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Chapter 1. Propositional Formulas

1.1 Definition: The alphabet (or symbol set) of propositional logic consists of the
following symbols:
AV e S (7 )7 P17 P27 P37

The symbols —, A, V, — and <> are called the logic symbols. Individually, the logic
symbols are given the following names:

not

A and

V or

— implies

<> if and only if

The symbols Py, P, P3--- are called the propositional variable symbols. Usually, we
shall write P,Q, R, - - - instead of Py, P>, P3,---.

1.2 Definition: An empty or finite list of symbols from the above symbol set is called a
string, and the number of symbols occuring in a string is called its length; we consider
P; to be a single symbol. The empty string, denoted by (), has length 0. If X and Y are
two strings then the string XY is called the concatenation of X and Y. If U, X and V'
are strings and if Y is the string Y = UXV then we say that X is a substring of Y.

1.3 Example: Let X = - A A—A. Determine how many substrings X has.
Solution: We list all the substrings of X ordered by length:

0, =, A, 2A, AN, A, o AN, AAS, ASA, T AAD, AA DA, X
Altogether X has 12 substrings.

1.4 Definition: In propositional logic, a formula (in standard notation) is a non-empty
string which can be obtained using finitely many applications of the following rules:

1. Each propositional variable symbol is a formula.

2. If F is a formula then —F' is also a formula.

3. If F and G are formulas and x € {A,V, =, <> } then (F' x G) is a formula.
Since the symbols A, V, — and <> are used to join together two formulas, they are called
binary connective symbols. The symbol — is called a unary connective symbol.

1.5 Example: X = (=P A (Q — P)) is a formula but Y = A—P)- is not.

1.6 Definition: A derivation for a formula F' is a list of formulas F}, Fs, -, F,, with
F = F,, (or sometimes F' = F}, for some other value of k) in which each formula Fj is
either

1. a propositional variable,

2. of the form —F; for some 7 < k, or

3. of the form (F; x F}) for some 4, j < k and some x € {A,V, =, <> }.
Often we shall arrange the list Fy, Fs,---, F}, in a column, with one formula on each line,
and provide justification on each line.



1.7 Example: Make a derivation for the formula F' = (P V (-Q — (R A P))).
Solution: One possible derivation is P, R, (R A P), Q, —-Q, (—-Q — (R A P)), F.

We write this derivation in a column and provide justification:

1. P rule 1

2 R rule 1

3 (RN P) rule 3, with x = A, on formulas 2 and 1
4. Q rule 1

5 -Q rule 2 on formula 4

6. (-Q— (RAP)) rule3, with x = —, on formulas 5 and 3
7. F rule 3, with x =V, on formulas 1 and 6

1.8 Note: A derivation for F' provides a proof that F'is a formula. It is in general more
difficult to prove that a given string X is not a formula. One way to do this is to find a
property which all formulas must satisfy but which X does not.

1.9 Definition: Let ®(F) be a statement about a string F'. We can show that ®(F) is
true for all formulas F' as follows:
1. Let F' = P, where P is any propositional variable, and show that ®(F) is true.
2. Let F' = =G, where G is any formula with ®(G) true, and show that ®(F) is true.
3. Let F = (G x H), where G and H are any formulas with ®(G) and ®(H) both
true, and X is any binary connective, and show that ®(F’) is also true.
This method of proof is called induction on formulas.

1.10 Example: Prove that the string X = (P— A Q) is not a formula.

Solution: Let ®(F') be the statement “P- is not a substring of F”. We show that ®(F) is
true for all formulas F'. Case 1: let F' = S, where S is a propositional variable (possibly
equal to P or to Q). Clearly, P— is not a substring of F' = S. Case 2: let F' = =G, where
G is a formula in which P— is not a substring. Then P- is not a substring of F' = -G
since if it was, then it would have to be a substring of G. Case 3: let F' = (G x H), where
G and H are formulas in which P— is not a substring, and x € {A,V, —, <+ }. Then P—
is not a substring of F' = (G x H) since if it was, then it would have to be a substring
either of G or of H. By induction on formulas, P— is not a substring of any formula F'.
Since P— is a substring of X, X cannot be a formula.

1.11 Theorem: (Unique Readability of Formulas) Let F' be a formula. Then

(1) F' does not begin with any formula G # F. To be precise, if X is a string and G is a
formula and F = GX then X =) (and so F = G), and

(2) The first symbol of F is either a propositional variable P, in which case F = P; or the
symbol =, in which case F' = =G for some uniquely determined formula G; or the symbol
(, in which case F' = (G x H) for some uniquely determined formulas G and H and some
uniquely determined binary connective X.

Proof: Part (2) follows immediately from the definition of a formula, except for the unique-
ness of G and H and x. The uniqueness follows from part (1).

To prove part (1), let ®(F') be the statement “for any formula G # F, F does not
begin with G and G does not begin with F”. To be precise, ®(F') is the statement “for
any string X and any formula G, (if F = GX then X =, and if G = FX then X = 0).
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Case 1: Let F' = P, where P is a propositional variable. Let X be a string and let
G be a formula. If FF = G X, then since the string F' = P has length 1, and the string G
has length at least 1 (G cannot be the empty string), we must have F = G and X = (. If
G = FX = PX, then the formula G starts with P, so G was obtained by an application
of rule 1 in the definition of a formula, and so G = P and X = ().

Case 2: Let F = —H, where H is a formula with ®(H) true. Let X be a string and
let G be a formula. Suppose first that ' = GX. Then -H = GX, so G begins with the
symbol = and so G was obtained using rule 3 in the definition of a formula; say G = - K.
Now we have -H = =KX so H begins with K. Since ®(H) is true, we must have H = K
and hence X = (). This completes the proof that if F = GX then X = (). Now suppose
that G = FX = -HX. Then G begins with = ; say G = =K. Now we have - K = -HX
and so K begins with H. Since ®(H) is true, we must have K = H and hence X = {).

Case 3: Let F' = (H x K) where H and K are formulas with ®(H) and ®(K) true, let
X be a string and let G be a formula. Suppose that (H x K) = GX. Then the string G must
begin with the symbol (. So G was obtained by an application of rule 3 in the definition
of a formula. Say G = (L * M), where L and M are formulas and * is a binary connective.
We have (H x K) = GX = (L* M)X and so either H begins with L or L begins with H.
Since ®(H) is true, we must have H = L. We now have (L*x M)X = (H x K) = (L x K)
and so * = x and either K begins with M or M begins with K. Since ®(K) is true, we
must have K = M. We now have (L« M)X = (H x K) = (L« M) and so X = (). This
completes the proof that if (H x K) = GX then X = (). Similarly we can show that if
G = (H x K)X then X = ().

By induction on formulas, ®(F") is true for all formulas F'.

1.12 Remark: Unique readability of formulas ensures that we could, if we wished, make
an algorithm to test a given string to determine whether it is a formula or a list of formulas.
We shall not bother to do this.

1.13 Example: Use unique readability to prove that X = (P— A Q) is not a formula.

Solution: The first symbol in X is the open bracket. This is followed by the formula P
which should then be followed by a binary connective. But P is followed by —, which is
not a binary connective.

1.14 Remark: By part (1) of the unique readability theorem, in a list of formulas
Fy, F5, - F, it is not necessary to separate the formulas by commas. The same is not
true, for example, of a list of integers.

1.15 Note: In addition to proving properties using induction on formulas, we can also
make inductive definitions.

1.16 Example: Define a function A on formulas inductively as follows. If F' = P, where
P is a propositional variable, then define A(F') = 1. If F' = =G, where G is a formula, then
define \(F) =1+ A(G). If F = (G x H), where G and H are formulas and x is a binary
connective, then define A\(F') =3 + A\(G) + A(H). It is not hard to see (and it is not hard
to prove by induction on formulas) that A(F’) is just the length of F'.

1.17 Definition: For a formula F', we define the set SF(F') of subformulas of F' induc-
tively as follows. If F' = P then define SF(F) = {F}. If F = =G, where G is a formula,
then define SF(F) = {F}USF(G). If F = (G x H), where G and H are formulas and x
is a binary connective, then define SF(F) ={F}USF(G)USF(H).
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1.18 Note: It is not very hard to see (though it is a bit long and tedious to prove) that a
subformula of F'is the same thing as a formula which is a substring of F'. We could define
a subformula in this way, but it is often easier to prove things about subformulas using
the above inductive definition.

