate this idea in mathematically precise terms. We first define a valuation of a formal language
to be any function val which assigns to each of the sentences of the language one of the values in the set {T,F} (we
refer to the members of this set as truth—values) val(¢) = T means that the sentence ¢ is true under the valuation val,
and val(¢) = F means that it is false under this valuation.

When we assert that an argument is valid, we will always do so relative to a certain class of valuations. The validity of
an argument expresses the fact that for every valuation in this class, if all the premises of the argument are true under
this valuation, then the conclusion is true under this valuation as well.

TThere is nothing special about the symbols T and F (excepting their pnemonic value). We could have just as well used 1 and O, or any other
two distinct objects to serve as names for truth and falsity.
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Dermvition 1.3. The argument
i
¥
is valid with respect to the class of valuations V if, for all valuations val € V, the following is true: if
val(p) = T, for all ¢ € T', then val(y) = T. To express this fact, we write:
['Eyy.

If T is the singleton set {¢}, we write ¢ =y i to express the fact that ' Ey .

Exercise 1.3. Let ¢y, ..., @, ¥ (n > 2) be distinct sentences.

(a) Construct a two-member set of valuations V such that:

® {e1,---,9u} Ev ¢; and
Gi) @ oy o, fori=1,...,m.

(b) Show that if V is a set consisting of m valuations, where m < n, then ¢; v ¢;, for some i # j.

THEOREM 1.1. Let V be the set of all possible valuations of the language. Then T =y ¢ if and only if y € T

Proor. Suppose that € I'. Then, clearly it is impossible for a valuation to assign to all of the sentences in I
the value T and to ¢ the value F. Hence, I' |y . Now, suppose that ¢ ¢ I'. Then, since V consists of all possible
valuations, there exists some valuation in V which assigns to all the sentences in I' the value T and to i the value F.
Hence, I" £y . O

Theorem [I.T] asserts that an argument is valid with respect to the class of all valuations of a language if and only if its
conclusion appears among its premises. Consequently, without somehow restricting the class of admissible valuations,
we are left with a trivial standard of argumentative validity.

In general, the class of valuations that we will consider will be restricted by means of the following three-stage process:

(1) First, a certain set of expressions will be identified as the non-logical elements of the syntax.

(2) Second, with each non-logical element of the syntax we will associate a set of possible values (or interpre-
tants). An interpretation of the language will then be any function which assigns to each non-logical element
of the syntax a particular value from this set.

(3) Third, we will formulate a set of semantical rules which associate with each possible interpretation, o, a
unique valuation of the language, val(’ﬂ

Henceforth, whenever we assess the validity of an argument, it will always be assumed that our assessment occurs in
a setting in which these three tasks have already been completed, and that the assessment is to be made with respect
to the class of all valuations of the form val”, where o is a possible interpretation of the languageﬂ Thus, the more
general Definition[I.3] may be replaced with the following:

8To express the fact that val? (¢) = T (resp: F), we say that ¢ is ‘true (resp: false) under the interpretation o~’.
In general, the semantical rules for the language (which serve to encode the meanings of the logical elements of the syntax) will be chosen
in such a way that not every valuation will be of the form val”. Hence, it is these rules that will render our standard of validity nontrivial.
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DermiTioN 1.4. The argument
r

¥
is valid if, for all interpretations o, the following is true: If val” () = T, for all ¢ € T, then val?(y) = T. To
express this fact, we write:
I'Ey.
In this case, we say that ¢ is a logical consequence of T'. If " is the singleton set {¢}, we write ¢ | i to
express the fact that " = .

10

The following two important semantic notions can be defined in terms of validity.

DerNTION 1.5. A sentence ¢ is logically true (written | ¢) iff 0 | ¢.

DeriniTION 1.6. Two sentences ¢ and Y are logically equivalent (written ¢ = ) iff ¢ E ¢ and ¢ | ¢.

Note that it follows from definitions[I.4] [[.5]and [I.6]that |= ¢ iff val”(¢) = T, for all interpretations o, and that ¢ =

iff val? (¢) = val’ (), for all interpretations o.

Exercise 1.4. We say that a sentence ¢ is a logically false if val® (¢) = F, for all interpretations 0. We say
that sentence is logically contingent if it is neither logically false nor logically true.

(a) Suppose that L is a logically false sentence. Define logical falsehood in terms of L and [=.

(b) Under what conditions do the following claims entail that ¢ is logically contingent:

(a) For some sentence i, ¢ t~ .
(b) For some sentence ¥, ¥ - .

(c) For some sentence ¥, ¢ | ¢, but ???

The following theorem states a few elementary facts that follow from our definition of logical consequence:

THEOREM 1.2.
(i) If T = and for every ¢ €T, A | ¢, then A = .
(ii) If T Eyand T C A, then A E .

(iii) If U C A and, for every p € A =T, E ¢, then A = ¥ iff T E .

PRroOOF.

Y

(i) Let o be an interpretation such that val”(¢) = T is true for all sentences ¢ € A. Then, since A ¢, for
all ¢ € T, val”’(¢) = T is true for all ¢ € I'. But since, by assumption, I' | ¢, val”(¢) = T. Hence, any

interpretation under which all of the sentences in A are true, is one in which ¢ is true as well, i.e., A = .

(i) Let o be an interpretation such that val” (¢) = T is true for all sentences ¢ € A. Since I' C A, val”(¢) =

Tv

for all ¢ €T, and so, since I' £ ¢, val” () = T. Hence, any interpretation under which all of the sentences

in A are true, is one in which y is true as well, i.e., A = .
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(iii) The if-part of the claim follows from (ii) and the fact that ' ¢ A. To prove the only-if part of the claim,
suppose that A = ¢, and let o be an interpretation such that val?(¢) = T, for all ¢ € I'. Since every sentence
in A —T"is a logical truth, val?(¢) = T, for all ¢ € A — T, and so, since A =T"U (A -T), val?(¢) = T, for all
¢ € A. Butsince A |, val” () = T. Hence, any interpretation under which all of the sentences in I are
true, is one in which ¢ is true as well, i.e., I' E .

i

Note that by putting I' = {¢} and A = {p} in (i), we obtain the result that if p = ¢ and ¢ | ¢, then p | ¥, i.e., the
relation of logical consequence, when restricted to sentences, is a transitive relation. Also note that by putting I' = 0
in (ii), we obtain the result that any argument whose conclusion is a logical truth is valid.

ExampLE 2. In this example, we devise a semantical framework within which to assess the validity of argu-
ments expressed in the formal language % introduced in Example[T] (see page [6).

The only non-logical element of the syntax is the variable symbol x. We stipulate that the possible semantic
values of this symbol are given by the set {0, l}m Thus, there are only two possible interpretations of the
language, one in which x is assigned the value 0 and one in which x is assigned the value 1. We refer to
these interpretations as o and o, respectively.

The semantical rules (or, in this case, rule) for the language must define a unique valuation for each of these
two interpretations. In stating this rule, we will take for granted that we know what it is for a sentence in the
language which only involves the numerals ‘0’ and ‘1’ to be a true (or false) arithmetical claim.

Semantical Rule: For i = 0,1, val®’(¢) = T iff the sentence which results from subtituting o;(x) for all
occurrences of x in ¢ expresses a true arithmetical claim.

To see how this rule is to be applied, let ¢ be the sentence:
xx1=1x0
According to the semantical rule for our language, val’®(¢) = T just in case the sentence which results from

substituting o (x) for every occurrence of x in g is a true arithmetical claim. In this instance, since oy(x) is
the symbol 0, the sentence resulting from this substitution is:

O0x1=1x0.
This, of course, is a true arithmetical claim, hence val”®(¢) = T. On the other hand, val?!(¢) = F, since
I1x1=1x0,
is not a true arithmetical claim.
As a simple example, in the context of this semantical framework, it is easy to verify that:
fxx0=0x1, Ixxx1l=1}1=ux,

for the only intepretation under which all the premises of the argument are true is 07|, and the sentence 1 = x
is true under this interpretation, as well.

Exercise 1.5. Show that for every sentence ¢ of %, ¢ is logically equivalent to one and only one
of the following four sentences: (i) x = 0, (ii) x = 1, (iii) 0 = 0, (iv) 0 = 1. (In what follows, we
will refer to this sentence as the reduced form of ¢, and denote it ¢*).

For the purpose of formulating semantical rules and assessing the truth-values of sentences under a given in-
terpretation it will often be convenient to assign semantical values not just to the non-logical elements of the
syntax but also to certain expressions containing these elements (or, equivalently, to treat these expressions
themselves as the non-logical elements of the syntax). For example, with respect to the language %, it will
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be convenient to be able to refer not just to the value of x under a given interpretation, but, more generally,
to the value of any numerical expression under a given interpretation.

Let @ be a numerical expression. For i = 0, 1, we let o;(@) = 0 if the result of substituting o-;(x) for each
occurrence of x in « is an arithmetical expression which evaluates to 0. Otherwise, o;(a) = 1. Adopting this
notation, the above semantical rule can now be expressed as follows:

Semantical Rule: Let @ and 8 be any numerical expressions. Fori = 0, 1, val?i(a = B) = T iff oi(@) = 7:i(B).

2.3. Deductive Systems. A method of reasoning is any method by which one proposes to assess the validity of
an argument. Based on the definition of validity offered in the previous section, the most direct method of reasoning
consists in evaluating the truth-values of the sentences comprising a given argument under all the various possible
interpretations of the language. The argument is then judged to be valid if and only if no interpretation is found under
which all of the premises of the argument are true and the conclusion is false.

Note that while the correctness of this method follows immediately from the definition of validity, it clearly does not
represent the way in which reasoning ordinarily proceeds. To see this, consider, again, the arithmetical argument:

x+2y=-2,y>1
8 < —2x

If one were asked to assess the validity of this argument, one would most certainly not proceed by substituting in
particular numerical values for x and y in an effort to ascertain whether or not there exists a particular interpretation
of these variables under which the premises of the argument are true and its conclusion false| '| Rather, to assess this
argument’s validity, one would most likely proceed by attempting to construct a proof which shows that the conclusion
can be deduced from the premises by appeal to elementary arithmetical facts and simple rules governing the operation
of numbers of the sort which are introduced in any first course in algebra.

In the typical language in which arguments in mathematics are expressed, such a proof might take the following form:
If y>1and x + 2y = -2, it follows that

-2>x+2.
Subtracting 2 from both sides of this inequality yields
—4 > x,
and multiplying both sides of this inequality by —2 yields
8 < —2x,
which is the desired result.

Since the methods employed in standard mathematical reasoning are methods of proof, it is with these methods that
we will be exclusively concerned. To provide a suitable characterization of these methods, we must first offer a more
precise definition of the notion of a proof.

To begin with, let us express the above proof in slightly more detail. In the abbreviated form given above, a number of
intermediate steps in the reasoning were taken for granted. To help us to make explicit these steps, we will impose strict
constraints on what we are allowed to assume. In particular, we will assume only that (1) given any two numbers, we
are able to judge which of the two is the greater, and so judge true such simple inequalities as 4 > 2 and -3 > —6; and
(2) that we are able to evaluate simple arithmetical expressions, and so judge true such simple equalities as 2 + 3 = 5
and -2 -3 = -6.

Every other law or principle appealed to in the argument must be stated explicitly. Specifically, in order to carry out
the proof, we will need to appeal to the following laws of arithmetic. For any numerical expressions a, 3, y:

1076 be more precise, this set consists of the symbols ‘0’ and ‘1’. It may seem odd to allow the semantic value of a symbol in the language to
be another symbol in the language, but, formally, there is nothing to prevent us from doing so. Moreover, adopting this approach will allow us to
refer directly to the expression which results from substituting the value of x for all occurrences of x in a given expression.

This is, at least in part, because there are an infinite number of possible interpretations of x and y, so that, regardless of how many interpre-
tations we consider, we could only ever claim inductive grounds for judging the argument to be valid.
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(R1) If @ > 0 and 8 > v, then af3 > ay.

(R2) If @ < 0 and B8 > vy, then af3 < ay.

(R3) If @ >B,thenbothy +a>y+Banda+7y > L+7y.
R4 a+0=a

(R5) If ¢ and ¢ are statements which differ only in that & appears in ¢ where 8 appears in ¢, then if @ = 8 and ¢
is true, then ¥ is true.

Having laid down these principles, the proof may now be expressed as follows:

(1) Since 2 > 0 and (by assumption) y > 1, it follows from (R1) that 2y > 2 - 1.

(2) Since 2 -1 =2 and (from 1) 2y > 2 - 1, it follows from (R5) that 2y > 2.

(3) Since (from 2) 2y > 2, it follows from (R3) that x + 2y > x + 2.

(4) Since (by assumption) x + 2y = -2 and (from 3) x + 2y > x + 2, it follows from (R5) that =2 > x + 2.

(5) Since (from 4) =2 > x + 2, it follows from (R3) that =2 + (=2) > x + 2 + (-2).

(6) Since -2 + (-2) = —4 and (from 5) =2 + (=2) > x + 2 + (=2), it follows from (R5) that —4 > x + 2 + (=2).
(7) Since 2 + (-2) = 0 and (from 6) —4 > x + 2 + (=2), it follows from (R5) that —4 > x + 0.

(8) Since (from R4) x + 0 = x and (from 7) —4 > x + 0, it follows from (R5) that —4 > x.

(9) Since -2 < 0 and (from 8) —4 > x, it follows from (R2) that =2 - —4 < —2x.

(10) Since -2 - —4 = 8 and (from 9) -2 - —4 < —2x, it follows from (R5) that 8 < —2x. ]

What is important to note about this proof is that all of the claims that are inferred in the course of the reasoning fall
into one of the following three categories:

(i) Elementary truths (or axioms) of arithmetic (e.g., 2 > 0 or =2 - —4 = 8);
(i) Premises of the argument (e.g., x + 2y = —2); or

(iii) The result of applying one of the principles (R1)-(R5) to claims already established in the proof.

This can be emphasized by omitting from the proof such descriptive locutions as ‘since ... it follows that ——’, and
instead simply listing the claims that are appealed to in the proof, indicating, for each such claim, into which of the
above three categories it falls:

(1) 2> 0 [Axiom]
(2) y> 1 [Premise]

(3) 2y>2-1[R1-12]
@) 21 =2 [Axiom]

(5) 2y > 2 [R5 - 43]

(6) x+2y>x+2[R3-5]
(7) x+2y = -2 [Premise]

&) 2>x+2[R5-7,6]
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(9) =2+ (=2) > x+2+(=2) [R3 - 8]

(10) =2+ (=2) = —4 [Axiom]

(11) =4 > x+2 +(=2) [R5-10,9]

(12) 2+ (-2) = 0 [Axiom]

(13) =4 > x+0 [R5 - 12,11]

(14) x+0 = x [R4]

(15) —4 > x [R5 - 14,13]

(16) —2 < 0 [Axiom]

(17) =2 -4 < —2x [R2 - 16,15]

(18) —2- —4 = 8 [Axiom]

(19) 8 < —2x [R5 - 18,17]

14

We will take this expanded arithmetical proof as a model of the proofs that will be given in our formal languages.
Based on this model, we may first observe that a proof is always given relative to both a set of axioms, which we
can take for granted in our reasoning, and certain rules of inferences by which we can infer new claims from claims

already proven. Taken together, these axioms and rules form what we shall call a deductive systemE]

DeriniTION 1.7. A deductive system consists of (i) a set of sentences, the members of which are referred to
as axioms; and (ii) a set of rules of inference, each of which states that certain sentences can be inferred
from others.

We can now define what we mean by a proof (in a deductive system):

Dermvirion 1.8. Let T be a deductive system. If I is a set of sentences and i a sentence, then a proof of
fromT in T is a finite sequence of sentences ¢, ¢s .. ., ¢, satisfying the following two properties:

1) @ =y

(2) Foralli=1,...,k, either:
(i) g el
(i1) ¢; is an axiom of T, or

(iii) ¢; follows from one of the rules of 7" applied to certain sentences among ¢, ¢ ..., Q;— 1E’]

To express the fact that there exists a proof of ¢ from I in T, we write:
T'kr W.

In this case, we say that ¢ is a deductive consequence of ' in T, or simply that y is provable from I"in T .

123uch a system is sometimes referred to as a Hilbert style deductive system, in honor of the mathematician David Hilbert, who was the first
to propose the mathematical treatment of such systems. The term Hilbert system has also come to possess a more narrow meaning, indicating the

further fact that the system includes a relatively large number of axiom schemes and relatively few rules of inference.
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Note that the class of deductive consequences of I" in 7 can be given the following inductive definition:

(1) If ¢ is an axiom of T, then I 7 .
) Ify eT, thenT +p .

B) Ty @i fori=1,...,k, and if ¢ can be inferred from ¢y, ..., ¢ by some rule of 7', then I" 7 .

Exercise 1.6. Show that provability in 7' is monotonic in the following sense: if I' -7 ¢ and for every ¢ € T,
I +r ®, then I +7 U.

The proof-theoretic analogue of logical truth is ‘theoremhood’.

DerniTION 1.9. A sentence ¢ is a theorem of T (written Fr @) iff 0 +7 .

We will henceforth represent methods of reasoning by deductive systems. When we say that a method of reasoning is
able to ‘produce’ the argument

_r

¥

what we will mean by this claim is that one is able to prove ¢ from I" in a given deductive system.

ExawmpLE 3. In this example, we introduce a deductive system, Ty, in the context of which we may construct
proofs in the formal language % introduced in Example[T](see page[6). T has three axioms:

xX=x 0=0 1=1,
and ten rules of inference.

The first six rules concern the introduction and elimination of numerals from numerica expressions. The
first four of these rules can be stated schematically as follows (here, and in what follows, @ and g are any
numerical expressions):

Ixa=p 0 x B
(1) 222 ) —52

a=p 0=8
S TRy O Gxa=p

The fifth and sixth rules are:

(x-) If x occurs in @, then:

xXa=p
g
(x+) If x occurs in «, then:
a=p
xXa=p

Bywe adopt the notational convention that if j does not appear in the continuation of the pattern indicated by #; and i», then the expression
Xiy» Xiy, ..., Xj denotes the empty set. Thus, e.g., if i = 1, condition (2.iii) in Deﬁnition@]states that ¢; follows from one of the rules of 7 applied
to sentences in the empty set.
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The seventh rule expresses the symmetricality of the equality relation,

a =
S
=«
and the eigth rule, its transitivity
a=p,p=y
(T) -
a=Yy
The ninth rule asserts that from 0 = 1, anything follows:
0=1
" V=1
(#) .

The tenth and final rule expresses the interchangeability of terms in a numerical expression:

nyXnyX---Xny=«a
Ty X Mgy X+ XNy, =@

(<)

Here x1, ..., x; are numbers in the set {1,. .., k} such that x; # x;, for all i # j.
It is easy to show that:

fxx0=0x1, Ixxx1=1}+p I =x
The proof proceeds as follows:

(1) 1 xxx 1= 1 [Premise]
2) xx1=1[151]

B) 1 xx=1[x,2]

“4) x=1[1-3]

(5) 1=x[S, 4]

Exercise 1.7. Show that if a sentence is of any of the following three forms:
(@ Oxa=0xp
b) a=«a
© IXa=a
then it is a theorem of T'y.
It may be noted that with the exception of (T) and (#), all of the other rules in the system are ‘reversible’,

in the sense that if ¢ can be inferred from ¢ by one of these rules, then ¢ can be inferred from i by one of
these rules, as well. To capture this idea, we introduce the following notion:
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Dermnttion 1.10. A direct proof of y from ¢ is a sequence of sentences ¢y, . . . , ¢, such that:
M pr=9¢
2) p=y

(3) Fori = 2,...,k, ¢; can be inferred from ¢;_; by means of one of the rules (1-), (1+),
(0-), (0+), (x=), (x+), (S) or (X).