1.19 Definition: The standard notation that we have been using for formulas is called
infix notation. There is another notation for formulas known as prefix notation in
which for example the formula (F' A G) is written as AFG. To be precise, a formula
in prefix notation is a non-empty string which can be obtained by using finitely many
applications of the following rules:

1. Every propositional variable is a formula in prefix notation.

2. If F'is a formula in prefix notation, then so is = F.

3. If F and G are formulas in prefix notation and x is a binary connective, then x F'G
is a formula in prefix notation.

1.20 Note: We can make a derivation for a formula in prefix notation just as we did
earlier for a formula (in infix notation). There is a one-to-one correspondence between
formulas and formulas in prefix notation. A formula and its prefix notation counterpart
can be given derivations with the same justifying rules used on each line.

1.21 Example: Convert the formula F' = (((P——(Q A =R)) V =(=P <+ R)) to prefix
notation.

Solution: With practice, this conversion can be done without the bother of writing out
a derivation, but here is a derivation for F' (on the left) and simultaneously for its prefix
notation counterpart (on the right):

1. R rule 1 R

2. P rule 1 P

3. -P rule 2 on 2 -P

4. (=P<+R) rule 3> on3and 1 < —-PR

5. =a(-P<+R) rule 2 on 4 -~ -PR

6. —-R rule 2 on 1 -R

7. Q rule 1 Q

8. (QAN—-R) rule 3Aon 7and 6  AQ-R

9. —(QAN-R) rule 2 on 8 - ANQ-R

11. (P—=>-(QA-R)) rule3— on2and9 —P-AQ-R
12. F rule 3Von 1l and 5 V—P-AQ-R-+ PR

1.22 Note: A formula in standard notation is easier to read than a formula in prefix
notation, but prefix notation has the advantage that there is a nice easy algorithm, called
the tub algorithm, for testing a given string to determine whether it is a formula (or a
list of formulas) in prefix notation. The algorithm works as follows.

Step 0: Let n be a counter (to count the number of formulas). Look at the last symbol
in the given string.

Step 1: If the last symbol is not a propositional variable, then the given string cannot
be a list of prefix notation formulas. If the the last symbol is a propositional variable, then
set the counter to n = 1 and begin to work through the given string, from right to left,
one symbol at a time.

Step 2: Look at the next symbol to the left: If it is a propositional variable then
increase the value of n by 1; if it is the symbol — then leave the value of n unchanged; if
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it is a binary connective then reduce the value of n by 1.

Step 3: At this stage, if n = 0 then the given string cannot be a list of prefix notation
formulas, and if n > 0 then the rightmost portion of the given string (the portion which
has been examined so far) is a list of n formulas in prefix notation. If we have not yet
examined every symbol in the given string, then go back to step 2.

1.23 Example: Let X = APV - —QR-—P<+ Q N PR. Use the tub algorithm to
determine whether X is a list of formulas in prefix notation. If so, convert it to a list of
formulas in standard notation.

Solution: The results of the tub algorithm are shown below. The successive values of the
counter n are shown beneath each symbol, and should be read from right to left.

A= PV-—=QR--P&QANPR
23323343222121210

The final counter value is 2, so the given string is a list of two formulas in prefix notation.
When this algorithm is performed by hand, it is convenient to draw tubs underneath the
prefix-notation formulas as they are counted (hence the name of the algorithm) instead of
recording the successive values of the counter n: the tubs are shown below:

APV a—=QR-=P- QAPR
L S S
The tubs help to convert the two prefix-notation formulas into standard notation (without

bothering to write out verification columns). The corresponding list of formulas in standard
notation is (-P A (=(Q — R) V =—P)), (Q <+ (P A R))

1.24 Definition: For formulas F' and G and for a propositional variable symbol P, we
define a formula [F|p., ¢ inductively as follows: for a propositional variable symbol @, for
formulas H and K, and for x € {A,V, —, <>}, we set

JifQ#P
L Q= {91077
2. [_'H]PD—)G:_'[H]PO—)G

3. [(H x K)|pesc = (H]posc % [K]poscs)-
It is not hard to check, using induction on formulas, that [F]p.,¢ is indeed a formula; it
is called the formula obtained from F' by replacing each occurrence of P by G.

1.25 Example: Let F = (=P — (Q A P)) and G = (P V ~Q). Find [F|p .
Solution: Using the inductive definition, we have

[Flpma = [(~P=(QAP)]p, ¢
= ([_‘P]PHG — (@ A P)]PHG)
= (-[Plpc = ([Qlpsa A [Plpoc))
= (—|G—> QA G))
= (~(PV-Q)=(QA(PV-Q))

Notice that we could have obtained [F]p—,¢ in one step simply by replacing each occurence
of P in F' by the formula G.



Chapter 2. Truth-Evaluations and Truth-Tables

2.1 Note: In this and future chapters, we shall often omit the outermost pair of brackets
from formulas, for example we might write (F'V G) as F'V G.

2.2 Definition: A truth-evaluation is a map « : {P;, P, Ps,---} — {0, 1}, where we
are using 1 to represent true and 0 to represent false. Given a truth-evaluation o, we define
the truth-value «(F), for any formula F', inductively as follows:

1. a(P) is already known for all propositional variables P.

2. If G is a formula then a(—G) is defined according to the table

G -G
1 0
0 1
1 if a(G) =0, and
so we have a(—-G) = £ 0(G) = 1.
if

3. If G and H are formulas and x € {\,V, =, <>}, then a(G x H) is defined according
to the table

G H (GNH) (GVH) (G—H) (G« H)
1 1 1 1 1 1
1 0 0 1 0 0
0 1 0 1 1 0
0O O 0 0 1 1

1 if a(G) =1and a(H) =1, and

so for example we have a(G AN H) = 0 otherwi
otherwise.

When o(F) = 1 we say that F' is true under the truth-evaluation «, and when a(F) =0
we say that F' is false under a.

2.3 Example: Let F' = ((PA—(Q— P)) V (R< —Q), and let a be any truth-evaluation
with a(P) =1, a(Q) = 0 and a(R) = 1. Determine whether F' is true under a.

Solution: We make a derivation Fy Fy --- F, for F', and under each formula F; we put
the truth value a(F;), which we find using the above definition.

P Q@ R Q—P —-(Q—P) AN=(Q—P) -Q R<—-Q F

1 0 1 1 0 0 1 1 1

The table shows that «a(F') = 1.

2.4 Definition: A truth-evaluation on Py,---, P, isamap a: {P;, Ps,---,P,} — {0,1}
(there are 2" such truth-evaluations). A truth-table (on Py, Py, --- P,,) is a table in which
1. the header row is a derivation F} Fy --- F,, --- F;, where the formulas Fj
contain no propositional variables other than Py, -, P,, with F; = P; for i < n.
2. There are 2™ rows (not counting the header row): for each of the 2™ truth-
evaluations « on Py, ---, P,, there is a row of the form a(F}) a(Fs) -+ a(F}).
3. The rows are ordered so that first n columns (headed by Py, -- -, P,) list the binary
numbers in decreasing order from 11 ---1 at the top down to 00- - -0 at the bottom.
We say it is a truth-table for F' when F' is one of the formulas F;. The column headed by
F; will be called the F;-column.



2.5 Example: Make a truth-table for the formula F' = =((P V -Q) — R).
Solution: We make a table, as in example 2.2, but with 23 = 8 rows.
P Q R -Q PV-Q (PV-Q)—R F

11 1 0 1 1 0
1 1 0 O 1 0 1
1 0 1 1 1 1 0
1 0 0 1 1 0 1
0 1 1 0 0 1 0
0 1 0 O 0 1 0
0 0 1 1 1 1 0
0 0 0 1 1 0 1

2.6 Definition: Let F and G be formulas, and let S be a set of formulas.
F is a tautology, written = F, means that for all truth-evaluations «, «(F) = 1.

F' is truth-equivalent to G, written F treq GG, means that for all truth-evaluations «,
a(F) = a(G).

S is satisfiable means that there exists a truth-evaluation « such that for all F' € S,
a(F) = 1. Such a truth-evaluation « is said to satisfy S. When & = {F'} is satisfiable,
we often omit the set-brackets and say that F' is satisfiable.

The argument “S therefore F” is valid, written S = F', means that for all truth-evaluations
a, if (a(G) = 1 for every G € S) then a(F') = 1. The formulas in S are called the premises
of the argument, and the formula F' is called the conclusion. When § is finite we often
omit the set-brackets.

2.7 Example: Let FF = (P ((Q A—=R)V S)) V (P —~S). Determine whether F' is a
tautology.

Solution: We make a truth-table for F'.