Clearly, every direct proof of ¢ from ¢ is a proof of Y from ¢ in Tx. Moreover, if @1, @2, ..., @i is
a direct proof of ¢ from ¢, then ¢y, 1, . .., ¢; is a direct proof of ¢ from y.

2.4. Soundness and Completeness. This completes our project of formalizing the central notions of logic. We
are now in a position to express the questions stated at the beginning of this section in purely mathematical terms.
These questions were:

(1) Is a given method of reasoning such as to only produce valid arguments or, by employing this method, will
one sometimes be led to offer an invalid argument in support of a claim?

(2) If an argument is valid, will one be able to judge that it is valid by employing a given method of reasoning,
or will there be some valid arguments which, in principle, cannot be produced by this method?

Now that we have made precise the notions of argument, validity, and method of reasoning, we can interpret these
questions in strictly mathematical terms. When we ask, for example, “does a given method of reasoning ever produce
invalid arguments?”, interpreted formally, we are asking of a given deductive system whether it is possible for a
sentence ¥ to be provable from I', despite the fact that ¢ is not a logical consequence of I'. We refer to the property of
the deductive system which denies this possibility as soundness:

DeriniTioN 1.11. A deductive system T is sound if, for all sets of sentences I" and all sentences :

KT k7 ¢, thenT | .

Conversely, when we ask “do there exist valid arguments which cannot be produced by a given method of reasoning?"
we are asking of a given deductive system whether it is possible for a sentence ¥ to be a logical consequence of I',
despite the fact that i is not provable from I'. The property which denies this possibility is referred to as completeness:

DeriniTioN 1.12. A deductive system T is complete if, for all sets of sentences I and all sentences y:

KTy, thenT 1 .

In Part I of the course our aim will be to construct deductive systems for sentential and first-order logic that are both
sound and completelﬂ The fact that such deductive systems exist (especially in the case of first-order logic) represents

14 As we shall see, it is, in general, much easier to prove the soundness of a deductive system, than it is to prove its completeness. The reason
for this is straightforward. Soundness asserts that, for any given set of sentences I, a certain property holds of all the deductive consequences of
I' (viz., the property of being a logical consequence of I'). As noted above, the set of deductive consequences of I' admits of a simple inductive
definition, so that the soundness of a deductive system can generally be established by means of a straightforward proof by induction. Completeness,
on the other hand, asserts that a certain property holds of the set of all logical consequences of I' (viz., the property of being a deductive consequence
of I'). However, this latter set, as initially described, does not have an obvious inductive definition. Thus, to prove completeness, we will generally
have to employ alternative non-inductive techniques, which, in general, will be less straightforward. (Of course, once we have proven that a given
deductive system is both sound and complete, the inductive definition of the set of deductive consequences of I is itself an inductive definition of
the set of logical consequences I', since soundness and completeness amount to the claim that these two sets are identical. Nevertheless, on pain of
circularity, we cannot appeal to this definition as part of a proof of this system’s completeness).
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the first fundamental theorem of mathematical logic[”|

Exercise 1.8. We say that a deductive system T is sound with respect to a class of valuations V if, for all
sets of sentences I" and all sentences y:

IfT b7, then T Ey ¥,

and we say that T is complete with respect to a class of valuations V, if, for all sets of sentences I" and all
sentences y:

IfT Ev v, thenT rr .
Prove the following claims:

(a) If T is sound with respect to V' and V c V’, then T is sound with respect to V.
(b) If T is complete with respect to V and V c V’, then T is complete with respect to V’.

(c) If V is the set of all possible valuations of a formal language with more than one sentence, then
the only deductive systems that are sound with respect to V are those which contain no axioms
and only rules of inference of the form:

O1o P25 e s Wy ooy P15 Pic
1/

(d) If V is the set of all possible valuations of a formal language, then every deductive system is
complete with respect to V.

ExawmpLE 4. In this example, we will prove the soundness and completeness of the deductive system T'x
introduced in Example 3] (see page [I3) (Since the only deductive system with which we will be concerned
is Ty, we will henceforth omit any explicit reference to this system, writing I' - ¢ in place of ' k7, ). We
begin with soundness:

THEOREM 1.3 (Soundness Theorem for 7). If T+, then T = .
Proor. To prove the soundness of Tk, we appeal to the fact that the set of all deductive consequences

of I (in T) can be defined inductively along the lines of the definition given on page[T5] It is thus sufficient
to show that:

1) Ify el thenT  y;
(ii) If ¢ is an axiom of T, then I" £ ¢; and

(i) If T | ¢, fori = 1,2,. ..,k and if  can be inferred from ¢y, ¢, . . ., ¢ by some rule of T, then
I'Ey.

Claim (i) follows trivially from the definition of validity. To prove claim (ii), we first recall that T has three
axioms: x = x, 0 = 0, and 1 = 1. It is easy to verify that each of these axioms is a logical truth, and since
any argument with a logically true conclusion is valid (see Exercise ??), claim (ii) follows.

All that remains is to prove claim (iii). For this, it is enough to show that if ¢ follows from ¢y, ¢», ..., ¥k
by some rule of T, then {1, ¥s,...,¢r} E ¥ (see Exercise ??). We must, therefore, consider each of the

15The existence of a sound and complete deductive system for first-order logic was first proven by Kurt Gédel in 1929.

18
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rules of Ty and show that this is true. For instance, with respect to rule (1-), it must be shown that for any
numerical expressions a, 3:

Ixa=pEa=p

To see that this is so, suppose that val’/(1 X @ = B) = T. This means that o;(1 X @) = 0;(8). But since
gi(l1 X @) = gi(a), it follows that o;(a@) = 7i(B), i.e., val” (e = B) = T. Thus, the above implication holds.

The corresponding arguments for the rest of the rules are equally straightforward:
(1+): Suppose that val’i(e = 8) = T. Then:
oi(l X @) = oi(a) = gi(p).
Hence, val” (1 xa =B) = T.

(0-): Suppose that val”'(0 X @ = ) = T. Then:
i(0) = 0i{(0 X @) = T:(B).
Hence, val”i(0 = B) = T.
(0+): Suppose that val?i(0 = 8) = T. Then:
(0 X a) = 0i(0) = 0:(B).
Hence, val” (0 x @ =B) = T.

(x—): Suppose that val”i(x X x X @ = ) = T. Then:
gi(x X @) = oi(x X x X @) = 0i(B).
Hence, val”(x x @ =B) = T.
(x+): Suppose that val”'(x X @ = ) = T. Then:
Tgi(x X xXa) =oi(x X a) =oi(f).
Hence, val”i(x x xxa =8) = T.
For the rules (S), (T) and (#):
(S): Suppose that val’i(a = 8) = T. Then:
Ti(B) = oi(a).
Hence, val”i(f = a) = T.
(T): Suppose that val”i (e = ) = T and val” (5 = y) = T. Then:
oi(@) = oi(B) = ai(y).

Hence, val”i(a = y) = T.

(#): Since there is no interpretation under which 0 = 1 is true, it follows that, for any sentence ¢:
0=1Fe¢.
Lastly, for rule (X):
(X): Suppose that val?i(n; X ny X --- X np = @) = T. Then:
Ti(Ny, XNy, X---ny) = 0i(ng Xng X ---ng) = oi(@).
Hence, val”i(ny, X ny, X - Xny, =) =T

This completes the proof of the soundness of 7. O
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Before we proceed to prove the completeness of T, we first take note of the following trivial corollary of
soundness:

CoROLLARY 1.4. [fthere exists a direct proof of Y from ¢, then ¢ = .

This follows from the soundness of T, in conjunction with the fact that if there exists a direct proof of y
from ¢, then there exists a direct proof of ¢ from .

We now turn to the completeness of 7.

TrHEOREM 1.5 (Completeness Theorem for 7). If T E ¢, then T + .

Our proof of this theorem will proceed in three distinct stages: (1) First, we will show that if an argument
expressed in % is valid, so too is the argument that results from substituing for each of the premises and
conclusion of the argument, its reduced form (see Exercise [I.5] p. [TT). (2) Next, we will show that for any
valid argument consisting of only sentences in reduced form, there exists a proof of its conclusion from its
premises. (3) Lastly, we will show that if there exists a proof of the reduced form of the conclusion of an
argument from the reduced forms of its premises, then the conclusion of the argument is provable from its
premises. Claims (1) and (3) together show that the completeness of T« can be reduced to its completeness
on the tiny fragment of the language consisting only of sentences in reduced form. Claim (2) then shows
that T« is complete, in this restricted sense.

In what follows, we write I'® for the set of all reduced forms of sentences in T, i.e.:
R =(R:pel).

Our proof of Theorem|[I.5]can thus be represented schematically as follows:

rey Ty

Lo

FR ': ‘,bR _— FR - wR
Lemma 1.6. IfT E ¢, then TR | Y.

Proor. Suppose that T’ |= y. Let o; be an interpretation such that val”i(¢) = T, for all ¢ € T'R. Since,
for every sentence ¢’ € T, there exists some ¢ € I'® such that ¢ = ¢/, it follows that val?i(¢’) = T, for all
¢’ €T. Butsince I' |, val®i() = T, and since ¢ = X, val®i(y®) = T. So, if val®i(¢) = T, for all ¢ € T'%,
val‘T"(z,bR) =T,ie R E wR. m]

Lemma 1.7. IfTR £ YR, then TR + yR.

Proor. If YR is 0 = 0, then, since 0 = 0 is an axiom of T, I'® + y&. If, on the other hand, 0 = 1 is in
'R, then, from (#), I'* r ¥®. Thus, we may assume without loss of generality that (i) ¥ is not 0 = 0; and
that (2) 0 = 1 is not in T'R.

Now, suppose that 0 = 0 is in I'?, and let I be the set which results from omitting 0 = 0 from I'*. Since the
interpretations under which all of the sentences in I'® are true are exactly those in which all of the sentences
in I are true, IR | ¢ iff " | ¢R. Moreover, since 0 = 0 is an axiom, every sentence that is provable from
I is also provable from I'¥, and vice-versa, and so I’ +- YR iff T” + yR. Thus, for every instance of the claim,
there is an equivalent instance in which the sentence 0 = 0 is not in I'*, and so we may assume without loss
of generality that this is the case.

All that is left to show then is that the claim holds whenever I'f c {x =0,x=1}andy® e {x=0,x=1,0 =
1}. If y® € TR, then T 1 YR, and so the claim holds. Thus, there are only four cases left to consider:

1) TR =0.

20
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(ii) TR is the set {x = 0} and y® is x = 1.
(iii) TR is the set {x = 1} and YR is x = 0.

(iv) TRis the set {x = 0,x = 1} and y® is 0 = 1.

In case (i)-(iii), I® § ¢&, and so the claim holds. In case (iv), {x = 0,x = 1} | 0 = 1. We must therefore
show that {x = 0,x = 1} 0 = 1. The proof is as follows:

(1) x = 0 [Premise]
2) 0=x[S,1]
(3) x =1 [Premise]

4) 0=1[T, 23]

Lemma 1.8. For any sentence ¢, ¢ + ¢~

Proor. The proof proceeds by induction on the number of numerals in ¢. If ¢ contains only two
numerals, then either (i) ¢ is equal to ¢; (ii) ¢® can be proven from ¢ by a single application of rule
(S); or (iii) ¢ is either 1 = 1 or x = x. In cases (i) and (ii), the claim obviously holds. In case (iii), ¢® is
0 = 0, and so, since 0 = 0 is an axiom, the claim holds as well.

Now, suppose that the claim holds for all sentences containing fewer than k numerals (k > 2), and let ¢ be
a sentence containing k numerals. We must show that the claim holds for ¢. To prove this, it is sufficient to
show that there exists a direct proof from ¢ to some sentence ¢ which contains fewer than k numerals, for if
this is so, then it follows from Corollary [I.4]that ¢® = ¥, and so, by the induction hypothesis, ¢ + ¢X. But
since ¢ + i, it follows that ¢ + ¢F.

Let ¢ be the sentence @ = . Since, by rule (S), there is a direct proof of  from @ = g iff there is a direct
proof of ¢ from 8 = @, we may assume without loss of generality that @ contains at least as many numerals
as 8. Hence, & contains at least two numerals.

If one of the numerals in « is 1, then, for some numerical expression y, 1 X vy is the result of reordering the
numerals in . So,

1) a=p
2) Ixy=pBIx1]
3) y=8101-2]

is a direct proof of y = 8 from @ = S, and y = 8 contains fewer numerals than @ = .

If one of the numerals in « is 0, then, for some numerical expression vy, 0 X 7y is the result of reordering the
numerals in . Hence,

1) a=p
(2) Oxy=pB[x1]

(3) 0=p51[0-,2]
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is a direct proof of 0 = 8 from a = 8, and 0 = g contains fewer numerals than @ = .

Finally if neither O nor 1 appear as a numeral in @, then « is a numerical expression of the form x X x X vy,
where y is a (possibly empty) numerical expression. Thus:

1) a=p

@) xxy=plx-1]

is a direct proof of x Xy = B from @ = 3, and x X y = 8 contains fewer numerals than @ = . This completes
the inductive step of the proof. O

Lemma 1.9. For any sentence ¢, o8 + ¢.

Since the proof of this lemma is nearly identical to the proof of Lemma [I.8] we leave it as an exercise for
the reader.

Lemma 1.10. IfTR + yR thenT v y.

Proor. Suppose that I'® + ¢ and that T'® is equal to the set {¢,...,¢). Foreachi = 1,...,k, let y;
be some sentence in I" such that wf = ;. Then, by Lemma for each i, ¥; + ¢;, and so ' + ¢;. Thus,
it follows from the fact that provability is monotonic (see Exercise that T + y®. But, by Lemma
YR . Hence, T . O

Theorem [I.5]follows directly from lemmas [T.6] and [T.10}

Exercise 1.9. Let T be the deductive system obtained from 7« by omitting the rule (T).

(a) Show that {x = 0, x = 1} 7, 0 = 1 only if there exists a direct proof of 0 = 1 from either
x =0, x =1, or some axiom of 7.

(b) Conclude from (a) that the deductive system 7 is incomplete.

ExampLE 5. In this example, we will consider an extended version of the formal language % (see Example
page|6), which we will denote .Z;. The alphabet for .Z is given by:

{x,0,1,%,=,#}
Numerals and numerical expressions are defined exactly as in .Z%. We refer to the symbols = and # as
relation symbols. The formation rule for the language is:

Formation Rule: An expression is a sentence of the language iff it is of the form «a * 8, where @ and g are
numerical expressions and * is a relation symbol.

The semantics for the language .Z is identical to that of % (see Example 2] page|[TT). In particular, there
are only two possible interpretations of the language, oy and o, and the semantical rule for the language is:

Semantical Rule: For i = 0,1, val®(¢) = T iff the sentence which results from subtituting o;(x) for all
occurrences of x in ¢ expresses a true arithmetical claim.

We introduce a deductive system T for the language £, which is a modified version of 7 (see Example
page[I5). The axioms of T, are the same as the axioms of 7. T includes all the rules of 7', but in all of
the rules except (T) and (#), the rules are extended so as to apply to inequalities as well as equalities. Thus,
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for example, the rule (1-) in T is now:
IxXaxp
W
where a and 8 are any numerical expressions and * is any relation symbol.

In addition, 7. has five more rules of inference. The first four are:

0+« 1+a
0% —— 1#) —o=a
1=« _ 0=«
(=) 0+a =) 1+a
The fifth rule is:
X#X
x# ———
(x#) ”

where ¢ is any sentence.

Exerciske 1.10.

(a) Show that if ¢ can be inferred from ¢ by any one of the rules (0#), (1=), (1#), (0=) or
(x#), then ¢ = . Convince yourself that 7', is sound.

(b) Prove that T is complete. (Hint: First prove that any sentence in £ is equivalent to
one of the reduced forms of .%,. Then, consider which of the lemmas in the proof of
the completeness of T (see Example[d] page[18) hold without alteration. Lastly, prove
that the remaining lemma(s) hold in the case of 7;.)
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CHAPTER 2

Sentential Logic

1. Introduction

Sentential logicﬂ is the logic which applies to arguments in which the truth conditions for both the premises and the
conclusion can be expressed as a function of the truth or falsity of a given set of elementary (or atomic) sentences. In
this chapter, we will introduce a formal language in which to represent such arguments, a semantical framework in
which to assess their validity, and a deductive system in which to carry out proofs in the language.

We begin by introducing a formal language based on a relatively large number of syntactic operations. By means of
these operations compound sentences can be built up recursively from more elementary ones. After describing the
semantical rules for this language, we will prove that it is both semantically unambiguous (in a sense to be made
precise below) and sufficiently expressive to allow for the formulation of any claim whose truth supervenes on that
of finitely many atomic sentences. We will then proceed to simplify the syntax of our language in a manner which
preserves its expressive power. In this simplified setting, we will introduce a deductive system, which we will prove
to be both sound and complete.

2. The Syntax and Semantics of Sentential Logic
2.1. The Formal Language .Z". In this section we define a formal language for sentential logic, which we refer
to as .Z . The alphabet for the language consists, first, of an infinite number of symbols
P,,P,....P,, ...
referred to as atoms.
In addition, the alphabet also includes the five symbols:
-, A, V, >, <

referred to collectively as sentential connectives, and, respectively, as the negation operator, the conjunction operator,
the disjunction operator, the conditional operator, and the biconditional operator. The latter four connectives (i.e.,
A, V,— and ) are referred to as binary connectives, whereas — is referred to as a monadic connective.

The alphabet also includes the left and right parentheses:
(.)

The sentences of the language are generated inductively through the recursive application of the five connectives:

Derinrion 2.1, The sentences of £ are defined inductively as follows:

(1) Any expression consisting of a single atom is a sentence. (We refer to these sentences as atomic
sentences.)

(2) If ¢ is a sentence, then the expression (—¢) is a sentence.

(3) If ¢ and ¢ are sentences and * is a binary connective, then the expression (¢ * ) is a sentence. We
refer to * as the main connective of the sentence (¢ * ).

ISentential logic is also sometimes referred to as ‘Propositional logic” or ‘Boolean logic’.
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Examples of sentences in .Z" include:

i Py iv) (—=(=P14))
(ii) (=P2) V) (P3 = (=P3)) A (Py V P3))
(iii) (P4 < Pay) (vi) (P & (P15 © (P15 < Pig)))

The sentence (—¢) is referred to as a negation, and, more specifically, as the negation of ¢. If ¢ is either an atomic
sentence or the negation of an atomic sentence, we refer to ¢ as a literal.

The sentence (¢ A ¥) [(¢ V )] is referred to as a conjunction [disjunction], with left conjunct [disjunct] ¢ and right
conjunct [disjunct] . The sentence (¢ — ) is referred to as a conditional, with antecedent ¢ and consequent i.
The sentence (¢ < ¥) is referred to as a biconditional, with left term ¢ and right term . Conjunctions, disjunctions,
conditional and biconditionals are referred to, collectively, as binary compounds.

Note that we have not yet shown that the labels negation, conjunction, disjunction, etc., are mutually exclusive. That
is, we have not yet shown that a given sentence cannot, for example, be both a conjunction and a conditional. Nor
have we shown that a sentence which is a conjunction must have unique left and right conjuncts. We will later confirm
that this is indeed the case, but only after we have introduced the semantical rules for the language.