P Q@Q R S -R QAN-R (QAN-R)VS P+ ((QA-R)VS) =S P—-S F
1 1.1 1 0 0 1 1 0 0 1
1 1.1 0 0 0 0 0 1 1 1
1 1 0 1 1 1 1 1 0 0 1
1 1 0 0 1 1 1 1 1 1 1
1 0 1 1 0 0 1 1 0 0 1
1 0 1 0 O 0 0 0 1 1 1
1 0 0 1 1 0 1 1 0 0 1
1 0 0 0 1 0 0 0 1 1 1
0 1 1 1 0 0 1 0 0 1 1
0O 1 1 0 0 0 0 1 1 1 1
0 1 0 1 1 1 1 0 0 1 1
o 1 0 0 1 1 1 0 1 1 1
0O 0 1 1 0 0 1 0 0 1 1
0 0 1 0 O 0 0 1 1 1 1
0 0 0 1 1 0 1 0 0 1 1
0O 0 0 0 1 0 0 1 1 1 1

Since all the entries in the F-column are 1, F' is a tautology.
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2.8 Example: Let FF = (PVQ)— R and G = (P— R) V (Q — R). Determine whether
F treq G.

Solution: In general, F' treq G if and only if the F-column is identical to the G-column in
a truth table for F' and GG. We make a table:

P Q R PvQ F PR Q—R G

1 1 1 1 1 1 1 1
1 1 0 1 0 0 0 0
1 0 1 1 1 1 1 1
1 0 0 1 0 0 1 1
0 1 1 1 1 1 1 1
0 1 0 1 0 1 0 1
0 0 1 0 1 1 1 1
0 0 O 0 1 1 1 1

The F-column is not the same as the G-column, for example on the 4t row, F is false and
G is true. So F' is not truth equivalent to G.

2.9 Example: Let FF = (PV-Q)—R, G = P~ (QAR), H= (Q—R) and K =
—(=Q A R). Determine whether {F,G,H} E K.

Solution: In general, we have {Fy,---,F,} | K if and only if in a truth-table for the
formulas Fy,---, F,, and K, for every row in which Fy,---, F,, are all true, we also have K
true. We make a truth-table for F', G, H and K:

P Q@ R -Q PVv-Q F QAR G H -QANR K
1 1 1 0 1 1 1 1 1 0 1
1 1 0 O 1 0 0 0 O 0 1
1 0 1 1 1 1 0 0 1 1 0
1 0 0 1 1 0 0 0 1 0 1
0 1 1 0 0 1 1 0 1 0 1
0 1 0 O 0 1 0 1 0 0 1
0O 0 1 1 1 1 0 1 1 1 0
0 0 0 1 1 0 0 1 1 0 1

On row 7, F G and H are all true but K is false. This implies that {F,G, H} i~ K.
2.10 Example: Determine whether {PV Q,—-Q, P — Q} = —P.

Solution: We make a truth-table
P @Q PvQ -Q P—Q -P

1 1 1 0 1 0
1 0 1 1 0 0
0 1 1 0 1 1
0 0 0 1 1 1

Notice that there are no rows in which the premises are all true (in other words, the set
{PV Q,—Q,P— Q} is unsatisfiable). In this situation, the argument is valid (we don’t
even need to look at the last column of the table).



2.11 Example: It is not hard to check that {P — @, P} EQ. This valid argument is
called modus ponens. A verbal example of this argument is “If it is snowing then I will
have to shovel my driveway. It is snowing. Therefore I will have to shovel my driveway”.
Another valid argument is the chain rule {P - Q,Q — R} P — R. A verbal example
of this is “Bats are mammals. Mammals can’t fly. Therefore bats can’t fly” (here we have
P =%z is a bat”, Q =“z is a mammal”, and R =“z cannot fly”). Note that although this
argument is valid, its conclusion is false.

2.12 Example: Let F' = (-P—-Q) AN (P—-R), G = ~(PANQ)—R) and H = =Q V
(P <> R). Determine whether {F, G, H} is satisfiable.

Solution: In general, {F,---, F,} is satisfiable if and only if in a truth-table for the
formulas Fy,-- -, F},, there is a row in which the formulas F}, - - -, F}, are all true. We make
a truth-table for the given formulas F', G and H.

P Q R -P -P»Q -R P5-R F PAQ —~(PAQ) G -Q P<R H
1 1 1 0 1 0 0 0o 1 0 1 0 1 1
1 1 0 0 1 1 1 11 0 1 0 0 0
1 0 1 0 1 0 0 0 0 1 1 1 1 1
1 0 0 0 1 1 1 1 0 1 0 1 0 1
0 1 1 1 1 0 1 1 0 1 1 0 0 0
0 1 0 1 1 1 1 1 0 1 0 0 1 1
0 0 1 1 0 0 1 0 0 1 1 1 0 0
0 0 0 1 0 1 1 0 0 1 0 1 1 1

A careful look at the table reveals that there is no row in which F, G and H are all true.
So {F,G, H} is not satisfiable.

2.13 Example: Let S, = {Pn} U {P1 — Py, Po— P3, Py — Py, --- } Find all the truth-
evaluations which satisfy S,,.

Solution: Let a be a truth-evaluation which satisfies S,,. Let k be the smallest integer such
that a(Py) = 1 (so we have a(P;) = 0 for all ¢ < k). Since P, € S, so a(P,) = 1, we must
have 1 < k < n. Since for all ¢ we have (P, —» P;11) € S, so «(P;) = 1= «(Piy1) = 1,
we see that 1 = a(Py) = a(Px11) = a(Pgy2) = ---. Conversely, if 1 <k <n and « is the
) 0iti<k
S 1ifi>k
2.14 Note: Let F and G be formulas. Consider the following table.
F G F&G -G F—-G

truth-evaluation ay(F;) then «y, satisfies S,,.

1 1 1 0 0
1 0 0 1 1
0 1 0 0 1
0 0 1 1 1

Notice that on the first row (when F' and G are both true) we have F'+» G true and
F — =G false. This might seem to imply that (F <« G) H (F — —G), but it does not!
For example, if ¥ = P and G = =P A @, then we never have F' and G both true, so
the combination of truth-values shown in the first row of the above table never actually
occurs. The above table is not actually a truth-table as defined in 2.4. Rather, it is a table
of possible combinations of truth-values which may or may not actually occur.



2.15 Theorem: Let F', G and Fy,---,F, be formulas and let S be a set of formulas.
Write the formula (-+-((Fy AN Fo) NF5)A---ANF,) as (Fy A+ A F,). Then

(1) F is a tautology if and only if =F is not satisfiable.

(2) F is satisfiable if and only if =F' is not a tautology.

(3) EF if and only if ) = F.

(4) F =G if and only if = (F — G).

(5) F treq G E(F+G) <= (FEG and GEF).

(6) {F1, F,} EG<—= (FAN---ANF,)EG <= E(F1A---NF,)—G.

(7) {F1,---,F,} is satisfiable if and only if (Fy A --- A\ F},) is satisfiable.

(8) Sk F if and only if S U {—F'} is not satisfiable.

Proof: We shall only prove a few parts of this theorem. First, let us prove part 3. Recall
the mathematical convention that any statement of the form “for all z € ), A(x)” is
considered to be true (where A(x) can be any statement about z), so that in particular,
for every truth-evaluation «, the statement “a(G) = 1 for all G €()” is true. Also notice
that for any statements A and B, when A is true, the truth of the statement B is the same
as the truth of the statement “if A then B”. So we have

= F < for all truth-evaluations «, a(F) =1
<= for all truth-evaluations «, if a(G) =1 for all G € () then «(F) =1
= 0EF
Next, let us prove part 4. Notice that from the definition of the truth of a formula of the
form (F — @), we have a(F — G) = 1 <= ( if a(F) = 1 then a(G) =1). So

F =G <= for all truth evaluations «, if a(F') =1 then a(G) =1

<= for all truth-evaluations o, a(F' - G) =1

— E(F—G)
Finally, let us prove part 8. We have
S U{=F} is not satisfiable
<= there is no truth-evaluation « such that o(G) =1 for all G € SU{~F}
<= there is no truth-evaluation o such that (a(G) =1 for all G € S and a(—F) = 1)
<= for all truth-evaluations a, we do not have (a(G) =1 for all G € S and a(F) = 0)
<= for all truth-evaluations «, either we do not have a(G) =1 for all G € S, or o(F) =1
<= for all truth-evaluations «, if o(G) =1 for all G € S then a(F) =1
—=SEF
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Chapter 3. Disjunctive and Conjunctive Normal Forms

3.1 Definition: A literal is a formula which is either of the form P or the form —P for
some propositional variable P. A disjunctive-form constituent (or a DF constituent)
is a formula of the form

(+--((L1 ANLa) NL3) AN--- A L)
for some literals L;. Usually we shall omit all but the outer pair of brackets and write the
above DF constituent as (L1 A Ly A -+ A Lg). A disjunctive-form formula (or a DF
formula) is a formula of the form

(-« ((CLvC) V) V---VOY)

where each C; is a DF constituent. We shall usually omit the brackets. We also consider
the empty string to be a DF formula.