2.2. The Truth Functional Interpretation of the Sentential Connectives. The non-logical elements of the
syntax of Z¢ are the atomic sentences, which are to be interpreted as elementary and logically independent sentences.
The atomic sentences are elementary in the sense that, consistent with the meanings of the sentential connectives, any
particular atomic sentence can be either true or false, and they are independent, in that the truth or falsity of any one
atomic sentence, in combination with the meanings of the sentential connectives, imposes no constraints on the truth
or falsity of any other. In short, the interpretations of the language include all possible assignments of truth-values to
the atomic sentences.

DEeFINITION 2.2. An interpretation of the language .Z" is a function o~ which assigns to each of the atomic
sentences a truth-value, i.e., an object from the set {T, F}.

The semantical rules for the language must specify how a given interpretation determines the truth-values for all
sentences in the language. For the atomic sentences, the truth-value is given directly by the interpretation, i.e.:

(S1) If ¢ is an atomic sentence, then val? (¢) = o(¢).

To assign truth-values to non-atomic sentences, we must introduce additional semantical rules, specifying the meanings
of the sentential connectives. We will do so with the aim of interpreting the sentential connectives as effecting roughly
the same semantic operations as the ordinary English locutions to which they correspond in the following table:

Sentential Connective | Operation English Operator
- Negation It is not the case that ... ..
A Conjunction ...and ——.
\% Disjunction ... 0r ——.
- Conditional If ..., then ——.
- Biconditional ..., if and only if ——.

What defines each of these operations is the specific way in which the truth or falsity of compound sentences resulting
from their application is related to the truth-values of the component sentences to which they are applied. For example,
negation is an operation which takes a sentence and returns a sentence with the opposite truth-value (i.e., true if the
component sentence is false, and false if it is true), conjunction is an operation which takes two sentences and returns
a true sentence if and only if both of its component sentences are true, etc..

To formalize the behavior of these semantic operations, we introduce the notion of a truth-function:
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DEriNtTION 2.3. A truth-function is a function which takes truth-values and returns a truth-value.

ExErcise 2.1.

(a) How many k-ary truth-functions are there?

(b) A k-ary truth-function f is symmetrical if:
flen, ..., = flan, ..., a),

where ny,...,ng € {1,...,k} and n; # n; fori # j.

A 2-ary truth-function f is associative if:

f(f(@.B),y) = fla, f(B, )

Let g be a 2-ary truth-function that is both symmetrical and associative. Show that, for k > 2, the
k-ary function:

g e, ) = g(+- g(glar, @), a3), as) -+ ), @)
is symmetrical.

The following five truth-functions describe, respectively, the operation of each of the five sentential connectives:

pao={5 401
fala,B) = { ; i)ftgefw'il;jndﬁ =T
Nt
Fam={ Tt

T ifa=p

F otherwise

Jfola,p) = {

ExERrcISE 2.2. Show that the following claims hold for any truth-values a, .

@ (@) =a

(i) f~(fal@.B) = f(f~(@), f~(B))
(i) f~(fv(@.B)) = fa(f~(@), f~(B))
i) fo(@,p) = fu(f~(@).B)

V) fola.p) = fa(fs(@.B), f- (B, @)

To say that these truth-functions define the operations of the sentential connectives is to assert that:
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(S2) For any sentence ¢:
val” (=) = f-(val’(¢))
(S3) For any sentences ¢ and ¢ and any binary connective *:
val’ (¢ =) = fu(val’ (), val” ()

Rules (S1), (S2) and (S3) express semantical rules for the language .£". We have not, however, yet shown that these
rules are mutually consistent, for we have not yet shown that every non-atomic sentence in .Z" has a unique decom-
position in terms of more elementary sentences. If, for example, a sentence ¢ is both a negation and a conjunction,
then it may be that rules (S2) and (S3) will assign different truth-values to ¢. In the following section we will prove
that the rules (S1), (S2) and (S3) do, in fact, constitute a consistent set of semantical rules for the language by showing
that the sentences of .Z;" are uniquely decomposable.

2.3. Unique Decomposition. In order to show that the rules (S1)-(S3) determine a unique valuation of the sen-
tences of ¢, we must show that every non-atomic sentence admits of a unique decomposition into its component
parts, i.e., we must prove the following theorem:

THeoREM 2.1 (Unique Decomposition). For every sentence ¢, exactly one of the following holds:

(1) ¢ is an atomic sentence.
(2) There exists a unique sentence W such that ¢ = (—y).
(3) There exist unique sentences Y and p and a unique binary connective *, such that ¢ = ( * p).

To prove this theorem, we begin by observing the following trivial syntactic facts:

ProposiTioN 2.1. No negation is an atomic sentence.

Proor. Every negation begins with the symbol (, but every atomic sentence begins with an atom. O

ProposiTioN 2.2. No binary compound is an atomic sentence.

Proor. Every binary compound begins with the symbol (, but every atomic sentence begins with an atom. O

ProposiTioN 2.3. No negation is a binary compound.

Proor. Every negation begins with the symbols (-, but every binary compound begins with either the symbols
(P; or ((. m]

From these three propositions it follows that, for every sentence ¢, exactly one of the following holds:
(1) ¢ is an atomic sentence.
(2) ¢is anegation.

(3) ¢ is a binary compound.
Moreover, from the obvious fact that

ProposiTioN 2.4. If (—¢) = (=), then ¢ =,

it follows that if ¢ is a negation, then there is a unique sentence ¥, such that ¢ = (—¢). All then, that remains to be
shown is that if ¢ is a binary compound, it can be decomposed in a unique way, i.e.:

ProposiTION 2.5. If (o ¥) = (¢’ «" ¥'), then o = ¢/, * = " and y = /.

To prove this proposition, it will be helpful to first introduce the following terminology:
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DeriniTION 2.4. An expression ¢ is a proper prefix of y (written ¢ < ) iff there exists an expression ¢’ such
that  is the expression ¢¢’.

DeriniTioN 2.5. Let w be the following function assigning numbers to the symbols in the alphabet of £

1 if x is the symbol (
w(x) ={ —1 if xis the symbol )
0  otherwise
let ¢ be the expression x;x; ... x;. The weight of ¢ is the quantity:
k

Wig) = > wix)

i=1
An expression ¢ is well-balanced if the following two conditions hold:

1) W) =0

(2) Forally < ¢, W) # 0.

Lemma 2.2. Every sentence of £ is a well-balanced expression.

Proor. The proof proceeds by induction on the structure of the sentences. If ¢ is an atomic sentence, then since
wlP;)=0(G=1,2,...), it follows that W(p) = 0, and since ¢ has no proper prefixes, condition (2) is trivially satisfied.

Let ¢ be a well-balanced sentence. Then:
W((=¢) =w(O +w(=) + W(@) +w()) =1+0+0+(-1)=0

Now, suppose, for contradiction, that there exists a ¢ < (—¢), with W(¥) = 0. Since W(() = W((=) = W((-p) = 1
there must exist some ¥’ < ¢, such that W(y’) = —1. Thus, ¢ is not an atomic sentence since atomic sentences have
no proper prefixes. It follows then that there exists a ¢/, namely, (, such that " < ¢/, W(") = 1, and W(') = —1.
But if this is the case, then there exists a p, such that ¢’ < p < ¢’ and W(p) = 0. But since p < ¢, this contradicts our
assumption that ¢ is well-balanced. Hence, if ¢ is a well-balanced sentence, then (—¢) is well-balanced.

Let ¢ and ¢ be well-balanced sentences, and let = be a binary connective. Then:
Wlg ) =w(O+ W(@) +wx) + W) +w(0) =1+0+0+0+(-1)=0

Now, suppose, for contradiction, that there exists a ' < (¢ * y), with W(y’) = 0. Since W(() = W((p) = W((¢*) =
W((¢ * ) = 1, there must either exist a ¢’ such that either ¥’ < ¢ or ¢’ < ¢ and W(y) = 0. In either case, we get a
contradiction following the same reasoning given above. Hence, if ¢ and ¢ are well-balanced sentences, then (¢ * ¢)
is well-balanced. O

CoroLLARY 2.3. No sentence of £ is a proper prefix of another.

The proof of proposition can now proceed as follows: suppose that (¢ = ) = (¢’ «" ¢¥'). If ¢ # ¢, then, since
e ) = ¢ ¥ ), either p < ¢’ or ¢’ < o, either of which contradicts [2.3] Hence, ¢ = ¢’. But, then sy) = «y’), and
so * = #’. From this, however, it follows that /) = ') and so ¢ = ¢, which completes the proof.

By appeal to Theorem [2.1] we can now show that conditions (S1)-(S3) do indeed comprise a consistent set of seman-
tical rules.

THEOREM 2.4. There is one and only one valuation val® satisfying conditions (S1), (S2) and (S3)
Proor. We will first prove that there is at most one valuation satisfying (S1)-(S3). For each sentence ¢, let «(¢)

be the number of connectives appearing in ¢. Suppose, for contradiction, that val{ # val{, but both are valuations
satisfying (S1)-(S3). Then,

" = min{x(p) : val{ (¢) # valy (p)} > 0.
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If «* = 0, then for some atomic sentence ¢, val{ (p) # valj (¢). But, by (S1), val{ (¢) = valj(¢) = o(p). Contradiction.

If ¥ > 0, then there exists a sentence ¢ such that x(¢) = «* and val{ (¢) # val§ (¢). But, since k() > 0, either (i) ¢ =
(=y); or (ii) ¢ = (¥ * p), for some binary connective *. In case (i), it follows from (S2) that f-(val{ (¥)) # f~-(vali (¥)),
and so val{ () # valj (). But since (1) < «*, this contradicts the definition of «*. In case (ii), it follows from (S3)
that f,(val{ (), val{ (p)) # f.(val§ (), val(p)), and so either val{ (¥) # val§ (), or val{ (p) # valj(p). But since both
k() < k* and «(p) < «*, this contradicts the definition of «*.

We will prove that there exists one valuation satisfying conditions (S1)-(S3) by induction on k, i.e., we will first show
that there exists a partial valuation consistent with (S1)-(S3) that assigns truth-values to all the atomic sentences, and
we will then show that if there is a valuation consistent with (S1)-(S3) that assigns truth-values to all sentences ¢, with
k(¢) < n, this valuation can be extended in a consistent way to apply to all sentences ¢, with x(¢) = n. Since, by
theorem [2.1] no atomic sentence is a negation or binary compound, (S2) and (S3) put no constraints the truth-values
assigned to atomic sentences. Thus, putting val’ (¢) = o (), for every atomic ¢, we obtain a partial valuation of the
atomic sentences, consistent with (S1)-(S3). Now, suppose that we have defined a partial valuation consistent with
(S1)-(S3) that applies to all sentences with k < n (n > 1) and let ¢ be a sentence such that k(¢) = n. By theorem pis
either a negation or a binary compound, but not both. In the first case, by theorem[2.1] (S1) and (S3) put no constraints
on the truth-value assigned to ¢. Moreover, since there is a unique ¢ such that ¢ = (—=(y)), it is consistent with (S2)
to put val”(¢) = f-(val” (). If ¢ is a binary compound, then by theorem 2.1} (S1) and (S2) put no constraints on the
truth-value assigned to ¢, and since there is a unique ¥, p, *, such that ¢ = (i * p), it is consistent with (S3) to put
val’ () = f.(val® (¥), val’ (p)). This completes the proof. ]

When writing sentences of %, we will henceforth omit the outermost parentheses, as well as any parentheses pairs
enclosing a negation. Thus, for example, instead of (P A Py) — (=(=P3))), we will write (P; A P) — ——Ps.

Exercise 2.3. Suppose that we omit the parentheses from our language and instead define the sentences
inductively as follows:

(1) Any expression consisting of a single atom is a sentence.
(2) If ¢ is a sentence, then the expression -y is a sentence.

(3) If ¢ and y are sentences and = is a binary connective, then the expression ¢ = ¢ is a sentence.
Show that the three conditions:

(S1)* If ¢ is an atomic sentence, then val’ (@) = o(p).

(S2)* For any sentence ¢:
val”(=¢) = f-(val’(¢))
(S3)* For any sentences ¢ and ¢ and any binary connective *:
val’(¢ =) = fulval’ (), val” ()

are mutually inconsistent, i.e., show that they entail that, for some interpretation, the same sentence is
assigned both T and F.

Exercise 2.4. If we wish to omit the parentheses from our language in a manner which preserves unique
decomposability, we can adopt a prefix (rather than the standard infix) notation for expressing sentential
compoundsjSuppose we define the sentences of the language inductively as follows:

(1) Any expression consisting of a single atom is an (atomic) sentence.
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(2) If ¢ is a sentence then -y is a sentence.

(3) If ¢ and y are sentences and * is a binary connective, then the expression =gy is a sentence.
(a) Show that if x@y = +'¢"y’, then * = ', ¢ = ¢’ and ¢ = .

(b) Convince yourself that the sentences satisfy the unique decomposition theorem, i.e., for each sentence ¢
exactly one of the following holds:

(1) ¢ is an atomic sentence.
(2) There exists a unique sentence ¥, such that ¢ = —.

(3) There exists unique sentences ¥ and p, and a unique binary connective *, such that ¢ = xp.

ExampLE 6. The issue of unique decomposition naturally arises in the context of questions related to the
retrieval of encoded information. Suppose for example that we have an information source, which outputs
messages consisting of finite strings of symbols from the alphabet,

{A, B, C}.

We would like to send these messages to be processed by a digital computer, but in order to do so, each
message must first be encoded into a binary string, i.e., a sequence of 0’s and 1’s.

DerntTION 2.6. An encoding function (or simply an encoding) is a function which assigns to each
of the symbols A, B, C, a fixed binary string. If u is an encoding, and XX, ... X, a sequence of
symbols from the set {A, B, C}, then the u-code of this sequence is the binary string:

MXDuX2) ... u(X5n)

The set of all u-codes can be given the following inductive definition:

(1) The strings u(A), u(B) and u(C) are all u-codes.

(2) If pis au-code and X € {A, B, C}, then ¢u(X) is a u-code.

Ideally, we would like our encoding to be such that no information is lost in the coding process. In other
words, knowledge of the encoding y, should allow us to associate with each p-code the exact message which
it encodes.

To decode an encoded message, first we identify a sequence of the form p(A), u(B) or u(C), at the end of the
encoded message. We then decode the rest of the message, appending A, B or C to the end of the decoded
message, depending on which of the above three sequences was identified. To show that this process yields
a unique result, we must show that there exists a decoding function, g, satisfying the following properties:

(1) g(u(X)) = X, where X € {A, B, C}

(2) gleu(X)) = g()g(u(X)).

If there exists such a decoding function, we say that u is a lossless code.

From Theorem ?? it suffices to prove that u is lossless to show that the inductive definition of u-codes given
above possesses the unique decomposition property.

2Such a prefix notation is sometimes referred to as Polish notation.
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EXERCISE 2.5.

(a) Let u be the encoding function defined by:

0 ifX=A.
uX)=1 10 ifX=8B.
01 ifX=C

Show that u is not a lossless code.

(b) Provide an example of a lossless code and prove that it is lossless.

2.4. Complete Sets of Connectives. The semantical rules for the language .Z" are:

(S1) If ¢ is an atomic sentence, then val? (¢) = o(p).
(S2) For any sentence ¢:
val”(=¢) = f-(val’(¢))
(S3) For any sentences ¢ and i and any binary connective *:
val’(¢ =) = fuval® (), val” ()

All of the standard semantical notions (e.g., logical implication, logical truth, logical equivalence) are defined just as
before (see Chapter 1, §2.2)).

DermniTiON 2.7. Let ¢ be any sentence containing only atoms in the sequence Py, ..., Py. The k-ary truth-
function for ¢ is the k-ary truth-function f; defined by:

Jorlar,...,ap) = val”(p),
for any interpretation o, such that:
oP) = a;,
fori=1,...,k.

A particularly convenient way to represent the k-ary truth function for ¢ is in terms of a truth-table. Excluding column
headers, the first k columns of each of the 2 rows of the table specify a distinct possible assignment of truth-values to

the atoms Py, ..., Py, and the (k + 1)-th column gives the value of the function f, for this particular assignment:
Py |Py |- | P ¢
T|T ]| ---|T| fxT,T,...,T)
T|T|--- | F| fx(T,T,...F)
F|F |- | F| fxFF. . F
If ¢ and ¢ are any two sentences containing only atoms in the sequence Py, ..., Py, then it is easily seen that ¢ = ¢ if

and only if f,x = fy«. Hence, we can establish that two sentences are equivalent by showing that they have the same
k-ary truth-table.

When writing the truth-table for ¢, it is often convenient to omit columns corresponding to atoms not appearing in ¢
since the truth-value of these atoms has no effect on the truth-value of ¢. In addition, one often includes additional
columns listing the truth-values of certain component sentences of ¢ (indicated in the column header) which may aid
in the computation of ¢’s truth-value. Thus, for example, a truth-table for the sentence —-(P3 A P;) — (P; V P,) may
be written:
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P; AP | =(P3AP) | Py VP | 2(P3AP) — (P VP

| | | | | 3| | | R
| | | | | | | | R
| | | | | | | | R

| | | | | 3| |

| | | | | ] ]
| | 3| 3| | | |

3| | 3| | | | |

We may also use truth-tables to indicate how the truth of a given compound sentence depends on its (not necessarily
atomic) components. For example, if ¢ and i are any two sentences, we may write the truth-table for the sentence
- — ¥ as follows:

plY || =Y
T|[T| F T
T|F|F T
F|T|T T
F|F| T F

In a schematic truth-table like this, we countenance all possible truth-value assignments to the component sentences ¢
and . In fact, depending on the sentences ¢ and i, certain of these assignments may not be possible. Nevertheless,
if we wish to establish for two sentence schemas that all possible instantiations of these schemas are equivalent, we
must consider all possible valuations of ¢ and ¢, since the equivalency is meant to hold even when ¢ and ¢ are both
atomic.

Using truth-tables, we may establish the following standard equivalencies, which we will take for granted in the sequel.
For all sentences ¢, i, p:

D) eAp=9 (ix) (e AY) =@V
(i) V=9 xX) (e V) = - Ay
(iii) e AY =Y Ao (xi) (pV Q) Ay =y
(iv) VY =y Ve (i) (p A=@) Vi =y
W) (@A) Ap=e AW Ap) (xiii) =g = @.
(Vi) (V) Vp=eV @ Vp) (Xiv) ¢ 2 ¥ =Y — —p
(Vi) e AW Vp) = (@AY V(e Ap) xv) ¢ =W —=p)=(@AY)—p
(viii) e VW AP) = (@ V) A(pVp) xvi) p oy =@ AW -

In contexts in which we are only concerned with the truth-values of sentences, we allow for the use of certain am-
biguous expressions provided all possible disambiguations of these expressions lead to logically equivalent sentences.
In particular, we will often omit the parentheses from nested conjunctions, disjunctions and biconditionals, since the
parentheses in this case only serve to indicate the order in which the terms are to be combined, and, regardless of this
order, the truth function for the resulting sentence is the same (see Exercise @ Thus, for example, we write:

CLAQI N ANy

to express some nested conjunction of the sentences ¢y, ..., ¢, despite the fact that it is underdetermined which
specific sentence this expression denotes.
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DerinttionN 2.8. Let C be a set of sentential connectives, i.e., C C {—, A, V, —, &}. The set I'¢ is the set of
sentences of .Z¢" defined inductively as follows:

(1) If ¢ is an atomic sentence, then ¢ € T'c.
2) If o eT'c and = € C, then (—¢) € T'c.

(3) If p, ¢ e IT'¢c and = € C, where * is any binary connective, then (¢ * i) € I'¢c.

We say that C is a truth-functionally complete set of connectives if every k-ary truth function is the k-ary
truth function for some sentence ¢ € I'c.

ExErcisE 2.6. For any truth-value o, let:

| T ifa=F
T\ F ifa=T

If f is a k-ary truth function, we refer to the function:

flar,...,a) = ~(f(=a, ..., ~ay)

as the dual of f. With each sentence ¢ € ' 1) We associate a sentence ¢ (referred to as the dual of ¢) as
follows:

(1) If ¢ is an atomic sentence, then ¢? = .
2) (=)’ = (=¢?).
3) A =@ vy

@ (V)Y = (" Ay

(a). Show that if f is the k-ary truth function for some ¢ € I’ A v}, then f9 is the k-ary truth function for ¢“.
Convince yourself that for any ¢, i € I'i- A vy:

p=y o=y’

(b).(*) A sentence ¢ € ['(- 5.y is self-dual if ¢ = ¢¢. Provide an example of a non-atomic, self-dual sentence
belonging to the set I'{5 vj.

DermniTioN 2.9. Let {f1, f2, ...} be a set of truth-functions. We say that the truth-function g is definable in
terms of { fi, f>, ...} if it belongs to the set F defined inductively as follows:

(1) fieF,fori=1,2,....

(2) If g1,...,8k are j-ary functions in F and & is a k-ary function in F, then the j-ary function:
h(g1, - ... 8
isin F.
It can easily be verified that definability is monotonic in the following sense: If f is definable in terms of G
and, for every g € G, g is definable in terms of H, then f is definable in terms of H E]

3In some texts, the following alternative definition of definability is adopted: the truth-function g is definable in terms of {f1, f2,...} if ghas a
definition:
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DeriniTION 2.10. Let C be a set of sentential connectives. A C-function is a truth-function which is definable
in terms of the set:

(forxe€CYUfox i k=1,2,...5/ <k

EXERcISE 2.7.

(a) Show that every function which is definable in terms of a set of symmetrical functions (see Exer-
cise[2.T)) is itself symmetrical.

(b) Prove that fp, » is not definable in terms of {fx, fv, fo ).
If f is a k-ary function, we say that f is j-independent (1 < j < k) if:

f(alv"',ajs""ak):f(als"'s_'ajs"',ak)a

for all @y, ..., a;. We say that f is a real k-ary function if, for j = 1,...,k, f is not j-independent.

(c) Show that every function which is definable in terms of a set of real functions is real.

(d) Prove that fp, 5 is not definable in terms of {f-, fa, fv, [, fo .

In the remainder of this section, we will examine which sets of sentential connectives are truth-functionally complete.
THEOREM 2.5. Let C be a set of sentential connectives. g is a C-function iff g = fo, for some sentence ¢ € I'c.

Proor. For the only-if part of the claim, the proof proceeds by induction on g. If ¢ = fp,«, the claim obviously
holds. Moreover, since

J~ = fipna

and

f* = f(P| =P),2

for any binary connective *, the claim holds in the base case.

The inductive step of the proof follows from the fact that for any sentences ¢y, ..., ¢, and any j < k:
e korko o5 Jood) = Sk

2.1) J-ler i) = fimgn

2.2) JFelJorks ferd) = Sforegne

For the if-part of the claim, the proof proceeds by induction on ¢. If ¢ is the atomic sentence P; (j < k), then g = fp 4,
and hence a C-function. The inductive step follows from (2.1 and (2.2). O

THEOREM 2.6. The set of connectives {—, A, V} is truth-functionally complete.

Proor. Given Theorem[2.5] it will suffice to show that every k-ary truth function is a {=, A, V}-function. We begin
by noting that the k-ary truth functions:

I ) T ifg,=Tforsomei=1,...,k

Aly.n., Q) = .

VAR o G F otherwise

where the right-hand side is some expression involving parentheses, commas, the f;’s, and 1, ..., ax. Obviously, every definable function, in our

sense, is definable in this sense, but, under this definition, the projection functions:
glay,...,ax) = @,

fori =1,...,k are definable from any set, whereas, under our definition, this is not the case (see Exercise d).
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and
T ifa=Tooralli=1,...,k
F otherwise

ha(ay, ..., ) = {
are both {—, A, V}-functions since:

hy = fo(ooc (VA Uk JPad)s fR30)s - - 5 fRik)

and
ha = faCo o PRy ks JPo)s SR 0)s - - s SRuk)

Let w be the sequence of truth-values wy, ..., wy. We write i for the k-ary truth function defined by:

T ifaj=w;fori=1,...,k
F otherwise

hﬁ,(ah---,ak):{

‘We will show that h’; isa{-, A, V}-function. Forn = 1,...,k, let g} = fp,x and let gf = f~(fp,x). Then, gg(al, e, ay)
is the k-ary truth-function which returns T iff @,, = 8. Hence:

hy = hn(8hyys - - -+ 8l0,)-

Now, let f be any k-ary truth-function and let F be the set of all k-ary sequences of truth-values which return T when
given as arguments to f. Then, f returns T iff th returns T for some w € F. Hence, if F = {wy, ..., w,}, then

f=hy(h,, ... H).
Thus f is a {—, A, V}-function. O

CoroLLARY 2.7. Every sentence of £ is logically equivalent to some sentence in I'- p ).

Note that the proof of Theorem [2.6] in fact, establishes the slightly stronger claim that every k-ary truth-function is
expressible in the form:

(N0 NI N (PO 9 )

where the g’s are either of the form fp 4 or f-(fp, ). This implies that every sentence ¢ of . is equivalent to some
sentence of the form:

@LiA APV -V (Pn1 A" APui),

where ¢; ; is a literal. This sentence is referred to as the disjunctive normal form of ¢.

Exercise 2.8. Show that every sentence ¢ of £ is equivalent to some sentence of the form:

(‘pl,] V"'Vﬂol,k)/\"‘/\(‘Pn,l V"‘V‘pn,k),

where ¢; ; is a literal (i.e., either an atomic sentence or its negation). This sentence is referred to as the
conjunctive normal form of .

Supposing that C is a truth-functionally complete set of connectives, it suffices to show that the set of connectives C’
is truth-functionally complete, to show that every sentence in I'c is logically equivalent to some sentence in I';.. Thus,
in light of Theorem [2.6] we can prove that the set {—, V} is truth-functionally complete by observing that:

Ay =(0p V).
Furthermore, from the fact that {—, V} is truth-functionally complete, we can show that {—, —} is truth-functionally
complete by noting that:

pVY =y
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Exercist 2.9. Let T be the binary sentential connective, whose corresponding truth-function is given by:

fi(e.B) = f~(fala.B))

and let | be the binary sentential connective, whose corresponding truth-function is given by:
i, ) = f~(fv(@.B))
(a). Show that {T} and {|} are truth-functionally complete.
(b). Let = be any binary sentential connective. Show that if {*} is truth-functionally complete, then

@ * i is equivalent to either ¢ T ¥ or ¢ | .

From a semantical point of view, it thus turns out that a number of the sentential connectives in " are superfluous.
Even in a language with only the two connectives — and —, every sentence of .Z" has an equivalent formulation.

3. A Deductive System for Sentential Logic

3.1. The Deductive System Ts. The formal language .Zs is the sub-language of £ which includes only the
two connectives — and —>E] In this section, we introduce a deductive system T for the language %5, which we will
prove to be both sound and complete.

The axioms of Ts will be expressed schematically, i.e., we will specify certain axiom schemas and stipulate that every
sentence which is an instance of one of these schemas is an axiom of the system. The three axiom schemas for Ty are:

(SL-1) ¢ = (¥ = ¢)
(SL-2) (¢ = (W = p)) = (¢ = ¥) = (¢ = p))

(SL-3) (¢ = ) — (b = ¢)

The system has only one rule of inference, namely, ‘modus ponens.’E] It asserts that from a conditional and its an-
tecedent, one can infer its consequentﬂ

, o>
wmp) L7V "‘; i

As an example of a proof in T's, we have:

PRrROPOSITION 2.6. F ¢ — ¢

The proof is as follows:
D e=>(W—=9 -9 [SL-1]
Q> U—=9 =)= (= W—9)—(p—9) [SL-2]
B lo=>W—=9)=(@—0) [MP - 1,2]
@ o= W—-0) [SL-1]
B e—o [MP - 4,3]

“More precisely, Zs is the language whose sentences are defined inductively precisely as in Deﬁnition where the set of binary connectives
is taken to be the singleton set {—}. Under the latter assumption, the semantical rules for %5 are simply (S1), (S2) and (S3).

SThe phrase ‘modus ponens’ is an abbreviation of the Latin modus ponendo ponens, which translates “the way that affirms by affirming”.

%1n the remainder of this chapter, the symbol + will be used as shorthand for the symbol +7 .
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Note that while this line of reasoning conforms to the specifications laid down in the formal definition of a proof, it
is far from ‘natural’. Indeed, if our aim were to construct a deductive system suitable for modeling actual reasoning,
Ts would be a poor choice. But this, of course, is not our aim; our aim is rather to construct a deductive system for
sentential logic which is both sound and complete. Nevertheless, in order to show that this is the case, we will have to
make certain claims concerning provability in the system, and to this end, the following theorem is extremely useful:

THEOREM 2.8 (Deduction Theorem). T'U {¢} + ¥ if and only if T + ¢ — .

Proor. The if part of the claim is trivial, since if I' + ¢ — ¢, then I' U {¢} + ¢ by a single application of MP.

To prove the only-if part of the claim, let ¢,...,y; be a proof of ¢ from I' U {¢} (i.e., ¥ = yy). To prove that
I' - ¢ — Yy it will suffice to show thatforalli =1,...,k:

3.1 FTuflp—=d1,...o =Yl Fo > i

We prove this claim by induction on i. We first note that ; is either (i) a member of T, (ii) equal to ¢, (iii) an axiom
of Ts, or (iv) the result of applying MP to two previous lines in the proof. In cases (i) and (iii), we have I' ¢ — ¢;
since:

(1) i = (¢ = ¥i) [SL-1]
2) ¢
3) o= i [MP - 1,2]

where the inclusion of i; in the second step of the proof is justified on the grounds of its being either a premise or
an axiom, depending on the case under consideration. In case (ii), (3.1) follows from Proposition [2.6] In case (iv),
suppose that i; is the result of applying MP to ¢; and ; — ;. By the induction hypothesis, it follows that:

FTUf{p=>y1,...0 2 ¥k >y
and
F'ufe—=yi,...o = Yiib o= W = ¥)
It thus suffices to prove to show that:
lo=Vjo> W= Yo =i

The proof is as follows:

D (=W =) = (> ¢ = (0= ¥) [SL-2]
2) o= W;— v [Premise]
3) (¢ = y)) = (9> i) [MP - 1,2]
@ e—-y; [Premise]
5) ¢ [MP - 4,3]

O

Note that the deduction thoerem holds in any deductive system for %5 which has (SL-1) and (SL-2) as axiom schemas
and MP as its only rule of inference[] The deduction theorem provides a remarkably powerful aid in the establish-
ment of claims concerning provability in Ts. For example, it follows as an immediate corollary of this theorem that
provability is preserved through arbitrary permutations of the antecedent sentences in a nested conditional:

"Indeed, the principal reason for including these axiom schemas in our system was to facilitate a proof of this theorem.
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ProposITION 2.7. Let @1, ..., @k, be any sentences of £s and let ny,...,n € {1,...,k}, where n; # nj, for all i # j.
Then, for any set of sentences I':

F'ropr=@@—=C-—=@w—=9)--)
if and only if
F"‘Pm - (‘Pnz 4 ( - (‘Pnk _’lﬂ))
Another claim which can be easily established by appeal to the deduction theorem is the following:

THEOREM 2.9. For any sentences @, Y, {—, ¥} + .

Proor. From (SL-1) and the deduction theorem, we have = + —¢ — =, and from (SL-3) and the deduction
theorem, we have ~¢ — = + ¢y — ¢. Thus, = + y — ¢, and so by one application of MP, {—, ¥} + ¢. O

In what follows, once it has been shown that a given sentence is a theorem of T, we will treat this sentence as a

‘derived’ axiom of the system, and include it in proofs without further justification.

Exercist 2.10. Use the deduction theorem to prove that the following claims hold for all sentences ¢, y:
@. ¢F -
(®). ~mpro
©. ory =0
D). ooy

(©). {e, W+ (e —y)

3.2. The Soundness Theorem for 7. In this section, we present a proof of the soundness of the deductive
system 7 :

THEOREM 2.10 (Soundness of Ts). If T+, then T | .

Proor. We prove this claim by induction on the set of sentences which are provable from T, i.e., we will show
that:

(1) IfpeTl, thenT E ¢.
(2) If pis an axiom of Ty, then I | ¢.

B) fTEgandl'E ¢ — ¢, thenT E .

Claim (1) follows immediately from the definition of |=. For (2), we note that if ¢ is an axiom of T, then ¢ is a logical
truth. This can be verified by considering the truth-tables for each of the axiom schemas of Ts:

plY | Yool W—o09)
T[T T T
T|F T T
F|T F T
F|F T T

For (3), it suffices to show that {¢, ¢ — ¢} | . Let o be an interpretation, such that val?(¢) = val”(¢ — ¢) = T.
Then

J(T,val” () = T.
Hence, val” () = T. This completes the proof. m}
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Y plYyople2W—op) ey eop|l@2Y)2(@—op) | (9= W —p) (e Y) - (p—p)
T T|[T|] T T T T T T
T|{T|F| F F T F F T
T F|[T| T T F T T T
T/ F|F| T T F F T T
F|[T|T| T T T T T T
F|T|F| F T T T T T
F|F|[T| T T T T T T
F|F|F| T T T T T T

Y |2 Yoo | (e Y)W — )

T[T T T T

T|F T T T

F|T F F T

F|F T T T

The soundness of T expresses a fact about what is not provable in the system. In particular, it asserts that no claim
which does not logically follow from I' is provable from I'. In establishing the soundness of T, the strategy we
employed was to show that the property of truth under a given interpretation is possessed by any sentence provable
from any set of sentences all of which possess this property. Since it follows from the definition of validity, that if
I' (£ ¢, there is some interpretation such that truth under this interpretation is not preserved in passing from I” to ¢, it
can be inferred that T" #/ .

As a general rule, we may note that any property possessed by the axioms of a deductive system, which is preserved
under its rules of inference, is possessed by every theorem of that system. This fact can be used to show that certain
sentences are not provable in a given deductive system. For example, consider the deductive system which has axiom
schemas (SL-1) and (SL-2) and MP as its sole rule of inference, and let f* be the 1-ary truth-function which always
returns false. If we replace the semantical rule (S2), with the “non-standard” semantical rule:

(82)* val’ (=) = fZ(val® ()

it is easily verified that every instance of (SL-1) and (SL-2) has the property of being true under all interpretations of
the language, and that this property is preserved under applications of MP. Hence, every theorem of this system must
likewise possesses this property. Note, however, that if ¢ is T and ¢ is F the sentence (—¢ — ) — (Y — o) is false,
and so provided ¥ is a sentence which can be T and ¢ a sentence which can be F, this sentence cannot be proven in
the system.

EXeRcise 2.11.
(a). Let Tg be the deductive system obtained from T's by replacing the axiom schema (SL-3) with:
W — ) = (e = )

Show that not every instance of (SL-3) is a theorem of 7.

(b).(*) Let Tg (i = 1,2) be the deductive system obtained from 7y by omitting the axiom schema (SL-i).
Show that not every instance of (SL-i) is a theorem of T;.

3.3. An Alternative Formulation of Completeness. In this section we will provide an alternative, but equivalent
formulation of the completeness theorem for sentential logic:

TraeOREM 2.11 (Completeness of Ts). If T = ¢, then T + .
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DeriniTioN 2.11. Let I be any set of sentences of %s. We say that T is satisfiable iff there exists an inter-
pretation o, such that val”(¢) = T, for all ¢ € I (in this case, we say that o satisfies I'). We say that I is
unsatisfiable if it is not satisfiable.

DeriniTioN 2.12. Let I be any set of sentences of %5. We say that I is consistent iff there is no sentence i,
such that I' F ¢, and ' + —. We say that I is inconsistent if it is not consistent.

If T is complete, then every consistent set of sentences is satisfiable, for suppose that I is unsatisfiable. Since there is
no interpretation which satisfies I', it follows trivially that for every ¢, both I' = ¢ and I" = =, and so, if completeness
holds, both T' F ¢ and I" + =, i.e., I is inconsistent. As we shall presently show, the converse of this claim holds
as well, that is, if every consistent set of sentences is satisfiable, then the system T’s is complete. To see this, we first
observe the following two facts:

ProrosiTion 2.8. T £ ¢ iff T U {—} is satisfiable.

Proor. This follows straightforwardly from the definition of = and satisfiability. O

PropostTion 2.9. T ¢ ¢ iff T U {—y} is consistent.

Proor. The if part of the claim follows from the definition of consistency and the trivial fact that ' U {—} + —b.

To prove the only-if part of the claim suppose that I' U {—/} is inconsistent. We must show that I" + . Let A be any
axiom of Tg. Then, by Theorem 2.9} ' U {—} + —A, and so, by the deduction theorem, I v -4 — —A. Hence, by
(SL-3) and one application of MP, we have I' - A — . By appeal to the axiom A and one more application of MP, we
have I' + ¢. m]

ProposiTion 2.10. If T is a consistent set, then for any sentence y, either I U {y/} or I' U {—} is consistent.

Proor. Suppose that both I' U {} and I' U {—/} are inconsistent. If I" U {} is inconsistent, then I' U {——}
is inconsistent, since =—y + ¢ (see Exercise [2.10p). Hence, from Proposition '+ —. But, if T U {7} is
inconsistent, then, again by Proposition[3.9] I r . This, however, contradicts the assumption that I is consistent. O

In its contrapositive form, the completeness theorem asserts that if I i/ , then I' }£ . Thus, from Propositions (3.8
and@l, it is equivalent to the claim: If I' U {—/} is consistent, then I' U {—/} is satisfiable. Hence, if every consistent
set of sentences is satisfiable, the completeness theorem holds.

The completeness theorem may thus be expressed as follows:

TraeOREM 2.12 (Completeness Theorem for Ts). Every consistent set of sentences is satisfiable.

Exercisk 2.12. Without appealing to the alternative formulation of completeness given above, show that the
soundness theorem for T's is equivalent to the claim that every satisfiable set of sentences is consistent.

3.4. The Completeness Theorem for 75. The completeness theorem states that for every consistent set of sen-
tences, there exists an interpretation which satisfies this set. The proof that we will give of this claim is “constructive”
in the sense that it will not merely establish the existence of such an interpretation, but it will provide us with an
effective method for identifying (or constructing) a particular interpretation of this sort.

This construction will proceed along the following lines: we will consider the sentences of the language, one by one,
and determine, for each such sentence, whether or not its truth or falsity is provable by the sentences already in the set.
If so, we will add to the set whichever of either the sentence or its negation is consistent with the sentences already
in the set; if not, we will simply include the sentence in the set. In this way, we will extend the original set to a
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‘maximal’ set of sentences which can be used to decide, in a consistent manner, the truth of falsity of every sentence
in the language.

Such a maximal set amounts to an explicit characterization of a particular valuation of the language, with the mem-
bers of the set indicating which of the sentences are true under this valuation. Thus, by considering which of the
atomic sentences belong to this set, we will be able to arrive at an interpretation of the language that satisfies every
sentence in the maximal set. Since the original set is a subset of this maximal set, it too will be satisfied by this
interpretation.

DeriniTiON 2.13. A set of sentences I is maximally consistent, if the following two conditions hold:

(1) T is consistent.

(2) Every set I"” of which I' is a proper subset is inconsistent.

Prorosition 2.11. If T is a maximally consistent set of sentences, then for every sentence ¢, exactly one of the two
sentences ¢, = is a member of T.