3.2 Example: The string (PAQ A -R)V (RA-RAQ)V (—P) is a DF formula.

3.3 Definition: A disjunctive-normal-form constituent (or a DNF constituent)
on the set {Py, Po,--+, P,} is a formula of the form

(---((Lt ANLg) NLz) A --- A Ly)

where for each i, either L; = P; or L; = —P;. Usually we shall omit all but the outer pair
of brackets.

Note that on {Py,---, P,}, there are 2" different DNF constituents, and they corre-
spond naturally to the 2" truth-evaluations, and hence to the 2" rows in a truth-table,
and to the n-digit binary numbers from 11---1 down to 00---0: the DNF constituent
C = (L1 N--- A Ly) corresponds to the unique truth-evaluation « for which a(C) = 1

1,if L; = P;

which is given by a(L;) = 1 for all 4, that is a(P;) = _ and this corre-
0 5 if Lz = _|P7; s
sponds in turn to the binary number a(P;)a(Ps) - - a(P,).
A disjunctive-normal-form formula (or DNF formula) on {P;, P>,---,P,} is a

formula of the form
(-« ((CLvCy) V) V--- VY

where the C; are distinct DNF constituents on {Py, - - -, P, } which are ordered so that the
corresponding binary numbers are in decreasing order. We shall usually omit some, or all,
of the brackets. We also consider the empty string () to be a DNF formula; and we shall
call it the empty DNF formula.

3.4 Example: The string (PA-QAR)V(-PAQAR)V(-PA-QAR)V(-PAN—-QA-R)
is a DNF formula on {P, @, R}.

3.5 Theorem: (The DNF Theorem) Every formula which uses only propositional variables
from {Py,---, P,} is truth-equivalent to a unique DNF formula on {P;,---, P,}.

Proof: On {Py,---, P,}, each DNF constituent corresponds to a row of a truth-table. If C
is a DNF constituent, then in the C'-column of a truth-table, there is a 1 in the row which
corresponds to (', and there are 0’s in all the other rows. If F' is a DNF formula then the
F-column of a truth-table has one 1 for each DNF constituent in F. Thus there are 22"
DNF formulas on {Py,---, P,} and they correspond to all of the 22" possible columns in
a truth-table on {Py,---, P,}. The empty DNF formula corresponds to the zero column.

11



3.6 Example: Let F = =((P — Q) +> ~(=Q A R)). Put F into DNF, in other words find
a DNF formula which is truth-equivalent to F'.

Solution: We make a truth-table for F.

P Q R Q P5-Q QAR —~(QAR) (P—>—-Q)<—~(QAR) F
1 1 1 0 0 1 0 1 0
1 1 0 0 0 0 1 0 1
1 0 1 1 1 0 1 1 0
1 0 0 1 1 0 1 1 0
01 1 0 1 1 0 0 1
01 0 0 1 0 1 1 0
0 0 1 1 1 0 1 1 0
00 0 1 1 0 1 1 0

From the last column we see that F treq (PAQA—-R)V (=P AQ A R).

3.7 Definition: A conjunctive-form constituent, or a CF constituent, is a formula

of the form
(«--((L1 V La) V L3)V---V L)

where each L; is a literal. Usually we shall omit all but the outer pair of brackets. A
conjunctive-form formula, or a CF formula, is a formula of the form

(((Cr NC) AC3) A--- N CY)
where each C; is a CF constituent. Again, we shall usually omit some brackets.

3.8 Definition: A conjunctive-normal-form constituent, or a CNF constituent,
on {Pl, P, ,Pn} is a formula of the form

(«-((Ly VLy)V L3)V---V Ly)

where for each i, either L; = P; or L; = —=P;. We shall usually omit brackets.

Note that on {Py,---, P,}, there are 2" distinct CNF constituents which correpond
naturally to the 2" truth-evaluations; the CNF constituent C' = (L1 V---V L,,) corresponds
to the unique truth-evaluation « such that a(C) = 0 which is given by «a(L;) = 0 for all i,

, 1,if L; = =P,
that is a(F;) = .
0 y if Lz = PZ .
A conjunctive-normal-form formula, or a CNF formula, on {P;,---,P,} is a

formula of the form

(- (CL ANC)NC3) AN---NCY)

where the C; are distinct CNF constituents on { Py, - - -, P,, } which appear in the same order
that their corresponding truth-evaluations occur in a truth-table. Again, we shall usually
omit some of the brackets. The empty string is also considered to be a CNF formula; it is
called the empty CNF formula.

3.9 Theorem: (The CNF Theorem) Every formula which only uses propositional variables
from {Py,---, P,} is truth-equivalent to a unique CNF formula on {Py,---, P,}.

Proof: The proof is similar to the proof of the DNF Form Theorem, except that in a
truth-table column for a CNF formula, there is one 0 for each constituent, instead of one
1 for each constituent.
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3.10 Example: Let FF = (-PVQV-R)AN(PV-QV R)AN(PVQV-R). Note that F' is
a CNF formula on {P,Q, R}. Make a truth-table for F.

Solution: F' has three CNF constituents, so in its truth-table column there are three 0’s.
They occur in the rows which correspond to the CNF constituents, that is the rows which
begin with the binary numbers 101, 010 and 001, that is in the 37¢, 6" and 7*" rows:

P QR F
1 1 1 1
1 1 0 1
1 0 1 0
1 0 0 1
0 1 1 1
0 1 0 0
00 1 0
0 0 0 1

3.11 Note: Given a DNF formula F' we can put F into CNF as follows. First list all
the DNF' constituents which do not occur in F' to put the formula —F into DNF. Then
interchange all the A symbols with the V symbols and reverse all the literals, that is for
each propositional variable P, replace each occurrence of =P with P and vice versa. We
can use a similar method to put a given CNF formula into DNF.

3.12 Definition: A given set of connectives is said to be adequate if every possible
column in any truth-table can be realized as the column of a formula which only uses
connectives from the given set.

3.13 Example: Since every formula is truth-equivalent to a DNF formula, and a DNF
formula only uses connectives from the set {—, A, V}, we see that {—, A, V} is an adequate
set of connectives.

3.14 Example: Since F'V G treq —(—F A =G), we have
(01\/02\/"-\/Cl) treq ﬁ(_\cl/\ﬁCQ/\"'/\_'Cl)

and so every DNF formula is truth-equivalent to a formula which only uses connectives
from the set {—, A}. Thus {—, A} is an adequate set of connectives.

Similarly, since (F' A G) treq —=(—=F V —=G), we see that {—,V} is an adequate set of
connectives.

3.15 Example: Show that {A,V, —, <>} is not an adequate set of connectives.

Solution: Let « be the truth-evaluation given by a(P) = 1 for all propositional variables
P. We claim that for every formula F' which only uses connectives from {A,V, —, <>}
we have a(F) = 1. We prove this claim by induction on formulas which only use these
connectives. If P is a propositional variable then a(P) = 1 by the definition of a. If G
and H are formulas which use only these connectives with a(G) = a(H) = 1 then we have
a(GNH)=a(GVH)=aG— H) =a(G<+ H)=1. By induction on formulas involving
only these connectives, the claim is true. In particular, any truth-table column with a 0 on
the first row cannot be realized as the column of any formula which uses only connectives
from {A,V, =, < }.
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Chapter 4. Derivation of Truth-Equivalence

4.1 Theorem: Truth-equivalence is an equivalence relation. This means that for all
formulas F', G and H we have

1. F treq F

2. F treq G=G treq F

3. (F treq G and G treq H) — F treq H

Proof: These properties follow immediately from the definition of truth-equivalence. Here
is a proof of part (3). Suppose that F' treq G and G treq H. Let « be a truth-evaluation.
Since F' treq G we have a(F') = a(G) and since G treq H we have a(G) = a(H). Thus
a(F) = a(H). Since a was arbitrary, this shows that F' treq H.

4.2 Definition: For any formulas F, G and H, it is easy to verify that we have the
following 24 truth-equivalences, which we shall call the Basic Truth-Equivalences.

(Identity) 1. F treq F
(Double Negation) F treq =—F

FAGtreqGAF
FV(Gtreq GV F

2
(Commutativity) 3
4.