Proor. That at most one of these two sentences belongs to I' follows from the fact that I" is consistent. Now,
suppose that ¢, ~¢ ¢ I'. By the definition of maximal consistency, I' U {¢} is inconsistent and since =—¢ I ¢, it follows
that " U {——¢} is inconsistent. Hence, by Proposition[3.9] I' + —¢. Similarly, since I U {—¢} is inconsistent, again by
Proposition[3.9] I' - ¢. But this contradicts the assumption that I" is consistent. O

THEOREM 2.13. Every maximally consistent set of sentences is satisfiable.

Proor. Let I' be a maximally consistent set of sentences, and let o be the interpretation defined by:

T ifPel
or(®) = { F if-Pel

By Proposition , this is a well-defined interpretation of .Z5. We will show that val“T(¢) = T if and only if ¢ € Fﬂ
The proof will proceed by induction on ¢. If ¢ is an atomic sentence, then this follows directly from the definition of
or.

Suppose that ¢ = . If ¢ € T, then ¢ ¢ T, and so by hypothesis, val”"(y) = F. Hence, val’"(¢) = T. Now suppose
that ¢ ¢ I'. Then ¢ € T, and so by hypothesis val’T () = T. Hence val’"(¢) = F.

Now suppose that ¢ =y — p and that ¢ € I". Then either y ¢ T'orp € I'. Forif p ¢ I, then -p € I', and so I" +- —p.
But if it is also the case that ¢, € T, then I'  p by one application of MP, contradicting the assumption that I" is
consistent. If ¢ ¢ T, then by hypothesis, val’" () = F. Hence, val”"(¢) = T. If, on the other hand, p € T, then, by
hypothesis, val’T(p) = T. Hence, val”"(¢) = T. Thus, if ¢ € T', val’(¢) = T. Now suppose that ¢ ¢ T, then both
Y el and p ¢ T, for otherwise either -y € I" or p € I, and from either of these claims one can prove ¢ (see Exercise
[2.10] c,d), contradicting the assumption that I' is consistent. But if ¢ € I and p ¢ I', then, by hypothesis, val”* () = T
and val’T(p) = F. Hence val’"(¢) = F. ]

All then that remains to be shown is that every consistent set can be extended to a maximally consistent set in the
manner described above. In the context of first-order logic, this claim is typically referred to as Lindenbaum’s Lemma.
We will refer to it as the extension theorem.

THEOREM 2.14 (Extension Theorem). If T is a consistent set, then there exists a maximally consistent set I D T.

Proor. Let 1, @2, ¢3, ... be an enumeration of all of the sentences of %5 (see Example . We construct an increas-
ing sequence of sets 'y c '} c I, C ... as follows: Let I'y = I'. Suppose that I',, (n > 0) has been constructed and that
it is a consistent set. Let:

o= I, U{p.} if ', U {¢p,} is consistent.
"7 T, U{—g,) otherwise

8Strictly speaking, we only need to show the if part of this claim, but to carry through with the induction it turns out to be easier to prove the
claim in this slightly stronger form.
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By Proposition[3.10] I',,; is consistent, and so the construction can continue. Let I'* be the set of all sentences which
appear in some set in this sequence, i.e.:
r=Jr
i=0

We will prove that I'* is a maximally consistent set. Suppose, for contradiction, that I'* is inconsistent. Then for some
o, " Fpand I'* + —p. Given a proof of ¢ from I'* and a proof of —¢ from I'*, let A be the set of all of the sentences in
I'* that appear somewhere in this proof. For each i € A, let n(y) be the smallest n such that s € I',,. Since proofs are,
by definition, of finite length, A is a finite set, and so:

N = max{n(y) : ¢ € A}

is a finite number, and every sentence in A € I'y. But then the aforementioned proofs of ¢ and - are also proofs from
I'y, so that I'y is inconsistent. But this contradiction the above definition of I'y. Thus, I'* is consistent.

To see that I'* is maximal, note that, by the definition of I'*, for every sentence ¢, either ¢ or —¢ belongs to the set.
Hence, if a sentence not already in I'* were to be added to I'*, then both this sentence and its negation would appear in
the set, and so any set which has I'* as a proper subset is inconsistent. o

ExampLE 7. In our proof of the extension theorem, we took for granted that the sentences of .Zs can be
enumerated in a sequence. In this example, we verify that this is indeed the case.

DeriniTION 2.14. A set S is enumerable iff there exists a sequence aj, az, as, . . . of members of S,
such that for every x € S, there exists a number #n, for which x = a,. We refer to such a sequence
as an enumeration of S'.

Clearly, every finite set is enumerable, for if S = {ay,...,a,}, we can enumerate the members of S as
follows:

ay,az,...,dy,d1,a1,....
There are also infinite sets which are enumerable, e.g., the set of natural numbers itself:
1,2,3....

Moreover, it is easy to see thatif 7 € S, and S is enumerable, then 7' is enumerable as well, for if aj, ay, . . .,
is an enumeration of S, and c is some member of 7' (if 7 is empty, then it is trivially enumerable), then the

sequence by, by, . . ., where:
b_{m ifa,eT
;=

¢ otherwise

is an enumeration of S .
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Exercise 2.13. Let f be a function which assigns to each of the members of the set X, some value
in the set Y. f is surjective (or a surjection) if for every y € Y there is at least one x € X such that
f(x) = y. fis injective (or an injection) if for every y € Y there is at most one x € X such that
f(x) = y. fis bijective (or a bijection) if it is both surjective and injective, i.e., if for every y € Y,
there is exactly one x € X such that f(x) = y.

Show that enumerability is equivalent to each of the following three conditions:

(a). There exists a surjection from the set of natural numbers to S .
(b). There exists an injection from S to the set of natural numbers.

(c). There exists a bijection from S to some subset of the set of natural numbers.

THEOREM 2.15. Let S1,S 5, ... be enumerable sets. Then the set:

s =Jsi
i=1
is enumerable.

Proor. For each j = 1,2,..., leta;;,ajs,..., be an enumeration of S';. Then all of the members of S
appear somewhere in the table:

a, dp a3
a) a@p a3
asp dszp d4ss

We can enumerate the members of S by proceeding down consecutive upper-right-to-lower-left diagonals
in the table as follows:

al,l& al,z, a2,13 a1,3s a2,29 aszl,...
O

THEOREM 2.16. Let S be an enumerable set, and let Sy, k = 1,2, ..., be the set of all k-length sequences of
members of S. Then S is enumerable.

Proor. The proof proceeds by induction on k. For k = 1, S; = §, and hence is enumerable. Now
suppose that Sy (k > 1) is enumerable, and let a;, a,, . . . be an enumeration of S;. Let S;;H ={ab:beSs}.
Clearly, each of the sets S ;{ +1 1s enumerable and so since

o0
i
Sk = U Ske1
i=1

S k+1 is enumerable by Theorem [2.15] m|

CoroLLARY 2.17. Let S be an enumerable set. The set of all finite sequences of members of S is enumerable.

Proor. Since the set of all finite sequences of members of S is the union of the sets of all k-length
sequences of members of S, for k = 1,2, .. ., this claim follows from Theorems [2.16|and 2.15] O

CoRrOLLARY 2.18. The set of all sentences of £s is enumerable.
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Proor. The alphabet of %5 can be enumerated as follows:
==, (), PPy, P,

Hence, by Corollary[2.17] the set of all expressions of .Z5 is enumerable, and so since the set of all sentences
of % is a subset of this latter set, this set too is enumerable. m]

ExERcisE 2.14 (*). Let p; be the ith prime number (i.e., p; = 2,p» = 3,p3 = 5,...) and let
ni,...,n; and my, ..., my be any natural numbers.

(a). Show that
%

p’i“.p;z...pzk:pTl.p;nz...pk/
if and only if k = k" and n; = m;, fori =1, ... k.

(b). Use (a) to give a direct proof of Corollary [2.17] by constructing an injective function
from the set of all finite sequences of S to the set of natural numbers.

Are there sets which are not enumerable? We will show that the answer to this question is yes, by proving
that if we admitted sentences of infinite length in our language, e.g.:

PiAP, AP3A---
then Corollary [2.18| would not hold. The proof proceeds by Cantor’s method of diagonalization.

THEOREM 2.19. Let S be an enumerable set with at least two members and let S be the set of all infinite
sequences of members in S. Then S is not enumerable.

Proor. Suppose for contradiction that S were enumerable, and let a;1,a;2, ... be the ith term in an
enumeration of this set. We will construct a sequence that belongs to S but does not appear in this enu-
meration. Let ¢; and ¢, be any two distinct elements in S, and foreachi = 1,2,.. ., let

b = c if a; * Cj
! ¢, otherwise

Then the sequence by, by, ... is in $*, but does not appear in the above enumeration of the set since, by
definition, b; # a;; foralli=1,2,.... O

3.5. The Compactness Theorem. The soundness and completeness of T's has as a corollary, the following im-
portant result:

TueoreM 2.20 (The Compactness Theorem for Zs). If T' | , then there exists some finite set Iy C T, such that
Lo F .

Proor. If I = i, then, by the completeness theorem, I" + . Let Iy be the set of all sentences in I which appear in
a given proof of ¥ from I'. Then I'y + ¢ and so, by the soundness theorem, Iy = ¢. But since a proof consists of only
finitely many sentences, Iy is finite. O

Exercisk 2.15. Show that completeness is equivalent to compactness in conjunction with the following fact:
For every sentence ¢, if = ¢, then F ¢.

An equivalent formulation of the compactness theorem is given by the following claim:

THEOREM 2.21. Let I be any set of sentences. If every finite subset of I is satisfiable, then T is satisfiable.
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To see that this claim is equivalent to compactness, first suppose that Theorem 221 holds and that I" = . Then by
Proposition , ' U {=¢} is not satisfiable, and so there exists some finite set I, € I' U {=/} which is not satisfiable.
This means that there exists a finite set I'y C T', such that I, € 'y U {—}. Hence, I'g U {—¢} is not satisfiable, i.e.,

Lo Ey.

Now, suppose that the compactness theorem holds and that I" is unsatisfiable. Then, for any sentence y, I E =(y — ¢)

and so for some finite I'y C I', [y F —~(y — ). This means that I is unsatisfiable. Hence, Theorem holds.

ExampLE 8. When a property can be expressed in terms of the satisfiability of a certain infinite number of
sentences of %5, then the compactness theorem guarantess that this property can be expressed in terms of
other strictly finite properties. In this example, we will consider a particular consequence of this fact.

DeriNITION 2.15. A partial order on the set S is a binary relation < such that, for all x,y,z € S:

(). If x <y, theny £ x.

@i). If x < yandy < z, then x < z.

A total order on the set S is a partial order on S, which also satisfies the condition that, for all
x,y€eS:

(iii). Either x <y, y < xor x = y.

We say that the total order <* extends (or is an extension of) the partial order <, if x < y then
x <*y, forall x,y € S.

THEOREM 2.22. Let S be a finite set. Every partial ordering on S has a total extension.

Proor. If S is the empty set then a partial ordering on § is also a total ordering. Thus, we may assume
without loss of generality that S is nonempty.

Let < be a partial order on S. We refer to x € S as a maximal member of S if x £ y, for all y € S. First,

suppose that S has no maximal member. Take x|, ..., x, € S to have been chosen such that x; < x; <--- <
X,. Since x, is not a maximal member of S, there exists a y € S, such that x < y. Let x,,+; = y. In this way
we generate an infinite sequence of members of S, x, x2, .. ., such that:

X <Xp<XxX3<---

From the definition of a partial order, it follows that x; # x; for all i # j. This means that x;, x5, ... are all
distinct members of S, which contradicts the assumption that S is finite. Hence, S has at least one maximal
member.

We will now prove the theorem by induction on the size (or cardinality) of S. Suppose that S contains n
members, and let x* € § be a maximal member of S. Let S¢g = S — {x*} be the set which results from
removing x* from §, and let < be the partial order induced on S( by <. By the induction hypothesis, < has
a total extension < on So. Let <* be a binary relation on S which satisfies the following properties:

(D) If x,y € So, then x <* yiff x <; y.

(2) Forall x € Sy, x <* x".

It is easy to verify that <* is a total order on S which extends <. O

We can appeal to the compactness theorem to show that Theorem[2.22]applies to all enumerable sets, whether
finite or infinite.
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CHAPTER 3

First-Order Logic

1. The Syntax and Semantics of First-Order Logic

1.1. First-Order Languages. A first-order language is a formal language whose alphabet consists of:
e The two symbols:
- —
referred to collectively as sentential connectives, and, respectively, as the negation operator and the condi-
tional operator.
¢ An infinite number of symbols:
Vi,V2,V3,...,

referred to as variables.

e The symbol:

referred to as the universal quantifier.
e Either none, a finite number, or an infinite number of symbols, referred to as constant symbols.

e For each k > 1, either none, a finite number, or an infinite number of symbols, referred to as k-ary function
symbols. We refer to these symbols collectively as function symbols.

e For each k > 1, either none, a finite number, or an infinite number of symbols, referred to as k-ary relation
symbols. We refer to these symbols collectively as relation symbols.

e The three punctuation marks:

( ) b
referred to as the left and right parentheses, and the comma, respectively.
Note that the minimal alphabet for a first-order language consists of the sentential connectives, the universal quantifier,

the variables, the equality symbol and the punctuation marks. The remaining symbols in the alphabet of a first-order
language, are referred to as that language’s non-logical vocabulary.

The formation rules for first-order languages will be defined in two stages. First, we will define the notion of a formula
of the language. We then define the sentences of the language as a particular subclass of the formulas.

DeriNtTION 3.1. The terms of a first-order language are defined inductively as follows:

(1) Every variable and every constant symbol is a term. We refer to these terms as atomic terms.

(2) Iff is a k-ary function symbol, and 7y, .. ., f; are terms, then the expression f(zy, ..., ;) is a term.

47



1. THE SYNTAX AND SEMANTICS OF FIRST-ORDER LOGIC 48

A term is open if a variable occurs in it. It is closed otherwise. When we wish to emphasize that the only
variables which occur in the term ¢ are among xy, .. ., x,, we will denote ¢ by #(xy, ..., x,).

DeriniTioN 3.2. The formulas of a first-order language are defined inductively as follows:

(1) if R is a k-ary relation symbol and ¢4, ..., ; are terms, then R(#y, ..., #) is a formula. We refer to
these formulas as atomic formulas.

(2) If ¢ is a formula, then (—¢) is a formula.
(3) If ¢ and ¢ are formulas, then (¢ — ¥) is a formula.

(4) If ¢ is a formula and x is a variable, then (Vx¢) is a formula.

The formula (Vxy) is referred to as a universal quantification over the variable x, and, more specifically, as
the universal quantification over x of ¢.

Let .Z be a first-order language. If f is a 1-ary function symbol of .Z; g a 2-ary function symbol; ¢ a constant symbol;
R a 1-ary relation symbol and S a 2-ary relation symbol, then the following are all formulas of .Z:

(@) R(c) (v) S(e,¢) — R(e)

(i) R(vy) — S(c, v2) (vi) Yvi(S(vi,¢) = R(v))

(i) S(f(c), g(v1,V2)) (vii) Vvi=(R(f(v2))

(iv) =S(v1,g(v2,¢)) (viii) Vvi(R(g(c, v1)) = ¥Yva(S(v1,£(v2))))

In accordance with the definition given above, first-order languages include only the two sentential connectives, — and
—. As was the case in our study of sentential logic, the purpose of this restriction is to simplify the proof of claims
expressing facts about such languages construed as syntactical entities. Nevetheless, for semantical purposes, it is often
convenient to utilize all five connectives when expressing formulas. We may take advantage of these conveniences by
interpreting the connectives A,V and <, not as primitives of the language, but as shorthand, introduced in our own
‘metalanguage’ (i.e., the language in which we express reasoning about first-order languages). In particular, we may
interpret ¢ A i as shorthand for the expression —(¢ — —); ¢ V ¢ as shorthand for ~¢ — ; and ¢ < ¥ as shorthand
for =((¢ = ¥) = (¥ — ¢)).
In addition, we write
dxe

for

=V x—g.

and we refer to the latter formula as the existential quantification over the variable x of ¢ (hence, strictly speaking, an
existential quantification is a particular sort of negation). We write Vx ... xzp for the formula Vx; ... Vx.p, and we
write Jx; ... xxp for the formula Jx; ... Ax;.

DermniTion 3.3. Let x be any variable in a first-order language. The formulas of that language in which x
occurs freely are defined inductively as follows:

(1) If Ris a k-ary relation symbol and x occurs in the term ¢,, where 1 < n < k, then x occurs freely
in the formula R(zq, ..., 4, ..., t%).
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(2) If x occurs freely in the formula ¢, then x occurs freely in —.
(3) If x occurs freely in either of the formulas ¢ or ¢, then x occurs freely in ¢ — .

(4) If x occurs freely in the formula ¢, and y is any variable other than x, then x occurs freely in Vyp.

If the variable x occurs in ¢, but does not occur freely, we say that x occurs bound in ¢. When we wish to
emphasize that the only variables which occur freely in the formula ¢ are among x, ..., x,, we will denote

(pby()o('xh"'?-xn)ﬂ

The intended meaning of a freely occurring variable will become clearer once we introduce the semantics for first-order
languages. For now, we will simply use the notion to define which of the formulas are to count as sentences.

DEerINITION 3.4. A sentence of a first-order language is a formula in which no variable occurs freely.

Since the alphabet of a first-order language comprises an enumerable set, the set of all expressions of the language is
enumerable (see Example[7] p. A2), and so a fortiori the set of all formulas and the set of all sentences of a first-order
language is enumerable.

Exercise 3.1. Of the eight formulas listed above, which are sentences?

Exercise 3.2. For a given first-order language, let X be the function which assigns to each formula ¢ of the
language, a set of formulas Z(¢), in accordance with the following conditions:

(1) If ¢ is an atomic formula, then:
Z(p) = {¢}.

(2) If ¢ = —, then:
Z(p) = {p} UZWY).

3) If ¢ =¥ — p, then:
() = {p} U Z(¥) U Z(p).
4) If o = Vxy, then:
Z(p) = {g} UZW).
Let x be any variable. We say that x is quantified over in ¢ if for every s € () in which x occurs, there
exists some p € X(¢), such that (i) € X(p) and p is a universal quantification over x.

Show that x occurs freely in ¢ iff it is not quantified over in .

1.2. Models, Satisfaction and Truth. The non-logical elements of the syntax of a first-order language are the
symbols in its non-logical vocabulary. An interpretation of the language assigns to these symbols a particular semantic
value according to their syntactic type. Such an assignment takes place in the context of a given set of objects, referred
to as the interpretation’s domain of discourse (or simply its domain, for short). We refer to an interpretation of a
first-order language taken together with its associated domain as a model of the language.

In what follows, the context will always clearly indicate whether we intend this usage of ¢(xi,..., xx), or whether ¢(x1, ..., X;) hames a
certain expression in the language.
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(1) A nonempty set |.Z|, referred to as the domain of the model.

(2) A function which assigns to each constant symbol ¢ of ., an object ¢ € |.Z|.

DerintTION 3.5. Let . be a first-order language. A model for .Z is a structure .# consisting of:

(3) A function which assigns to each k-ary function symbol f, a function % : |.Z[F —

(4) A function which assigns to each k-ary relation symbol R, a k-ary relation R on |.Z|.

|A).

The semantical rules for first-order languages must associate with each model of the language, a unique valuation,
i.e., a function which assigns to each of the sentences of the language a value in the set {T, F}. In order to state these
rules, we first define the more general notion of satisfaction in a model for a given assignment of values, which is a
property that applies to all formulas of the language. (NB: throughout the remainder of this section, we take .Z to be

an arbitrary first-order language and .# to be an arbitrary model for .Z).

(1) If ¢ is a constant symbol, then #[6] = % .
(2) If tis a variable, then ¢[6] = 0(¢).

3) Ift=1(,...,1), then
1161 = £7 1,161, . .., t[6)).

DEerINITION 3.6. A assignment for ./ is a function which assigns to each variable of . an object in |.Z|.

Let 6 be a assignment for .#. We asociate with each term 7 of .Z, an object #[0] € |.#| as follows:

Let 0 be an assignment for .#, x a variable of .Z, and ¢ an object in |.#|. We write 6 for the assignment

defined by:
o] c ifv=x
0 () = { 6(v) otherwise
If x1,...,x, (n > 1) are any variables of % and ¢y, ..., c, are any objects in |.#|, we write 6" for the
assignment:
e e
(Note that it follows from this definition that if x; = x;, for i < j < n, then 67" (x;) = ¢;).
ProposiTioN 3.1. For any two assignment 0, &, and any objects ¢y, ...,c, € |AH|:
Hxts e X000 ] = t(xy, . ) [E0) 0]
Proor. The proof proceed by induction on ¢. If ¢ is a constant symbol, then:
o35 = e =7,
If ¢ is the variable x; (1 < i < n), then:
H6: o =&l = ¢,
where j is the smallest number for which x; = x;.
If 7 is of the form f(7(, ..., ), then the only variables occurring in any of the #;’s are among xi, ..., x,. Suppose and

that the claim holds for ¢4, ..., #;. Then

675 = £ (0 [0975, . 00075 0) = £4 (€05, €05 = d0).

€y CyeCp CrCp C1+Cn

CoroLLARY 3.1. Iftis a closed term, then t[0] = t[€], for any two assignments 6,¢.
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DerintTioN 3.7. The relation of a model . satisfying the formula ¢ under the assignment 6 (written .# =
¢[8]) is defined inductively as follows:

(1) If ¢ is the atomic formula R(#, ..., ) then .Z E ¢[0] iff RZ16], ..., 410)).
(2) If ¢ is the formula -, then Z E (0] ift A W y[0].
(3) If ¢ is the formula ¢y — p, then .#Z | (y — p)[0] iff either .# = y[6] or A E pl6].

(4) If ¢ is the formula Vxy, then .# |= ¢[6] iff, for every ¢ € | 4|, 4 = y[67].

ProposiTiON 3.2. For any two assignments 0, &, and any objects ¢y, ...,c, € |H#|:

M Q(xr, . x )0 & M E e(xy, . x)ETT

Proor. The proof proceeds by induction on ¢. If ¢ is an atomic formula, then it is of the form
Rt (xpy ey X))y oo (g, ooy X))
Thus, by Proposition [3.1]and clause (1) of Definition[3.7}
Ml & RAMION, . ul08 750 ]) & RZWIENN, . 4lE10) & M plél 0]
Now, suppose that ¢ is the formula —(xi, .. ., x,). Then, by the induction hypothesis and clause (2) in Definition 3.7}
MO & MY & M EYIETDT S M E PlEL]

A similar argument applies to the case in which ¢ is the formula ¥ (x1, ..., x,) = p(x1,..., X,).

Now, suppose that ¢ is the formula Vx,.¥(xy,..., X,, X,+1). Then, by the induction hypothesis and clause (4) of
Definition 3.7t
M E el
)
for every c € |4\, # & yl6;] ']
)
forevery c € ||, A E yl&) ']
)
% '= So[fcl L,,

This completes the proof. m}

Proposition affords us with a semantic interpretation of the notion of a freely occurring variable. It states that
the freely occurring variables in ¢ are those variables whose values may be relevant for assessing whether or not ¢
is satisfied in a given model. Conversely, the variables which occur bound in ¢ are those variables whose values are
irrelevant for assessing whether or not ¢ is satisfied in a given model. In light of this fact, for any formula ¢(x1, ..., x,),
we may simply write:

M E el
to express the fact that ¢ is satisfied in .# under the assignment 6;, 2", for some arbitrary assignment 6.

We have as a corollary of Proposition [3.2] that
CorOLLARY 3.2. If ¢ is a sentence of L then M | ¢[0] iff # E ¢[€], for any two assignments 0, .

Thus, if ¢ is a sentence of ., we may simply speak of ¢ being satisfied in a given model .#, and assume that this
statement is made with respect to some arbitrary assignment. In this case, we simply write .# = ¢. The single
semantical rule for the language states that a sentence is true in a given model just in case it is satisified in that model:

Semantical Rule: Let ¢ be any sentence of .2, then: val-# (¢) = T iff .4 = .
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In general, it will be more convenient to speak of satisfaction in a model (under a given assignment), rather than truth
under a model since the former notion possesses a wider scope of applicability. In particular we will extend the notion
of logical consequence so as to apply to all formulas of .Z:

DeriniTiON 3.8. Let I' be a set of formulas of . and let ¢ be a formula. Then we write

I'Ey

to express the fact that for any model .# of .Z and any assignment 6 for .#: If .# = ¢[6] for all ¢ € T,
then .#Z = y[0].

Clearly, if T" is a set of sentences and ¢ is a sentence, then I' |=  iff, for any model .#: If val® () =T,forallp eT,
then val” (¢) = T.

We take note of the following propositions which follow straightforwardly from our definition of satisfiability:

PROPOSITION 3.3. A E Xy ... xpp(x1,...,x) iff, forall ¢y, ... cx € | M), M E [} ]

Proor. The proof proceed by induction on k. If k = 1, then the proposition follows directly from clause (4) of
Definition [3;7} Suppose that k > 1, and let Y(x1, ..., x—1) be the formula Vxzo(x1,...,x;). Then, by the induction
hypothesis:

MENX . xep(Xy, e, XE)
iff, for all Cly...,Ck-1 € |%|
M Epll) 0]

But from clause (4) of this is true iff for all ¢, € |.Z:
Ml

m]
PrOPOSITION 3.4. A | Axy ... xpp(X1, ..., xx) iff, for some cy, ... cx € ||, M E ¢l ]
Proor. dxy,..., xxp(x1,...,x;) is shorthand for the formula:
VXL, e X (XY, ey X))
Hence .# k= Axy,...,xep(xy, ..., x) iff o W Yxy,..., x=@(xy, . .., x). By Proposition [3.3] this is true iff there is
some ¢y, ..., ck € [/, such that 4 W =, ;f], which is true iff Z E ¢[}] 1. O

ExampLE 9. In this example, we appeal to the notion of satisfaction to state what it means for a relation (or
property) to be definable in a first-order language.

DEeriniTION 3.9. Let R be a k-ary relation on |.Z|. We say that R is definable in .Z, if there exists

a formula ¢(x1, ..., x;), such that:
M E @7k S R(c, 0.
In this case, we say that ¢ is a definition of R in the variables x, ..., x.

As an example, let %y be a first order language whose non-logical vocabulary consists of one 2-ary relation
symbol P and two 1-ary relation symbols M and F.

Consider a model .# of .Z whose domain consists of all the human beings who have ever existed, past,
present and future, and suppose:
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o P“(x,y)iff x is a parent of y.
o M- (x)iff x is a male.

o F7(x)iff x is a female.

(for simplicity’s sake, we assume that all objects in |.#| satisfy exactly one of the two properties M-# or
F-%). We may now define other familial relations in .%}. For example, the relation G(x, y) which holds iff x
is a grandparent of y can be defined (in vy, v,) by the formula:

Av3(P(vy, v3) A P(v3, V2)).

Exercise 3.3. Provide definitions of the following properties and relations on |.Z|:

(a). xis a brother of y.

(b). xis an aunt of y.

(c). xis a first cousin of y.

(d). xis a half sister of y.

(e). x and y have one son and one daughter.

(f). x has three children by two different men.

2. A Deductive System for First-order Logic

2.1. The Deductive System 7'r. Given an arbitrary first-order language ., we introduce a deductive system T
for .Z. As was the case in our discussion of sentential logic, the axioms and rules of inference for the system will
be expressed schematically, however, in this case, we will allow the schematic variables to be instantiated not just by
sentences of the language, but by any formulas of the language. Apart from the fact that non-sentential formulas may
now appear in proofs in the system, the notions of proof, deductive consequence, etc., are defined just as before.

The first set of axiom schemas are the same as those of the deductive system for sentential logic:
SL-D) ¢ = W — ¢)
SL-2) (¢ = W —=p) = (¢ =¥) = (¢ —=p)
(SL-3) (¢ = ) = (¥ = ¢)

Here, ¢, and p are any formulas of .. In addition 7 includes modus ponens as a rule of inference:

MP) fT'FgandT' + ¢ — ¢, thenT + .

The fact that T contains all the axiom schemas of sentential logic and the rule MP, means that all deductively valid
arguments in sentential logic, will likewise be deductively valid in first-order logic.

DerintTioN 3.10. Let @ be the set consisting of all atomic formulas of . as well as all universally quantified
formulas of .Z, and let ¢, ¢, . .. be an enumeration of ® in which no term in the sequence is repeated. We
assign to each formula ¢ of .Z, a unique sentence u(p) of %%, as follows:
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(1) If ¢ = ¢;, forsome i =1,2,..., then u(p) = P;.
(2) p(=y) = —u(y).
(3) W — p) = u@) — up).

We refer to u(y) as the sentential form of ¢. If Fr, u(p), we refer to ¢ as a tautology.

Every formula of . has a unique sentential form, and conversely, every sentence of %% is the sentential form of a
unique formula of .Z.

THeEOREM 3.3. Let I be a set of formulas of Z, and let u(I') = {u(y) : ¢ € T'}. If u() b7y u(y), then T + .

Proor. Suppose that u(I') Fr, p(y), and let u(er), u(ez) . . ., u(e,) be a proof from u(I') of u(p) in Ts. If u(y;) €
u(), then ¢ € T'. If u(y;) is an instance of the axiom schema (SL-1) in T, then there exist formulas ¢, p of .Z, such
that u(e;) = p@) — (u(p) — u@)). But since u(y) — (u(p) = p@W)) = u@ — (p — ), this means that ¢; is the
formula ¢ — (0 — ). Hence, ¢; is an instance of the axiom schema (SL-1) in Tr. More generally, if u(y;) is an
instance of any axiom schema of T, then ¢; is an instance of the corresponding axiom schema of Tr.

Now, suppose that u(¢;) is the result of applying MP to u(¢;) and u(epy), for some j, k < i. Then, since u(@r) = u(p;) —
1), ox = ¢; — @i, and s0 ¢; is the result of applying modus ponens to ¢; and ¢y. It thus follows that every formula
in the sequence ¢;, s ..., @, is either an axiom of T or else the result of applying modus ponens to two previous
formulas in the sequence. Thus, @1, ¢s,..., ¢, is aproof I of ¢ in Tp. O

CoroLLARY 3.4. If ¢ is a tautology, then + ¢.

In addition to the axioms of sentential logic and modus ponens, the deductive system T also includes axioms and
rules which describe the operation of the universal quantifier. Among the latter is an axiom schema which allows
for the ‘instantiation’ of a universal quantification over x by substituting for all free occurrences of x in the formula
quanitified over a term in the language. In order to state this axiom schema, we must first make precise the notion of a
(syntactic) substitution.

DermtTion 3.11. Let 7 be any term, we define the subtitution of t for x in T (written 7(x; t)), inductively as
follows:

(1) If 7 is the variable x, then 7(x; ) = .
(2) If 7 is an atomic term other than x, then 7(x; 1) = 7.

(3) If 7is the term f(zq, ..., ), then:
(1) =t (0, ... 0(x; 1))
Let ¢ be any formula, we define the substitution of t for x in ¢ (written ¢(x; 1)), inductively as follows:

(1) If ¢ is the atomic formula R(ty, .. ., #), then:
o(x; 1) = R(t1(x; 1), . . ., ir(x; 1)).

(2) (=p)(x; 1) = =(@(x; 1)).
(3) (¢ = Y)(x;0) = p(x; 1) = Y(x;1).
@) (Vxp)(x;1) = Vxo.

(5) If y is a variable other than x, then:
(Vyp)(x; 1) = Vy(p(x; 1)).
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ProposiTiON 3.5. For any term T and any assignment 6:

7(x;1)[0] = 7[6]

Proor. The proof is by induction on 7. If 7 is x, then since 7(x;f) = ¢, the claim follows from the fact that:
x[6;5] = 1[6]
If ¢ is an atomic term other than x, then since T[Gfl 9]] = 7[0], the claim follows from the fact that:
()=t
Suppose that 7 is the term (¢, . . ., #;). Then, by the induction hypothesis:
T )[0] = £t (DL, ... e D1OD) = £(E1 (631 .. el ]) = 716,
O

It is often desirable to substitute multiple terms at once for the various variable occurring freely in a given formula.
We might try to define the operation of multiple substitution, as follows: If xy, ..., x, (n > 1) are distinct variables and
ti,...,t, are terms, let Sub(yp, x1,...,X,; 1, ..., t,) be the formula:

Sub(‘p’ xl’ cee -xn—l; t17 MR tn—l)(-xn; tl‘l)'

This, however, will not do, for suppose that ¢ is the formula R(x, y), #; the term f(y) and #, the constant ¢. Then while
we would expect the formula Sub(e, x, y; 11, 1;) to be:

R(f(), ¢),
this substitution, in fact, yields:

R(f(c), ¢).
The reason for this is that, as defined above, the multiple substitutions of #; for x and #, for y occur sequentially. That
is, t; is first substituted for x and then is t, substituted for y in the resulting formula. Consequently, since #; contains
y, once t; has been substituted for x, the subsequent substitution of #, for y modifies this term. In order to obtain the

desired effect of simultaneous substitution, we must first ensure that the substituted variables do not appear in any of
the substituting terms.

Derinition 3.12. Let xi,...,x, be distinct variables, and let ¢q,...,t, be terms. Choose any variables
Vi,..., vy such that, forall i, j € {1,...,n}, v; # x; and v; does not occur in ¢;. We let @(x1, ..., Xn;t1,. .., 1)
be the formula:

Sub(Sub(@, X1, ... Xn3 Vs e oo s Vi)s Vg e oo s Vs Hy oo s 1)
(In other words, we first substitute (sequentially) for each variable x;, the variable v;, and then, in the
resulting formula, we substitute (sequentially) for each variable v;, the term ¢;).

Henceforth, when we write ¢(xy,...,x,) we will take this to imply that xi,..., x,, are distinct variables.
Once a formula has been introduced in this way, we write ¢(71, . . ., t,) for the formula (x|, ..., X3 t1, ..., 1).

Definition [3.11]is meant to capture the intuitive idea that the formula ¢(x; r) should assert of  whatever it is that the
formula ¢ asserts of x. To ensure that this is the case, however, we must take care, that in substituting ¢ for x, we do
not inadvertently introduce a variable which falls under the scope of some quantifier in ¢.

Suppose, for example, that ¢(x) is the formula:
Yy(R(x, y) = S()).
In this case, the formula ¢(z) is

YyR(z,y) = SO)),

which does indeed say of z just what ¢(x) says of x, namely, that any object in the domain which stands in the relation
R to z, has the property S. On the other hand, if we consider the formula ¢(y):

VYR, y) = S()),
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we see that this does not assert the same of y, but rather says something altogether different, namely, that every object
which stands in the relation R to itself has the property S. The problem here is that by substituting y for x in ¢ what
was originally a free occurrence of x, becomes a bound occurrence of the variable y. To protect against the possibility
of such inadvertent bindings, we introduce the notion of ‘legitimate’ substitution, or substitutability:

DeriniTioN 3.13. Let 7 be any term and let x be any variable. We define the class of formulas for which ¢ is
substitutable for x, inductively as follows:

(1) If ¢ is an atomic formula, then ¢ is substitutable for x in ¢.

(2) If # is substitutable for x in ¢, then 7 is substitutable for x in —¢.

(3) If  is substitutable for x in both ¢ and i, then ¢ is substitutable for x in ¢ — .
(4) t1is subtitutable for x in the formula Yxe.

(5) If ¢ is substitutable for x in ¢ and y does not occur in ¢, then ¢ is substitutable for x in Vy.

If ¢ is a closed term, then it is substitutable for x in any formula ¢. Also, if x does not occur freely in ¢, then
any term ¢ is substitutable for x in ¢ (in this case, the substitution does not alter the original formula).

To show that the subtitution of subsitutable terms correctly captures the intended interpretation of syntactic substitution
we observe the following fact:

THEOREM 3.5. If't is substitutable for x in ¢, then
M E e8] & A E ¢lby]

Proor. The proof proceeds by induction on ¢. For atomic formulas, ¢ is always substitutable for x, and the result
follows from Proposition[3.5] Suppose that 7 is substitutable for x in —¢. Then,  is substitutable for x in ¢, and so by
the induction hypothesis:

M E = 0[0) & M o D[0] & M pl63] & M E —¢l6]
A similar argument can be given for conditional claims.
Now, suppose that ¢ is the formula Yxy. Since x does not occur freely in ¢, for any term ¢, ¢(x; ¢) is the formula ¢ and
M E Q01 iff A E l6, ).
Lastly, suppose that ¢ is the formula Vyy, where y is some variable distinct from x, and that ¢ is substitutable for x in ¢.
Then ¢ is substitutable for x in ¢ and y does not occur in . Hence, for any assignment 6§ and any c € |.#|, {[6] = t[6],
and so, by the induction hypothesis:

A E N (x0l0]

For every ¢ € I(///I|I, W ASAE A
For every ¢ € I//I/II, M E (!/[é’z[xw:]]
For every ¢ € |//2|, A E Y14
For every ¢ € L//I}I, M 1,0
M E Viil//[f)fw]]
This completes the proof. O

We now are at last in a position to state the two axioms schemas in 7 that describe the behavior of the universal
quantifier:
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Q) (¢ = ¢¥) = (¢ = Yxy), where x does not occur freely in ¢.

(UD VYx¢ — ¢(x;1), where t is substitutable for x in ¢.

In addition to these two axiom schemas, the system T also includes a second rules of inference, which we refer to as
universal generalization (UG):

(UG) If x does not occur freely in any formula in I', then if I' ¢, I F V.

2.2. The Soundness Theorem for 7. The soundness theorem for T asserts that:

THEOREM 3.6. IfT + o, thenT = 4.

Proor. As before, we prove soundness by induction on the set of formulas which are provable from I'. In partic-
ular, we must show that:

(1) IfpeTl, thenT E ¢.
(2) If ¢ is an axiom of T, then I = .
B) ITEgandT' E ¢ — ¢, thenT E ¢.

(4) If x does not occur freely in any formula in I', and if T = ¢, then I" = Vxo.

Claim (1) follows immediately from the definition of |=.

For claim (3), suppose that .Z = ¢[0] and .# E ¢ — y[6]. Then, it follows from the definition of satisfaction that
A = Y16]. Hence, {¢, ¢ — ¢} = ¢, which implies (3).

For claim (4), suppose that .#Z E y[6], for all ¥ € I'. Since x does not occur freely in any ¢ € T, for any ¢ € |[.#]|,
A E y[0Y], for all Y € T'. But, since I' |= ¢, it follows that .Z = ¢[6%], for all ¢ € [.#], i.e., # = Vxypl6].

For claim (2), we will show that if ¢ is an axiom, then .#Z | ¢[6], for any model .# and assignment 6. This is
obviously so for instances of the sentential axioms.

For UQ, suppose that .Z = Yx(¢ — ¢)[6] and .# | ¢[6]. The first implies that for any ¢ € |.Z|, # &= (¢ — ¥)[65]
and the second implies that .# = ¢[6F] since x does not occur freely in ¢. It thus follows, that .Z | ¢[6F], for all
cElH,ie., A = Nxyl[o].