(Associativity) 5. FA(GAH) treq (FAG)A
6
7
8

H
FVv(GVH)treq (FVG)VH

(DeMorgan’s Law) —(F AG) treq (-F V-G

)
)
)
. 2(FVGQG) treq (-F A -G)
(Distributivity) 9. FA(GVH) treq (FAG)V (F A H)
10. FV(GAH)treq (FVG)AN(FVH)
(Idempotence) 11. FAF treq F
12. F'V F treq F

(Absorption) 13. FA(FVGQG)treq F
FV(FAG) treq F
(Tautology) 15. FA(GV-G) treq F
16. FV(GV-G) treq GV -G
(Contradiction) 17. FA(GA-G) treq G NG
FVv (GA-G) treq F
(Contrapositive) 19. F — G treq -G — —F

(Implication) 20. F—G treq - F VG
21. =(F—QG) treq F NG

(If and Only If) 22, F <+ G treq (FAG)V (=F A-G)
23. F+Gtreq (FVG)A(FV-G)
24. F&Gtreq (F—-G)N(G—F)

4.3 Note: From these basic truth-equivalences, we can derive other truth-equivalences.
Soon, we shall give a precise definition as to what constitutes such a derivation. Further-
more, we shall see that in fact every truth-equivalence can be derived from these basic
truth-equivalences. Before giving the precise definition of a derivation, we provide one
example.
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4.4 Example: Let F' and G be formulas. Use the basic truth-equivalences to derive the
truth-equivalence F' A (F — G) treq F A G.

Solution: We have

1. FA(F—G) treq FA(RFVG) by Implication

2. treq (F'A—F)V (F AG) by Distributivity
3. treq (FAG)V (F A-F) by Commutativity
4. treq FFAG by Contradiction

4.5 Note: Notice that in the first line of the above example, the Implication Rule was
applied to the subformula (F'— G) in the formula F' A (F— G). In a truth-equivalence
derivation, the basic truth-equivalences can be applied to sub-formulas. The following
theorem is needed to make this precise.

4.6 Theorem: (Substitution) Let F' and G be formulas with F treq G, let H be any
formula and let P be a propositional variable. Then

[H|psr treq [H]psa -

We say the truth-equivalence [H|p.,r treq [H]p ¢ is obtained by substitution from
the truth-equivalence F treq G (or from the truth-equivalence G treq F).

Proof: We shall prove the theorem by induction on the formula H, but first we make
two preliminary remarks. Let K7, K5, L1 and Ly be formulas. Note that if K treq Ko
then we also have =K treq —Ks: indeed for any truth-evaluation a we have a(—K;) =1
<— a(K;) = 0<= a(K3) = 0<= a(—K3) = 1. Secondly, note that if K; treq K and
Ly treq Ly and if * € {A,V, =, <>}, then we also have (K; x L1) treq (K2 % Ly): for
example, for any truth-evaluation o we have a(K1ALy) =1 <= (a(K1) =1 and a(L;) =
1) < (a(K2) =1and a(Ls) = 1) <= a(Kz A L) = 1.

Now we begin the inductive proof. Case 1: suppose that H = ) where @ is a
propositional variable. If Q) # P then we have [H|p,,r = Q = [H|p¢. If Q = P then we
have [H]p—r = F and [H]|pr = H. In either case we have [H]|p,r treq [H]|pq-

Case 2: suppose that H = =K where [K|pp treq [K]p—g. Write K1 = [K|prp
and Ky = [K]p—qg. Then [H]prp = 7[K]psr = K and [H]pg = 7[K]psa = Ko,
and these are truth-equivalent by our first preliminary remark.

Case 3: suppose that H = (K x L) where x € {A,V, —, +>} and where K and L
are formulas with [K|p, p treq [K]|p—g and [L]pr treq [L]pyg. Write K1 = [K]|pyp,
Ky = [K]pa, L1 = [L]psr and Ly = [L]pse. Then [H]por = ([K]por * [L]por) =
(Ky*Ly) and [H]psg = ([K]P,_)G * [L]pHg) = (K3 * L), and these are truth-equivalent
by our second preliminary remark.

4.7 Example: The truth-equivalence F'A (F — G) treq F'A(—FV G), which was found in
the first line of the derivation of example 4.4, is obtained from the basic truth-equivalence
F — G treq =F V G by substitution. Indeed, if H = F' A P where P is any propositional
variable which does not occur in the formula F', then we have [H]p ,(p _, ¢y = FA(P = G)
and [H]PI—)(—'FVG) =FA (_|F \% G)
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4.8 Definition: Let F' and G be formulas with F treq G. A derivation of the truth-
equivalence F' treq G is a list of formulas Fy, Fy, Fs,---, F; with Fy = F and F; = G
such that for each i > 1 we have F;_; treq F; and this truth-equivalence is obtained from
one of the basic truth-equivalences by substitution. Usually we shall display the formulas
Fy, Fy,---, F; in a column and provide justification on each line.

4.9 Example: Let F', G and H be formulas. Find a derivation for distributivity of V over
A from the right, that is for the truth-equivalence (FFAG)V H treq (FV H) A (GV H).

Solution: (FAG)VH

HV (FAG) Commutativity
(HV F)A(H Vv G) Distributivity (from the left)
(FVH)AN(HVG) Commutativity
(FVH)AN(GV H) Commutativity

W LW = o

4.10 Example: Derive the truth-equivalence F'— (G — H) treq (F AG) — H.

Solution: F—(G—H)

-FV(G—H) Implication
-FV (-G V H) Implication

(=F Vv —=G)V H Associativity
-(FAG)VH  DeMorgan’s Law
5. (FANG)—H Implication

Ll e

4.11 Example: Derive the truth-equivalence (FF'AG)— H treq (F—H)V (G— H).

Solution:

(FANG)—H
~(FANG)VH Implication
(=FVv-G)VH DeMorgan’s Law

-FV-G)V (HVH) Idempotence

0.

1.

2.

3.

4. ((wFV-G)V H)V H Associativity

5. (=FV(-GV H))VH Associativity

6. (-FV(HV-G))VH Commutativity

7. ((wFVH)V-G)V H Associativity

8. (=nFVH)V(-GV H) Associativity

9. (F—H)V(-GV H) Implication

10. (F—H)V(G—H) Implication
4.12 Note: We now describe an algorithm for putting a given formula, which involves
only propositional variables from {Py,---, P,}, into disjunctive form or into disjunctive
normal form on {P,---, P,} using the basic truth-equivalences.

Step 1. Use the If and Only If truth-equivalence to eliminate all occurrences of the <
symbol, and then use the Implication Rules to eliminate all occurrences of the — symbol.

Step 2. Use deMorgan’s Law to move all occurrences of the — symbol inside the brackets,
and use Double Negation to eliminate extra — symbols until all = symbols occur in literals.

Step 3. Use Distributivity of A over V together with Commutativity and Associativity
until we are left with a DF formula in which all the literals in each DF constituent appear
in alphabetical order with propositional variables occurring before their negations. At this
stage we shall allow ourselves to omit some of the brackets from the formula.
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Step 4. Use Idempotence to eliminate repeated copies of literals in each DF constituent, and
use Contradiction to eliminate any DF constituents which contain a propositional variable
and its negation. (Another optional step here is to use Idempotence and Absorption
to eliminate any DF constituent which contains one of the other DF constituents as a
subformula).

If, at this stage, the formula has been reduced to a formula of the form (P; A —F;), then it
is truth-equivalent to the empty DNF formula.

Step 5. For each value of ¢ from 1 to n, and for each DF constituent C' which does not
involve P;, use Tautology and Distributivity to replace C, first by C'A (P; V = F;) and then
by (C A P;)V (C A—P;). Also, as in step 4, reorder the literals within each constituent.

Step 6. Use Idempotence to eliminate any repeated copies of constituents, and use Com-
mutativity and Associativity to place the constituents in the proper order.

4.13 Example: Let F = ﬂ((P VQR)—(Q<«+ R)) Put F' into disjunctive normal form.

Solution: We provide two solutions. For the first solution, we make a truth-table for F.

P Q@ R PVQ Q<R (PVQ)—(Q+<R) F

1 1 1 1 1 1 0
1 1 0 1 0 0 1
1 0 1 1 0 0 1
1 0 0 1 1 1 0
0 1 1 1 1 1 0
0 1 O 1 0 0 1
0 0 1 0 0 1 0
0 0 O 0 1 1 0

From the truth-table, we see that F' treq

—~

PAQA-R)V(PA=-QAR)V (-PAQA-R).
For the second solution, we use truth-equivalences, following the above algorithm.