For Ul, suppose that .#Z E Yxy[6] and that ¢ is substitutable for x in ¢. Then, .#Z [ t,o[Ht[g]] and so .7 E ¢(x;1)[0)].
This completes the proof. O

2.3. Some Basic Facts about 7. In this section, we prove various elementary facts about the system 7y which
we will appeal to in our proof of the completeness of the system. We begin by proving that the deduction theorem (for
sentences) holds for first-order logic.

TueoreM 3.7 (Deduction Theorem). Let ¢ be any sentence of £. Then, T U {¢} v if and only if T v ¢ — .

Proor. The proof proceeds just as in the case of sentential logic. The if part of the claim follows trivially from
MP. To prove the only if part of the claim, suppose that ¢, . ..,y is a proof of i from I'U{¢}. To show thatT' + ¢ —
it will suffice to show that, foralli = 1,...,k:

2.1 FTule=y,...,0 > Yl ro oy,

We prove this claim by induction on i. We first note that y; is either (i) a member of I, (ii) equal to ¢, (iii) an axiom of
TF, (iv) the result of applying MP to two previous lines in the proof, or (v) the result of applying UG to some previous
line in the proof.

The first four cases are handled in exactly the same manner as was the case for the deduction theorem in sentential
logic. For (v), suppose that if; is the formula Yxy; (j < i), where x does not occur freely in any formula in I'. Then, by
the induction hypothesis:

Fu{p—>yi,...,o =Y} Fo >y,
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Hence, it will suffice to prove (2.1)) to show that

poUjke = Vay;
Since ¢ is a sentence and x does not occur freely in i ;, x does not occur freely in ¢ — ;. We thus have the following
proof:

D ¢—y; [Premise]
(2) Yx(g = ¥)) [UG-1]
(3) Vx(p = ¢)) = (¢ = Vxy)) (UQ]
@ ¢ = Vxy; [MP - 2,3]
This completes the proof. o

As an example of how the deduction theorem can be applied in first-order logic, we may note the following claim:

ProposiTION 3.6. F Vx(p(x) = ¥(x)) = (Vxp(x) = Yaxy(x))

Proor. We will first show that {Vx(p(x) — ¥(x)), Vxe(x)} F Yxy(x). The proof is as follows:

(1) Vx(e(x) = ¢(x) [Premise]
(2) Yx(e(x) = ¢(x)) = (¢(x) = ¥(x) [UI]
(3) ¢(x) = y(x) [MP - 1,2]
4) Yxp(x) [Premise]
(5) Yxp(x) = ¢(x) [l
(6) ¢(x) [MP - 4,5]
(M) ¥(x) [MP - 3,6]
(8) Yxy(x) [UG-7]

(note that the application of UG in step 7 of the proof relies on the fact that x does not occur freely in either of the
premises). The desired result follows from two applications of the deduction theorem. O

ProposritiON 3.7. Let I be a set of formulas, ¢ a constant symbol, and let ¢(x) be a formula with one free variable. If ¢
does not occur in any formula of T, then:

I'r@(c) =T F Vxp(x)

Proor. Let i1,..., Y be a proof of ¢(c) from I, and let x be a variable which does not occur in any formula I,
or in any formula in this proof. Let i be the formula which results from replacing every occurrence of ¢ in ¢; with x.
Then, it easy to verify that df’l, e l//,’( is a proof of ¢(x) from I'. Thus, from UG, T + Vxp(x). O

2.4. The Completeness Theorem for 7». The completeness theorem for 7' asserts:
TueoreM 3.8. Let I be a set of sentences of £, and let  be a sentence of £. Then, if T E , thenT + .
(Note that while we we will prove completeness only for sentences of the language, this is not because the result does
not hold for all formulas (it does). It is rather so as to avoid certain complications of a technical nature.)

As was the case in sentential logic, Theorem [3.8] can be reformulated in terms of consistency and satisfiability:
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DeriniTioN 3.14. A set of sentences I is satisfiable if there exists a model .#, such that .#Z = ¢, for all
pel.

DermntTiON 3.15. A set of sentences I is consistent if there exists a formula ¢, such that T’ + ¢, and " + =

The proofs of the following propositions are exactly the same as those which were given for sentential logic:
Prorosition 3.8. T £ ¢ iff T U {—} is satisfiable.
ProrosiTion 3.9. T ¥ ¢ iff T U {=y} is consistent.

Prorosition 3.10. IfT is a consistent set of sentences, then for any sentence Y, either ' U {{/} or T U {—y} is consistent.

The completeness theorem is thus equivalent to the following claim:

THeOREM 3.9 (Completeness Theorem). Every consistent set of sentences is satisfiable.

DEerINITION 3.16. Let .# be a model for . and let .Z* be any first-order language obtained from .Z by
adding to the non-logical vocabulary of . additional constant symbols, function symbols or relation sym-
bols. If .# is a model for .7, then the restriction of A to £ (written .# &), is the model of ¥, defined
by:

() |Ag| =)
(ii) ¢?# = ¢ for any constant symbol ¢ in .Z.
(iii) £## = £ for any function symbol f in .Z.

(iv) R“## = R for any relation symbol R in .Z.

If ¢ is a sentence of ., Z* an extension of .Z, and .# a model for .£*, then:
MEpS My =

Thus, in proving Theorem [3.9] it is enough to show that every consistent set of sentences .Z" has a model for some
extension of the language.

In outline, our proof of Theorem [3.9| will proceed along much the same lines as did our proof of the completeness of
sentential logic: we will first show that every maximally consistent set of sentences (satisfying a given property) has a
model and we will then show that every consistent set of sentences can be extended to a maximally consistent set (that
satisfies this property). The definition of maximally consistent sets, and the basic properties of such sets are the same
as before. We restate these facts here for the sake of completeness:

DeriniTiON 3.17. A set of sentences I is maximally consistent, if the following two conditions hold:

(1) T is consistent.

(2) Every set I'” of which I' is a proper subset is inconsistent.

ProrosiTion 3.11. If T is a maximally consistent set of sentences, then for every sentence ¢, exactly one of the two
sentences ¢, ~ is a member of T.
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The advantage of considering maximally consistent sets is that these sets are ‘sufficiently informative’ to allow us to
read off from the sentences in the set an interpretation of the language, under which all of the sentences in the set are
true. In particular, in the context of first-order logic, consideration of a maximally consistent set should allow for the
construction of a model of the language which satisfies every sentence in this set.

What objects should be included in the domain of this model? A particularly convenient way of answering this qustion
is to allow the terms in the language to themselves comprise the model’s domain. By adopting this approach, we can
consruct the model under the assumption that it interprets the terms of the language autonomically, i.e., as names of
themselves.

DeriniTioN 3.18. Let I' be a maximally consistent set of sentences in a first-order language . which contains
at least one constant symbol (this assumption is needed in order to ensure that the domain of the model is
nonempty). The standard model for I is the model .# for .Z defined by:

(1) |.#| = {t: tis aclosed term of .Z}

(2) For every constant symbol ¢, ¢# = c.

(3) For every k-ary function symbol f:
£, ) = £, ),

where t1, ..., € |A|.

(4) For every k-ary relation symbol R:
R (t1,....0r) © R(ty,...,p) € T.

At this point, it would be natural to attempt to prove the following claim:

ProposITiON 3.12. Let I' be a maximally consistent set of sentences in a first-order language £ which contains at least
one constant symbol, and let ./ be the standard model for . Then for every sentence ¢ of £ :

peleAEy

Unfortunately, this claim does not hold in general. To see the difficulty note that the above claim implies that for any
formula ¢(x):

Axp(x) €T & A = Yx—p(x)

But since the domain of .# consists of the closed terms of the language, the right-hand side of this conditional is true
iff for some closed term ¢ of .Z, .4 £ —¢(t), or equivalently, that .#Z  ¢(f). Hence the above claim implies that for
any maximally consistent set of sentences I':

dxp(x) e T
¢

(1) € I, for some closed term t.

This, however, need not be the case. It is possible for a maximally consistent set to include both the sentence Jxp(x),
and all sentences of the form —¢(f) since the object whose existence is asserted by the existential claim need not
named by any closed term of the language. By considering the standard model of I" we exclude this possibility since
the objects in the domain are all names of themselves.

In order to overcome this difficulty, we must limit our attention to maximally consistent sets which imply that for every
true existential claim Jdx¢p(x), there is a term ¢ which can serve as a ‘witness’ to this claim, in the sense that the object
referred to by ¢ has the property ¢.
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DerintTION 3.19. Let .Z be a first-order language which contains at least one constant symbol. A set of
sentences I is witnessed if, for every formula ¢(x) with one free variable, there is a closed term ¢, such that:

Axp(x) = () €T

TueoreM 3.10. Let I be a witnessed, maximally consistent set of sentences in a first-order language £ which contains
at least one constant symbol, and let M be the standard model for T. Then for every sentence ¢ of £ :

peleAEy

Proor. The proof proceeds by induction on ¢. If ¢ is an atomic sentence, then this follows directly from the
definition of the standard model ./ .

Suppose that ¢ = —. If ¢ € T, then ¢ ¢ T, and so, by hypothesis, .# £ . Hence, .# = ¢. Now suppose that ¢ ¢ T
Then ¢ € T, and so by hypothesis .Z = . Hence . - ¢.

Now, suppose that ¢ =  — p and that ¢ € . Then either ¥ ¢ T orp € T'. If ¢ T, then by hypothesis, .Z £ .
Hence, .Z E ¢. If, on the other hand, p € T, then, by hypothesis, .# [ p. Hence, # [ ¢. Thus,ifp € T, 4 E ¢.
Now suppose that ¢ ¢ T, then both ¢ € T and p ¢ I'. But then, by hypothesis, .# |  and .Z £ p. Hence .# - .

Now, suppose that ¢ = Yxy(x). It will suffice to show that if the claim holds for all sentences of the form (), where
t is a closed term of .Z, then it holds for ¢. Suppose that ¢ € T" and let 7 be a closed term of .Z. Then, since every
sentence which is an axiom of Tz is in I, ¢ — y(¢) € T, and so y(¢) € I. Thus, by assumption .#Z = y(z), for all
closed terms of .Z, i.e., 4 E ¢.

Now suppose that ¢ ¢ I'. Then dx—y(x) € I'. Since I' is witnessed, for some closed term ¢, the sentence:
Ax=p(x) — ()
and so —(f) € T. Thus, by hypothesis, .#Z | —(t), from which it follows that .#Z (£ Vxy(x), i.e., 4 ¥ ¢. O

To prove completeness, all that remains to be shown is that every consistent set of sentences can be extended to
a witnessed, maximally consistent set. The construction of a maximally consistent extension of a consistent set of
sentences, can proceed in exactly the same manner as it did in the context of sentential logic, viz., the sentences of the
language are enumerated, and at each stage of the construction, we add to the set either the sentence or its negation, in
a manner which preserves consistency.

All that we must show then is that every consistent set can be extended to a consistent, witnessed set of sentences.
TueoreM 3.11. Let T be a consistent set of sentences of a first-order language £. Then there exists a consistent,

witnessed set of sentences I of a first-order language &', which is an extension of £, such that T’ D T.

Proor. Let .Z” be the first-order language which results from adding to . an infinite sequence of new constant
symbols:

C1,C2,C3...,
and let ¢y, ¢, ..., be an enumeration of all formulas of .#”, in which exactly one variable occurs freely. We construct
an increasing sequence of sets of sentences of .£’, Iy, T'y,.. ., as follows: Let I’y = T, and let:

I'1 =T U {Jxp1(x) — p1(c1)}

Suppose that I, (n > 1) has been constructed, and that it consists of the union of I'y and finitely many sentences in
I',. Then, since no constant of the form ¢; appears in Iy, only finitely many constants ¢; appear in I',,. Let j,. be the
smallest j, such that ¢; does not occur in any sentence in I',,, and put:

l—‘nJrl = 1—‘n U {3x<pn+l(x) - Q0n+1(cju+|)}

If T, is the union of 'y and finitely many sentences in .#”, then so is I',,;1. Thus the construction can be continued ad
infinitum.
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Let I'” be the union of the sets Iy, I';,I>,...,1.e.:
= U T,

Clearly I'" is a witnessed set of sentences of .Z”. It remains to show that I'"” is consistent. For this, it suffices to show
that I, is consistent, for all n. For n = 0, this follows from the fact that I'y = I'. Now suppose that I',,_; is consistent
(n > 1), but that I',, is inconsistent. Since I', = ', U {dxp,(x) — ¢x(c;,)}, this means that:

L1 F =(3xgn(x) = @a(c;,))
By sentential logic, it follows that
[y F Axe,(x)
and
Lotk =ga(e,)
By Proposition@ this means that I',_; F Yx—¢,(x). But since dx¢,(x) is the formula =V x—¢,(x), I',-; is inconsistent,

which contradicts our assumption. O

The proof of Theorem can now be stated as follows: Let I be a consistent set of sentences of .Z. Then, by
Theorem [3.11] there exists a set of sentences I of some extended language ., such that ' c I” and I is a witnessed,
consistent set of sentences of .. We may then extend I"” to a witnessed, maximally consistent set of sentences I'* of

', which, by Theorem is satisfied by the standard model for I'*, .#. It follows that .# is a model of I in the
language .Z”, and so .#|.Z is a model of " for .Z.



Appendix A: General Notation

In this course, mathematical theorems and their proofs will be expressed in ordinary (if somewhat stilted) English
supplemented by certain terminological devices, the precise meanings of which will be specified in definitions that are
highlighted and numbered in the course notes for ease of reference. The terminological devices that are given explicit
definitions in the notes will typically be introduced either for the purpose of formulating particular theorems clearly
and concisely, or else as an aid in articulating the reasoning involved in the proofs of such theorems. As such, while
any piece of notation may be freely utilized once it has been explicitly defined, the usefulness of such notations will
often be limited to a specific subject matter, so that once that subject matter has been done with, the precise meaning
of the notation may be, more or less, forgotten.

There is, however, a certain class of terminology which appears so often in mathematical writing that it is best regarded
as a fundamental part of the language in which mathematics is done. We take this opportunity now to introduce this
terminology explicitly for those who may not yet have had occassion to encounter it. Readers who fall into the latter
category would do well to master its usage now since it will henceforth be utilized, without further comment, in nearly
every theorem or proof that we write.

If and only if. The phrase “iff”’ is shorthand for the locution “if and only if”. It expresses an equivalence between
the claim which precedes it and the claim which follows it. To prove that ¢ iff ¢, one must prove both that ¢ is true
only if ¢ is true (i.e., that ¢ implies ) and also that ¢ is true if ¢ is true (i.e., that ¢ implies tp)E]

The Ellipsis. The ellipsis (*---’) is used to to indicate an implied interpolation of the pattern indicated by that
which precedes and succeeds it. Thus, for example, the expression

1,2,...,100

refers to the list of numbers beginning with 1 and ending with 100, where each number in the list (except for the first)
is 1 greater than that which immediately precedes it. If the ellipsis has no succeeding term, then the pattern implied
by the terms preceding the ellipsis is understood to be continued ad infinitum. Thus, the expression:

P1:$2, -+

refers to an infinite list, the nth term of which is ¢,,.

While it is most commonly used in expressions denoting lists of objects, an ellipsis may be used in expressions
denoting any type of entity whatsoever, provided the denoting phrase involves some interpolatible pattern. Thus, for
example, if ¢1, @2, ..., ¢, are all sentences in some formal language, then we may express their conjunction (which
we will assume is also a sentence in the language) as follows:

PLAPI A N

Unless otherwise indicated, the pattern implied by the ellipsis should always be assumed to be the incrementation (i.e.,
addition by 1) of the most obvious index of the terms preceding the ellipsis (which may be the terms themselves). This
is so even when there is some other pattern that may seem equally obvious. Thus, for example:

X3,...,X11

In the context of a definition, in spite of the typical usage of an “if”” locution to specify the defining condition, it will always be assumed that
the stated condition is both a necessary and sufficient for the defined term to apply. Thus, for example, the “if”” appearing in the following definition:

DeriNiTION. A natural number is prime if it is both greater than 1 and divisible by only 1 and itself.

is to be read as “iff”.

63
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refers to the list:
X3, X4, X5, X6, X7, X8, X9, X105 X11
and not to the list:
X3, X5, X7, X9, X11.

If the pattern to be interpolated does not simply involve the incrementation of an index, then it may be explicated by
placing between two ellipses a functional expression indicating how any given elliptical term is to be inferred from its
position in the list (as represented by some variable, e.g., i or n). Thus, for example, to express the list above, one may
write:

X3y oo o5 X2n415 -+ o5 X1
It will be notationally convenient to stipulate that an expression such as

1,92, -+ 590,

in which the term succeeding the ellipsis does not appear in the continuation implied by the terms preceding it, refers
to the empty set (see below).

Basic Set Terminology. A set of objects can be represented by a comma-separated list of those objects placed
between curly braces (i.e., ‘{’ and ‘}’). Thus, for example, the set of all odd numbers between 1 and 10 may be written:

{1,3,5,7,9}

To say that an object x belongs to a set X, we write x € X (read: “x is in X” or “x is a member of X”). To say that x
does not belong to X, we write x ¢ X. Hence,

5€{1,3,5,7,9},
but

4¢{1,3,5,7,9}.
to express the fact that all of the objects appearing in the list xi, . .., x; are members of X, we write xi, ..., x; € X, and
to express the fact that none of these objects are members of X, we write xy,...,x; ¢ X.
If the members of a set can be easily listed, say by the list xy,..., x;, then we often substitute the expression “=
X1,...,x; forthe expression “€ {xy, ..., x;}.” Thus, for example, it is more standard usage to write “foralln = 1,2, ...,

2n + 1is odd,” than it is to write “for all n € {1,2,...}, 2n + 1 is odd.”

We say that one set X is a subset of another set Y (or that X is included in Y), if every member of X is a member of
Y, i.e., if, for any x, x € X implies x € Y. To express this fact, we write X C Y (or, less commonly, ¥ > X). So, for
example:

{1,5,7} c{1,3,5,7,9}.
Note that, according to the above definition, every set is a subset of itself, i.e., for any set X, X C X.
One will often encounter multiple statements of set inclusion “chained” together, as in:
XicXp - C Xy

This means that X; C X, X» C X3, etc.. Since, however, the subset relation is a transitive relation (i.e., for any sets
XY, Z,if X c Yand Y C Z, then X C Z), these statements of inclusion are together equivalent to the claim that
X; C Xj, whenever 1 <i < j<k

We say that the two sets X and Y are equal (written: X = Y) if X and Y have exactly the same members. Since two sets
are equal just in case each is a subset of the other, one often proves the equality of two sets X and Y, by first showing
that X C Y and then showing that Y € X. If X C Y, but X # Y, we say that X is a proper subset of Y.
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The Empty Set. It will be convenient to assume that there exists a set containing no members, which we denote
by 0, and refer to as the empty set. The two defining properties of the empty set are as follows:

(1) For every property P, it is (vacuously) true that, for all x € @, x has the property P; and

(2) For every property P, it is (vacuously) false that, for some x € @, x has the property P.

Note that from (b), it follows that no object is a member of 0 (for any object a, let P be the property possessed by all
and only those x, such that x = a), and from (a) it follows that, for any set X, 0 c X (let P be the property possessed
by all and only those x, such that x € X).

Representing Sets. In mathematics, nearly every set that we will have any occassion to reference will be most
clearly defined, not by means of a simple listing of its members, but rather in terms of a property possessed by all and
only the members of this setE] Thus, for instance, we may have occassion to refer to the set of all prime numbers, or
the set of all expressions (in a formal language) of length greater than 12.