Step 1: F treq =((PV Q)= (@ = R) A (R—Q)))
treq =(~(PV Q) V ((-QV R) A (~RV Q)))

Step 2: treq (PVQ)A-((-QV R)A(~RVQ))
treq (PV Q) A (-(-QV R)V=(-RV Q))
treq (PV Q) A ((QA-R)V (RA=Q))
Step 3: treq (PVQ)A(QA-R))V ((PVQ)A R/\ﬁQ)
treq (PA(QA=R))V(QA(QA-R)))V ((PA(RA-Q))V(QA(RA-Q)))
treq (PAQA-R)V(QAQA-R)V(PA-QAR)V(QAN-QAR)
Step 4: treq (PANQAN-R)V(QAN-R)V(PA-QAR)
Step 5: treq (PAQA-R)V(PANQA-R)V(-PANQAN-R)V(PAN-QAR)
Step 6: treq (PAQA-R)V(PA-QAR)V (-PANQA-R)

4.14 Remark: The list of truth-equivalent formulas in the above solution is not a deriva-
tion because we often used more than one basic truth-equivalence to get from one formula
to the next. For example, to get from the first line to the second line we used the basic
truth-equivalence Implication three times. We could extend the list to obtain a derivation.

4.15 Note: We can also use the above algorithm (with minor modifications) to put a
given formula into conjunctive form or conjunctive normal form.
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4.16 Example: Let F = —(((P+(=Q V R)) A (S—=T))—=—(Q AT)). Use truth-

equivalences to put F' into conjunctive form.

Solution:

(P (=QVR) AN (S=T))—>=(QAT))

Step 1: treq—|( —(QVR)A((-QVR)—=P)A(S—=T))—=—(QAT))

treq — ((ﬁ ﬁPv ﬁQ\/R)() (=(=QVR)VP))A(=SVT))V=(QAT))
(

I |
J

Step 2:  treq (P V (mQV R)A(=(=QV R)VP)AN(=SVT)ANQANT)

treq ((~PV (~QV R) A ((Q A ~R) v P)) A (=S VT)) A (QAT)
Step 3:  treq ("PV-QVR)AN(PVQ)AN(PV-R)AN(SVT)AN(Q)AN(T)
Step 4:  treq (WP V-QV R)A(PV-=R)A(Q)N(T)

It was not actually necessary to perform the simplification in step 4.

4.17 Note: We can use the above algorithm to determine whether a given formula is
a tautology, to determine whether two given formulas are truth-equivalent, to determine
whether a given finite set of formulas is satisfiable, or to determine whether a given argu-
ment with a finite premise set is valid.

4.18 Example: Let F = ((P < R)A—=(QV—-S5)) — ((QVS) — R). Use truth-equivalences
to determine whether = F.

Solution: We could put F' into disjunctive normal form on {P, @, R, S} and see if we
obtain the DNF formula with all 16 DNF constituents. Instead we choose to put F' into
conjunctive normal form and see if we obtain the empty CNF formula. We have

F=(P<R)A(QV-S)—=(QVS)—R)
Step 1. treq (P—=R)A(R—P))A=(QV-S))—=((QVS)—R)
treq ~(((=PV R) A (-RV P)) A=(QV =S5)) V (=(QV S) VR)
Step 2. treq (=((=PV R)A(=RV P))V (QV —S))V ((-Q A—S)V R)
treq ((~(=PV R) V(=R V P))V(QV5)) V((-Q A =S)V R)
treq (P A=R)V (RA-P))V(QV=S))V ((-Q A=S) V R)
Step 3. treq (PA-R)V(RA-P)VQV-SV(—-QAN-S)VR
treq (PA-R)V (mQAN-S)VQV RV =S by Absorption
treq (PV =Q)A(PV-S)A(=RV-Q)A(-RV-S))V(QV RV S)
treq (PVQV-QVRV-S)A(PVQVRV-SVAS)
ANQV-QVRV-RV-S)AN(QVRV-RV-SV-=S)
Step 4. treq (PV QV RV ~S)

Since this is not the empty CNF formula, F' is not a tautology.

4.19 Theorem: (Completeness) Let F' and G be formulas with F treq G. Then there
exists a derivation for the truth-equivalence F treq G.

Proof: We only provide an informal proof. Since F treq G, F and G are truth-equivalent
to the same DNF formula, say H. Using the above algorithm, we can make a derivation
for the truth-equivalence F' treq H and a derivation for the truth-equivalence G treq H.
The derivation of GG treq H can be reversed to obtain a derivation for H treq G. Then
the derivations for F' treq H and for H treq GG can be combined to obtain a derivation for
F treq G.

The reason that this proof is not a rigorous one is that our presentation of the above
algorithm was somewhat informal, and we did not provide a proof that the above algorithm
always works.
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Chapter 5. Satisfiability and the Davis-Putnam Procedure

5.1 Definition: A clause is a set of literals. Let & be a set of clauses. We say that a
truth-evaluation o satisfies S when for every clause C' € S there exists a literal L € C
such that a(L) = 1. We say that S is satisfiable if there exists a truth-evaluation which
satisfies S. Thus S is satisfiable means that there exists a truth-evaluation « such that for
every clause C' € S there exists a literal L € C such that a(L) = 1.

5.2 Example: Let S = {{P,Q},{P,~Q, R},{-P, R},{~P,~R}}. Determine whether S

is satisfiable, and if so describe all the truth-evaluations o which satisfy S.

Solution: Suppose that « is a truth-evaluation which satisfies S. Either a(P) = 1 or
a(P) = 0. Suppose first that a(P) = 1. Since « satisfies S, and since {-P, R} € S, we
must have either a(-P) = 1 or a(R) = 1. Since «(P) = 1, we must have a(R) = 1.
But similarly, since {—P,-R} € S, we must have a(—R) = 1, which gives a contradiction.
Thus we must have a(P) = 0. Now, since « satisfies S and {P,Q} € S and «(P) =0, we
must have a(Q) = 1. Also, since {P,-Q, R} € S and «(P) = 0 and a(Q) = 1, we must
have a(R) = 1. Thus we have shown in order for a to satisfy S we must have a(P) =0
and a(Q) = a(R) = 1. Conversely, any such truth-evaluation « satisfies S.

5.3 Note: If S = () then according to the above definition, S is satisfiable, and indeed
every truth-evaluation satisfies S. By contrast, if § = {(7)} then § is not satisfiable.

5.4 Definition: Given a CF constituent C' = (L1 V Ly V.-V L), the clause associated
to C is the clause D = {Lq, Lo, -, Li}. Given a CF formula FF = C1y ACy A --- AN (Y,
where each C; is a CF constituent, the clause set associated to F' is the clause set
S = {Dl, Do, -, Dl} where each D; is the clause associated to the CF constituent Cj;.

5.5 Note: Let I’ be a CF formula with associated clause set S. Note that for a truth-
evaluation «, « satisfies S if and only if a(F') = 1. So to determine whether F' is satisfiable,
it suffices to determine whether S is satisfiable.

5.6 Example: Let FF'= (PVQ)A(PV-QV R)A(=PV R)A(=PV-R). Then F is a CF
formula, and the associated clause set of F' is the clause set § in the above example. If you

make a truth-table for F', you will find that the F-column has a single 1 on row 5, which
corresponds to the truth-evaluation o on {P, Q.R} with a(P) =0 and a(Q) = a(R) = 1.

5.7 Example: Let S be the set of all 8 clauses on {P, Q, R}, that is
S = {{P7 Q? R}7 {P7 Q7 _|R}7 {P7 _|Q7 R}7 {P7 _|Q7 _|R}7
{_'P7 Q7 R}; {_'P7 Q; _'R}7 {_'P7 _'Qa R}7 {_'P7 _'Q7 _'R}} .

Then S is the clause set associated to the CNF formula F' on {P,Q, R} with all 8 con-
stituents. This formula is not satisfiable, so S is not satisfiable.

5.8 Remark: The reason that we work with clause sets instead of CF formulas is that we
no longer have to deal explicitly with the truth-equivalences Commutativity, Associativity
and Idempotence: for CF formulas, Commutativity and Associativity allow us to omit
some brackets and to rearrange the literals within each CF constituent and to rearrange
the constituents, and Idempotence allows us to omit repeated copies of literals in each
constituent and to omit repeated constituents; for clause sets, all this is taken care of
implicitly in the use of set notation.

19



5.9 Theorem: Let S be a set of clauses, and let P be a propositional variable. Write
T={CeS|P¢C,~P¢C},
U={D\{P}DeS,PecD,~P¢D},
V={E\{-P}EcS,P¢E,~PcE} and
W ={(D\{P})U(E\{-P})|D,E€S,PeD,~P¢D,P¢E-PcE}.

(1) S is satisfiable <= (T UU is satisfiable or T UV is satisfiable).

(2) S is satisfiable <= T U is satisfiable.

Replacing the clause set S by the two clause sets T UU and T UV is called splitting &
into cases on P, and replacing S by the clause set T U W is called resolving S on P.