To refer directly to the set of all and only those objects which possess the property P, we write:
{x: P(0)},

where P(x) stands for any statement expressing the fact that x has the property P. This description of the set is read:
“the set of all x, such that P(x).” So, for example, if we wish to refer to the set of all odd, natural numbers between 1
and 10, we could write:

{n : nis an odd natural number and 1 < n < 10}

When the defining property of a set implies that the set in question is a subset of some other set Y, this fact can be
indicated by writing x € Y on the left-hand side of the colon. The condition then appearing on the right-hand side of
the colon is that which must hold of any member of Y in order for it to be included in the set. So, for example, if N is
the set of all natural numbers, then the above set may be written:

{neN:nisoddand 1 <n <10}

If it is clear from the context, from what set of objects the members of a defined set are to be drawn, then we may omit
any explicit reference to the containing set. Thus, for example, if it is clear from the context that we are defining a set
of natural numbers, then, for the above set, we may simply write:

{n:nisoddand 1 < n < 10}

Sometimes it is convenient to describe a set as that which results from applying a certain function to all only the
members of another set. In particular, to refer to the set which results from applying the function f to the members of
the set consisting of all and only the objects possessing the property P, we write:

{f(0) : P(0)}.
Hence, the above set may be written:

2n+1:0<n<4}.

Set Operations. The union of the two sets X and Y is defined by:
XUY={x:xeXorxeVY}
The intersection of X and Y is defined by:
XNY={x:xeXandx e Y}
And the complement of Y (relative to X) is defined by:
X-Y={xeX:x¢Y}

The following Venn diagrams can help to visualize the effect of performing these set-operations:

SIndeed, as we shall later see, there are some sets whose members are too numerous to be listed.
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XuY

XxXnYy

Since the result of forming the union of multiple sets does not depend on the order in which the union operations are
performed, we may simply write:

XjU---UXyg,
in place of any expression of the form
(' o ((an U an) o 'Xnk),

where n; € {1,...,k}, fori = 1,...,k, and n; # nj, for i # j (and similarly for the intersection of multiple sets). More
generally, if 2 is a set whose members are all sets, we define:

U%:{x:xeX,forsomeXeﬁ”},
and
ﬂ%z{x:xEX,forallXeﬁ”}.
If 2" ={X,,..., X}, we will often write:

k
U
i=1

in place of | J 2", and similarly for intersections (this notation can be extended in the obvious way to any set .2~ whose
members comprise an indexed list of sets).
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[LI (a) For any expression ¢, let I(¢) be the length of ¢. Let i be any sentence. Then i is of the form a = 3,

(®)*

where @ and 8 are numerical expressions, and so
W) =la)+1(=)+1B) =1+ 1la)+1p).

If both /(@) and [(B) are odd, 1 + I(@) + I(B) is odd. Hence, it will suffice to show that /() is odd, to
show that the length of every numerical expression is odd.

For any numerical expression a, let c(a) be the number of times the symbol X occurs in @. We will
prove that the length of @ is odd by induction on c(@). If c(a) = 0, then « is a numeral, and so l(a) = 1,
which is odd.

Now suppose that c(a) > 1 and that, for all numerical expressions (3, such that c¢(8) < c(a), I(8) is odd.
Since c(a) > 1, @ is of the form:

nxa,

where n is a numeral and @’ is a numerical expression, such that c(a’) < c(a). Thus, by the induction
hypothesis /() is odd, and so

la) =2+ 1)

is odd. We have thus shown that the length of every numerical expression is odd, and, consequently,
that the length of every sentence is odd.

Since any arbitrary string of symbols is an expression, the number of expressions of length k is simply
the number of symbols in the alphabet of % raised to the power k, i.e., 5.
To compute the number of sentences of length k, note that a sentence is any expression of the form:

nyS1ngsy - Sici Nk,

2 2

where each n; is a numeral, and all but one of the s;’s is the symbol X (the remaining s; being the symbol
=). Since there are 3% different ways of choosing the numerals ny, ..., it and % different ways of
choosing which of the s;’s is the symbol =, the number of distinct sentences of length & is

k+1 k - 1
37—
%)
The probability of choosing a sentence at random from among all the expressions of length %, is thus:
<3l —
=)

= < T)(k— ).

Letting 8 = V3/5, we have:
V3
: i _ . ks ok
kh_r)?o[/s’(z (k=1 ocklggokﬁ ]}g?oﬁ

Since 0 < B < 1, limy_,, 8¢ = 0, and by I"Hopital’s Rule, lim;_,., k8 = 0. Hence, the probability of
choosing a sentence at random from among all the expressions of length k goes to 0 as k — oo.

67
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Let V = {val;, val,}, where:

vali(¢1) =T
val|(p2) = F
valr(¢1) = F
val(¢2) =T

and val;(y;) = F, forall i, j € {1,2}.

Since there is no valuation in V which assigns T to all the sentences in I', every sentence is a logical con-
sequence of I'. Hence, condition (i) is satisfied. Moreover, ¢; ¢ ;, for i, j € {1, 2}, since val;(¢;) = T and
val;(y;) = F. Hence, condition (ii) is satisfied.

1.4 Let o be an interpretation such that val” (¢) = T, for all sentences ¢ € I"". Then, since I'"" £ ¢, forall ¢ € T,
val” () = T, for all ¢ € I'. But since, by assumption, I' £ ¢, val” (/) = T. Hence, any interpretation under
which all of the sentences in I are true, is one in which ¥ is true as well, i.e., [” = .

For I' = 0, the claim implies that if ¢ is a logical truth, then ¢ is a logical consequence of any set of sentences.

For any sentence ¢, let
2(p) = {i : val”'(¢) = T}.

Then,
0=0 = {0,1}
Sx=0) = {0}
Sx=1) = {1}
>0=1) = 0

Since, for any sentence ¢, Z(¢) C {0, 1} and since ¢ = ¢ iff Z(p) = X(y), it follows that every sentence ¢ is
equivalent to one and only one of the above four sentences.

Let ¢, ..., ¢ be a proof of y from I". We will prove, by induction on i, that IV +7 ¢;, fori = 1,..., k. There
are three cases to consider: (i) ¢; is an axiom of 7', (ii) ¢; € T, (iii), ¢; is the result of applying some rule of T'
to sentences @y, , - - -, ¥n;> where n,, < k, form = 1,..., j. In case (i), it is obvious that [’ +7 ¢;. In case (ii),
I k1 ¢; follows from the fact thatI” F7 ¢, for all ¢ € T". In case (iii), by the induction hypothesis, I 7 ¢, ,
form=1,...,j,and soI” +r ¢;. Thus, I'"” b7 @, i.e., [7 F .
[LZ (a) The proof is as follows:
1. 0=0 [axiom]

2. 0xB8=0 [0+1]
3.0=0x8 [S2]
4. 0xa=0xp [0+,3]

(b) Let c(@) be the number of times the symbol X occurs in @. We will prove the claim by induction on
c(a@). If c(@) = 0, then « is a numeral, and so @ = « is an axiom. Hence + @ = a@. Now, suppose that
c(@) = 1, and that + 8 = B, for all B, such that c¢(8) < c(a@). Since c(a) > 1, @ = n X 3, where nis a
numeral and § is a numerical expression such that c(8) < c(a).

There are four cases to consider:

(1) n = 0: In this case, - @ = « follows from part (a), above.

(i) n = 1: The proof of a = « is as follows:
1. p=p8 [theorem]
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2. 1xp=4 [1+1]
3.8=1xp [S,2]
4, 1xB=1x8 [1+,3]

(iii) n = x and x occurs in 8: Since x occurs in S, there exists some (possibly empty) expression y such

that g is the result of applying the rule (X) to the expression x X y. We thus have the following
proof of @ = a:

1. 8= [theorem]
2. xxy =8 [xl1]
3.xxxxy=8 [x+.2]
4. a = [x3]
5.8=a [S4]
6. xXy=a [X5]
7. xXxXy=a [x+,6]
8. a=a [S,7]
(iv) n = x and x does not occur in 8: Since x does not occur in G, there exists some numeral m € {0, 1}
and numerical expression vy, such that @ is the result of applying the rule (X) to m X . Since

c(y) < c(a), following the proofs given in either (i) or (ii) above, we have that - m Xy = m X y.
We thus have the following proof of @ = a:

1. mXy=mXy [theorem]
2. a=mxy [x]1]
3. mxy=a [S2]

4. a=a [x,3]

This completes the induction.

(c) Given (b), the proof is as follows:

1. @ = a [theorem]
2. Ixa=all+1l]

1.8 (a) Suppose that I' +7 ¢. Since T is sound with respect to V', I" =y, . Now, choose val € V such that
val(p) = T, forall ¢ € T. Since V C V', val € V', and so, since I' |y ¢, val(y) = T. Hence, for all
val € V,ifval(p) = T, forall p e I, val(y) = T, i.e., I Ey . Thus, if I' +7 ¢, then T |y y, ie., T is
sound with respect to V.

(b) Suppose that I Ey» . Then for all val € V', if val(¢) = T, for all ¢ € I', val(yy) = T. But since V. c V’,
this is also true for all val € V,and so I" =y ¢. But since T is complete with respect to V, it follows that
I +r . Hence, if I |y ¢, then T +p i, i.e., T is complete with respect to V’.
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Let V be the class of all valuations, and suppose that T is sound with respect to V. Then, if " F7 ¢,
it follows that I" =y . But since V is the class of all valuations, it must be that i € I, for otherwise,
there would exist a valuation such that val(¢) = T, for all ¢ € ', but val(y) = F. Hence, if I 7 ¢, then
yel.

Now, suppose, for contradiction, that 7 is a deductive system such that, either (i) 7 has an axiom; or
(i) T has a rule of inference of the form:

r

i b
where ¢ ¢ I'. In case (i), if ¢ is an axiom of 7', then @ 7 ¢, but ¢ ¢ 0. In case (ii), I +7 ¢, but y ¢ T
Hence, in either case, we contradict the assumption that if I' +7 ¢, then ¢ € T'. Consequently, if T is
sound with respect to V, then 7 has no axioms or non-trivial rules of inference.

Let T be any deductive system. If V is the set of all possible valuations, then if I' Ey ¢, ¢ € I'. But if
¢ eI, T Fr ¢. Hence T is complete with respect to V.

Suppose that {x = 0,x = 1} +7, 0 = 1. Let ¢y,..., ¢ be a proof of 0 = 1 from {x = 0,x = 1} in T
that is no longer than any other such proof. We will show that ¢y, ..., ¢ is a direct proof of 0 = 1 from
either x = 0, x = 1, or some axiom of the system. To do this, we must show (1) ¢; is either x = 0,
x = 1, or an axiom of the system; (2) that for each i = 2,. .., k, ¢; is the result of applying some rule of
Ty to ¢;—1; and (3) that the rule (#) is not applied in the proof.

Claim 1 follows from the fact that ¢y, . .., ¢ is a proof from {x = 0, x = 1}.

We will prove claim 2 by backwards induction on i. Choose i > 2, and suppose that ¢; follows from
@;-1 by some rule of Ty, for all j > i, but that ¢; does not follows from ¢;_; by any rule of Ty. Then
either (i) ¢; is an axiom of Ty or a member of {x = 0,x = 1}, or (ii) ¢; is the result of applying some
rule of Ty to ¢,, for some n < i — 1. In case (i), ¢;, ... ¢, is a proof of length k —i + 1 < kof 0 = 1
from {x = 0,x = 1}, in case (ii), @1, .., Pis ..., is a proof of length k +n — (i — 1) <kof 0 = 1
from {x = 0, x = 1}. Hence, both cases contradict the assumption that there is no proof of 0 = 1 from
{x =0,x = 1} in Ty of length less than k.

To prove claim 3, we observe that the rule (#) can only be applied to the sentence 0 = 1, hence, if the
rule is applied at some point in the proof ¢, ..., ¢, it follows that ¢; is 0 = 1, for some j < k. But then
@1,...,p;jisaproof of 0 = 1, from {x = 0, x = 1} in T, but this contradicts the assumption that there is
no proof of 0 = 1 from {x = 0, x = 1} in T, of length less than k.

There cannot be a direct proof of 0 = 1, from either x = 0, x = 1 or an axiom, since this would imply
that 0 = 1 is logically equivalent to one of these sentences, which it is not. Thus, from part (a), it
follows that {x = 0,x = 1} #/7, 0 = 1, but since {x = 0, x = 1} | 0 = 1, Ty is incomplete.

Chapter 2

Since there are 2 distinct ways of determining the arguments that are given to a k-ary truth function,
and since a truth-function is determined by the truth-values it returns when it is given any one of these
sequences of arguments, there are 2% k-ary truth functions.

We will prove this claim by induction on k. Since g? is just the function g, the claim obviously holds
for k = 2.

Choose ny,ny,n3 € {1,2,3}, such that n; # n; for all i # j. If n3 = 3, then by the symmetry of g:
& @y @) = g, @y, @)
= g(g(anl’anz)va3)
= glglay, a2), a3)

3
= g(aj,a,a3)
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Suppose n3 # 3 and let i be the unique member of {1, 2}, such that n; # 3. Then, by the symmetry and
associativity of g, we have:

g(glan,, an,), any)
= gglay;, a3), ap,)
= glan,8(as, an,))
= glay, glan,, @3))
= glglan,, @), an,)
= glglay, ), @3)

3
= g(a,a,a3)

3
g (Q/nl ’ a/np an3)

Thus, the claim holds for k = 3.

Now, choose k > 3, and suppose that g” is symmetrical for all m such that 2 < m < k. Choose
ni,...,nx € {1,...,k}, such that n; # n; for all i # j. If n; = k, then by the symmetry ofgk":
g, an) = @ N, .. an ) )
= 2@ N, an ), @)
= g@ Nan...,a) )
= gan....m)
Suppose ny # k, and let my, ..., my_, be the k — 2 distinct members of the set {1,...,k — 1}, such that
n,,, # k. Then, by the symmetry of g"~! and the symmetry and associativity of g, we have:
g @, an) = g@ e an,) @)
= g€ @y Wy ), )
888" 2 (@mys-s Cmy), ), @)
88 7 (@my. - ), 8l @)
88 7 (@my. -, ), 8, @)
888" (@mys-s Qmy)s ), )
8@ @y s Oy @) 1)
8(g (ar, ... aicn). )

= dNay,..., @)

Thus, g* is symmetrical. This completes the induction.

(a) Let F be a set of symmetrical functions, and let f be a j-ary function definable in terms of F. Then
either (1) f € F, in which case f is symmetrical, or (2) there exist j-ary functions g;,...,gx € F,and a
k-ary function & € F, such that:

f=h@g1,...,80.

In the latter case, choose ny,...,n; € {1,...,k}, such that n; # n; forall i # j. Then, it follows from the
symmetry of the g;’s that:

flan,....an)

h(g1(@ny»-- s @)y 81 @nys - > X))
hgi(ay,...,a;),...,glai,...,a;))
f(ozl,...,a'j)

Hence, f is symmetrical.

(b) It can easily be verified that each of the functions f,, f, and f., are symmetrical. Hence, by part (a),
any function definable in terms of {f,, fv, fo} is symmetrical. But fp, » is not symmetrical since

o 2o(TF) =T,



(a)

(b)
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but

fe2(F, T) =F.
Thus, fp, » is not definable in terms of {4, fv, fo}.

The truth-function f; can be summarized by the following truth-table:

Ty

| | 3| )6
CIEE | TEEIRSS
= =3[ =] |-

By appeal to this truth table it is easy to verify that
“p=¢Te
and
oAy =(@TY)T(@TY.
Thus, since {—, A} is truth-functionally complete, so is {T}.

The truth-function f| can be summarized by the following truth-table:

ply

| | =3 =S
CIEE IR
3| | | |-

By appeal to this truth table it is easy to verify that
“p=¢le
and
eVi=(ely)lply).

Thus, since {—, V} is truth-functionally complete, so is {]}.

Suppose that f.(T, T) = T. We first prove that for every ¢ € I',; such that P, is the only atom occuring
in ¢, f,1(T) = T. If ¢ is the atomic sentence Py, then fp 1(T) = T. Suppose that ¢ = (¢ * p), and that
fua(T) =T and f,;(T) = T. Then

Joa(T) = flfy 1 (1), fpo1(T)) = f(T,T) =T.
Since f-(T) = F, it follows that f-, # f, 1, and so {*} is not truth-functionally complete.

Thus, if {«} is truth-functionally complete, f.(T, T) = F. Moreover, by an exactly analogous argument
it follows that if {x} is truth-functionally complete, then f.(F,F) = T.

There are four cases left to consider:
i) fu(T,F)=Tand f.(F,T)=T:

In this case, f. = f].

(ii) f.(T,F)=F and £.(F,T) = F:

In this case, f. = f;.



(a)

(b)

(©)
(d
(e)
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(i) £.(T,F) =T and f.(F,T) = F:

In this case, f. = f-p,2. We will prove that {*} is not truth-functionally complete, by showing
that for every ¢ € I'j,) such that Py and P, are the only atoms occurring in ¢, f;» is neither equal
to f, nor f;. If ¢ is atomic, this is obvious. Suppose ¢ = i * p and that the claim holds for both v
and p. Note that if f,,, is neither equal to f, nor f;, then the same is true of f-,,. But, then since

Joo = Flfu2s fo2) = f-poo(fu2s [o.2) = fo(fo2) = fops

Je,2 is neither equal to f, nor f;.

@iv) f«(T,F)=Fand f.(F,T) = T:

In this case, f. = f.p,2, and so, by an analogous argument to that given in (iii), {*} is not truth-

functionally complete

It follows that if f; is not equal to either f; or f|, then {*} is not truth-functionally complete.

Let ¢ be any axiom of T's. From theorem[2.9] we have
{=, mmp} k.
It follows from the deduction theorem that
T = Y,
and so by (SL-3) and (MP):
kY o
But since ¢ is an axiom, =—¢ F ¢, and so by (MP), == F .
From (a), it follows that =——¢ F —¢, and so, by the deduction theorem:
F oo — .
By (SL-3) and (MP), it follows that:
Fo— ==,

which, by the deduction theorem, implies that ¢ + ——.
By (SL-1), - ¢ = (¥ — ¢), and so by the deduction theorem ¢ + ¥ — ¢.
From theorem 2.9] it follows that {—¢, ¢} + . Hence, by the deduction theorem, - ¢ — .

From (a), ==(¢ — ¥) + ¢ — ¥, and, from (b), ¥ + =—. Therefore, since {¢, ¢ — ¥} F ¥, we have
o, 7l = Y} F ),
and so, by the deduction theorem:
ol = yY) -
By (SL-3) and (MP), it follows that:
pFY = (e =),
which, by the deduction theorem, implies that {¢, =} F =(@ — ¥).

2111 For a given interpretation o, we define the function i/l (), inductively as follows:

(a)
(b)
()

ill”(Py) = o(Py)
ill”(~p) = F

ill7 (o = ) = LU (@), ill7 W)
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We say that a sentence ¢ is an illogical truth if ill° (p) = T, for all interpretations o-. It can easily be verified
that if p is an instance of (SL-1), (SL-2) or the axiom schema:

(=) = (g = )
then p is an illogical truth. Moreover, if ¢ and ¢ — y are illogical truths, then so is ¢. Thus, if Fr; ¢, then ¢
is an illogical truth. But the sentence

(=Py = =Py) - (P, — Py)
is not an illogical truth, since if o(P;) = F and oo(P,) = T, then:
i (=P = =Py) - (P, = Py)) fo T (=P — =Py),ill7 (P, — Py))
FS (USSP, il (=P)), fo(o(P2), o(Py)))
f5(fS(EF), /(T F))
J5(T,F)
F

Thus, if7; (=P = =P2) = (P, — P).
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