Proof: First let us prove part (1). Suppose that S is satisfiable. Let a be a truth evaluation
which satisfies S (that is, for every clause C' € S, a(L) = 1 for some literal L € C). We
claim that if a(P) = 1 then « satisfies 7 UV, and if a(P) = 0 then « satisfies T U U.
Suppose that a(P) = 1. Let C be a clause in TUV. If C € T then C € S and so o(L) =1
for some literal L € C. If C € V then C = E \ {-P} for some F € S with P ¢ E and
—P € E, and we have o(L) = 1 for some literal L € E, but L # —P since a(—P) = 0, and
so L € C. Thus « satisfies 7 U V. Similarly, if «(P) = 0 then « satisfies 7 U U.

Conversely, suppose that either 7 U U is satisfiable or 7 UV is satisfiable. Let us
suppose that 7 UU is satisfiable. Let a be a truth-evaluation which satisfies 7 UU (that
is, for every clause C' € T UU we have a(L) = 1 for some literal L € C). Let § be the
truth-evaluation given by B(X) = «(X) for all propositional variables X other than P,
and S(P) = 0. We claim that ( satisfies S. Let C' be a clause in . We need to show
that (L) = 1 for some literal L € C. We consider several cases. If =P € C, then since
B(=P) = 1 we know that (L) = 1 for the literal L = =P € C. Suppose =P ¢ C. If
P € C then C\ {P} € U so a(L) =1 for some literal L € C'\ {P}, and since L # P we
have B(L) = a(L) = 1. If P ¢ C, then C € T so a(L) = 1 for some L € T, and since
L # P, we have 5(L) = a(L) = 1. This covers all cases, and we see that indeed (3 satisfies
S. Similarly, if « is a truth-evaluation which satisfies 7 U V, then the truth-evaluation ~y
given by v(X) = a(X) for X # P and «(P) = 1 can be shown to satisfy S.

Now let us prove part (2). Suppose that S is satisfiable, and let a be a truth-evaluation
which satisfies S. By our proof of part (1), we know that either « satisfies T UU or «
satisfies 7 U V. We claim that « also satisfies 7 UW. Let C be any clause in 7 U W. If
C € T then we also have C' € S and so a(L) = 1 for some literal in C'. Suppose instead
that C € W, and say C = (D \ {P}) U (E \ {—P}), where D and E are clauses in S and
PeD,-P¢D,P¢FEand P ¢c E. Note that (D \ {P}) € U and (E \ {-P}) € V.
If « satisfies T UU then «(L) = 1 for some L € (D \ {P}), and if « satisfies 7 UV then
a(L) =1 for some L € (E'\ {—P}). In either case, we have a(L) = 1 for some L € C.

Conversely, suppose that 7 U W is satisfiable. Choose a truth-evaluation a which
satisfies 7 U W. This means that « satisfies 7 and « satisfies W. We claim that either
« satisfies U and hence also 7 UU, or « satisfies V and hence also 7 U V. Note that in
either case, S is satisfiable by part (1). Suppose that « does not satisfy &. Choose a
clause C' € U such that a(L) = 0 for every literal L € C, and say C = (D \ {P}) where
D eS8, PeDand =P ¢ D. Then for every clause E € S with P ¢ F and =P € E
we have (D \ {P})U (E \ {—P}) € W, and « satisfies W so we have «(L) = 1 for some
L € (D\{P})U (E\{=P}), but (L) = 0 for every L € (D \ {P}) so we must have
a(L) =1 for some L € (E\ {=P}). This shows that « satisfies V.

20



5.10 Example: Let S = {{P,Q,~R},{P,~Q},{P, R}, {~P,Q}, {-P,-Q,~R},{~Q, R} }.
Then the clause sets T, U, V and W of the above theorem are

T = {{-Q.R}}

U ={{Q,~R}, {-Q}.{R}}

V={{Q}{-Q.~R}}

W= {{Q,~R},{Q,~Q,~R},{Q,~Q},{-Q,~R},{Q, R}, {-Q, R,~R} }
5.11 Definition: We describe an algorithm, called the Davis-Putnam Procedure, for

determining whether or not a given clause set S is satisfiable.

Step 1 (Clean-Up). In each clause, remove any repeated copies of a propositional variable.
Remove any clauses which contain a propositional variable and its negation.

Put the literals in alphabetical order within each clause.

Remove any clause which contains one of the other clauses as a subset.

Step 2 (Test). If we are left with the empty clause set () then S is satisfiable.

If the remaining clause set contains {(7)} then § is not satisfiable.

If the remaining clause set contains all 2" clauses on some set of n propositional variables
(for example, if the clause set contains all 4 clauses {P,Q}, {P,—Q}, {-P,Q}, {-P,—Q})
then § is not satisfiable.

If every clause contains a propositional variable or if every clause contains a negated
propositional variable, then § is satisfiable.

Step 3 (Resolution). If there is any clause with only one element, then let P be the first
propositional variable symbol such that there is a clause of the form { P} or the form {—P}.
Otherwise, if there is any propositional variable () such that exactly one of the two literals
@ and —(Q occurs in the union of all the clauses, then let P be the first such variable Q.
Otherwise let P be the first propositional variable symbol which occurs in any clause.
Resolve on P and then return to step 1.

5.12 Example: Let S be the clause set in the above example. Use that Davis-Putnam
Procedure to determine whether S is satisfiable.

Solution: We start with
S = {{P7 Q7 _‘R}a {P7 _'Q}a {Pa R}J {_‘P7 Q}J {_'P7 _'Q, _'R}7 {_'Qv R}} .

In step 1, none of the clean-up operations have any effect, and in step 2, the test for
satisfiability is inconclusive. Moving to step 3, we resolve on P to obtain the clause set

{{Q7 _'R}a {Q7 _'Qa _'R}7 {Qa _‘Q}7 {_'Qa _'R}7 {Qa R}7 {_'Qa R, _'R}7 {_'Q7 R}}
The clean-up step leaves us with the clause set
{{Qa _'R}a {_'Q7 _'R}a {Q? R}7 {_'Q7 R}}

Since this clause set contains all 4 clauses on {Q, R}, it is not satisfiable, and hence neither
was the original clause set S.

5.13 Example: Let S be the clause set which consists of the following clauses
{P7 Q’ _‘R}7 {P’ _‘Q7 S}’ {P7 _|S7 T}7 {P’ R? U}? {_‘P7 Q’ S? _‘U}7 {_\P’ _‘Q}7 {_|P7 R7 T}?
{Q7 S}’ {_\Q7 T7 U}7 {R7 ﬁ“517 T? U}7 {R’ _\57 _\U}7 {_‘R7 _‘57 U}7 {_‘R7 T7 _‘U}7 {_\R7 _‘U}

Use the Davis-Putnam Procedure to determine whether S is satisfiable.
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Solution: First we perform the clean-up step, and two of the clauses can be eliminated
because they each contain one of the other clauses as a subset.

[P.Q R} AP, ~Q. S} AP.~S, T} AP. RUY, {4 S pf} (=P, ~Q} {-P. R, T},
{Q. 8}, {-Q. T, U} {R,~S, T.UY, {R. =8, <UL, {=R, =S, U AP /Il gy (- R, -0}

The test for satisfiability is inconclusive at this stage, so we move on to the resolution step.
Notice that T" occurs but —7" does not occur in any clause, so we resolve on 7. When we
resolve on 7', all the clauses containing I disappear.

{P, Qa_'R}v {Pu_'Qa S}: {Pv R, U}7 {_‘P7_'Q}7 {Q7 S}u {Rv_‘Sv_'U}v {_'R7_'S= U}v {_'R7_'U}

None of the clean-up operations have any effect, and the test for satisfiability is still
inconclusive, so we resolve on the first propositional variable, namely P, then clean up.

(@ LBFRY, Q. 1A~ R, UYL {Q. S} ARAS,~UY, -R,~S, U}, {-R,~U)

The test step is inconclusive so we resolve on the next propositional variable symbol,
namely ), and we clean up.

{SY AR/ Y} AR S,-U Y, RAS, U RAU

Since there is a singleton clause {S}, we resolve on the propositional variable S. When
we do so, the singleton clause {S} disappears, and each copy of the literal .S disappears
from all the other clauses.

{R,-U},{-R,U},{-R,-U}

Finally, in the testing step, since each of the remaining clauses contains a negated proposi-
tional variable, this set of clauses is satisfiable (by the truth-evaluation o on {R, U} given
by a(R) = a(U) = 0). Thus the original clause set S is satisfiable.

5.14 Note: If a clause set S is satisfiable, then not only can we use the Davis-Putnam
Procedure to verify that S is satisfiable, but we can also find a truth-evaluation which
satisfies S by retracing the steps of the procedure.

5.15 Example: Let S be the clause set of the previous example, in which we used the
Davis-Putnam procedure to show that S is satisfiable. Retrace the steps to find a truth-
evaluation « on {P,Q, R, S,T,U} which satisfies S.

Solution: Let a be a truth-evaluation which satisfies S. Then « satisfies the clause sets
which were obtained at each step in the Davis-Putnam Procedure. To satisfy the 5" and
final clause set, we must have a(R) = a(U) = 0. To make a literal true in the clause {S},
which is in the 4" clause set, we must also have a(S) = 1. To make a literal true in the
clause {=Q, R, U}, which is in the 3" clause set, we also need a(Q) = 0. To make one of
the literals true in the clause {P, R, U}, which is in the 2"¢ clause set, we need a(P) = 1.
Finally, to make a literal true in {=P, R, T} we must have «(7") = 1. Thus the only truth-
evaluation a on {P,Q, R, S,T,U} which satisfies S is given by a(P) = a(S) = a(T) =1
and a(Q) = a(R) = a(U) = 0.

5.16 Example: Determine whether
{(PAN-R)=T,(PAN-T)—S,(PANR)—=Q,(T AN—R)——P,(~PA-R)—Q,
(RA-T) =P, (QAT)—>P,-P—=S,(QANS)=T,(SAT)»Q} E(PAQARAT).
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Solution: Write the 10 premises as Fy, Fo,---, Fjp and let G = (P AQ A RAT) be the
conclusion. We have {Fy,---, Fip} =G if and only if (Fy A--- A Fig A—QG) is not satisfiable.
If we put (Fy A --- Fig A =G) into conjunctive form then the associated clause set is

) :{{ﬂP, R, T}, {-P,S,T},{-P,Q,-R},{-P,R,-T},{P,Q,R},{P,—~R, T},

{P7 _'Qa _'T}7 {P7 S}v {_'Qa _'Sa T}a {Q7 _'Sa _'T}7 {_'Pv _'Q7 _'Ra _'T}} .

We split into cases on the variable P, then apply the Davis-Putnam Procedure to each
case. Write 7, U and V as in theorem 5.9.
Case 1:

TUU = {{ﬁQ,ﬂS, T},{Q,~S,~T}{Q, R}, {-R, T}, {-Q, T}, {S}}
on S : {{ﬁQ, T},{Q,-T},{Q, R}, {-R,T},{-Q, ﬂT}}
on R: {{-Q.7}.{Q.~T}.{Q.T}. {-Q. T}

All 4 possible clauses on (), T occur, so 7 UU is not satisfiable.
Case 2:

TUY = {-:Q8, T} {Q ST}, {R. T}, {S. T} {Q:~R} {R~T}, {-Q.~R.~T} |
on Q: { (AT AT RS, TY R AFATY AR TYAS. T}, (RAT) {RAT} |
on R+ {{=8, 7). (474} (1. FF} AS. T} {-T)
on 5 {{T},{-T}}

Thus 7 UV is not satisfiable, so § is not satisfiable and hence the argument is valid.
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Chapter 6. Derivation of Valid Arguments

6.1 Theorem: (Basic Validity Rules) Let F', G and H be formulas, and let S and T be
sets of formulas. Then we have the following 36 rules, called the Basic Validity Rules.

(Premise)
(Adding Premises)
(The Chain Rule)
(Proof by Cases)
(Contradiction)

(Conjunction)

SEo0w Noo kW~

~
~

(Disjunction)

L e T S e
0N DA W

[
Ne)

(Implication)

SN O
AR LN =D

~
N

If FeS then SEF

IfSEF and S CT then T EF

If SEF and SU{F} =G then SEG
IFSU{F}EG and SU{-F}EG then SEG

IfSEF and SE-F then SEG
FSU{-~F} =G and S U{=F} =G then SE F
IfSU{F} =G and SU{F} |-G then S =—F

IFSEF and SEG then SEF AG
IfSEFAG then SEF

. IfSEFANG then SEG
.SU{FAG}EH < SU{F,G}H

If SEF then SEF VG

. IfSEG then SEF VG

IfSU{-F} =G then SEFVG
IfSU{-G}=F then SEFVG

.IfSEFVGand SE-F then SEG

IfSEFVG and S =—G then SEF

.SU{FVG}EH < (SU{F}EH and SU{G}EH)
IfSE-F then SEF -G

. IfSEG then SEF —G

.IfSU{F}EG then SEF -G (also called Deduction)
. IfSU{-G} E—-F then SEF —G

IfSEF—G and SEF then SEG (also called Modus Ponens)

. IfSEF—G and S =G then S = —-F

.SU{F-G}EH < (SU{-F}EH and SU{G}EH)

(If and Only If) 26.
27.
28.
29.
30.
31.
32.
33.

(Tautology) 34.

(Truth-Equivalence) 35.
36.

IfSEF and SEG then SEF + G

If SE-F and SE-G then SEF < G
IfSEF—-Gand SEG— F then SEF <G
IfSEF+ G and SEF then SEG
IfSEF+ G and SEG then SEF

IfSEF <+ G and S E—F then S -G

If SEF <+ G and S =G then S =—F

SU{F+G}EH < (SU{F,G}EH and SU{~F,~G} £ H)
If F is a tautology then S = F

If F treq G then (SEF <<= SEQG)
If F treq G then (SU{F}EH <<= SU{G}H)

Proof: We provide two sample proofs. First we prove the second of the contradiction rules.
Suppose that S U{-F} G and that SU{=F} E~G. [We must show that S F]. Let
a be a truth-evaluation. Suppose that a(H) = 1 for every H € S. [We must show that
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a(F) = 1]. Suppose, for a contradiction, that oo(F') = 0 so that a(—F) = 1. Then we have
a(H) =1 for every H € SU {=F}. Since SU {-F}EG we have o(G) = 1, and since
SU{—=F} E—G we also have a(—=G) = 1. But this is impossible, so we have a contradiction
and so a(F) = 1, as required.

Next we prove the first Truth-Equivalence Rule. Suppose that F' treq G. Suppose
that S = F. [We must show that S }=G]. Let a be a truth-evaluation such that a(H) = 1
for every H € S. [We must show that a(G) = 1}. Since S = F' we have a(F) = 1. Since
F treq G we have a(G) = a(F) = 1, as required.

6.2 Definition: Let S be a set of formulas and let F' be a formula. Suppose that
SEF. A derivation of the valid argument S F' is a finite list of valid arguments
S1EF, S EF,, -, S F; with each Sy finite, §; C S and F; = F, such that each valid
argument Sy, = F, is obtained from zero or more previous valid arguments S; = F; with
1 < k using one of the Basic Validity Rules; we shall only use the Truth-Equivalence Rule
in the case that the truth-equivalence F' treq G is obtained by substitution from one of
the 24 basic truth-equivalences, and we shall only use the Tautology Rule in the case that
the tautology is of the form F' — F.

6.3 Example: Let ', G and H be formulas. Make a derivation for the valid argument
{F—(GANH),(FNG)VH}EH.

Solution: 1. F—(GAH),(FANG)VH,-H =-H Premise
2 —-(GANH),(FANG)VH,-H (FANG)V H Premise
3 —-(GANH),(FNG)VH,-H EFNG Disjunction on 1, 2
4. —(GANH),(FNG)VH,-H EF Conjunction on 3
5. —-(GANH),(FANG)VH,-H F—(GANH) Premise
6. F-(GANH),(FANG)VH,-H EGANH MP on 4, 5
7 —-(GANH),(FNG)VH,-H =H Conjunction on 6
8. F-(GANH),(FNG)VH EH Contradiction on 1,7

6.4 Example: Let F' = (PV -Q)— R, G = P+ (Q AN —-R) and H = ~(R— P). Derive
the valid argument {F, G} = H.

Solution: 1. (PV-Q)—R,P+ (QAN-R),~RE(PV-Q)— R Premise

( )
2. (PV-Q)—>R,P+ (QN-R),"RE-R Premise
3. (PV-Q)—R,P+(QAN—-R),"RE-(PV-Q) Implication on 1,2
4. (PV-Q)—R,P+(QN-R),"RE-PAN-Q Truth-Equiv on 3
5. (PV-Q)—R,P+~(QAN-R),~RE-PAQ Truth-Equiv on 4
6. (PV-Q)—R,P+(QAN—-R),-RE-P Conjunction on 5
7. (PV-Q)—=R,P+(QN-R),"REQ Conjunction on 4
8. (PV-Q)—R,P+(QAN—-R),-RE-R Premise
9. (PV-Q)—R,P+~(QN-R),-REQAN-R Conjunction on 7,8
10. (PV-Q)—R,P+(QA-R),~REP« (QA—-R) Premise
11. (PV-Q)—=R,P+ (QAN—-R),-REP If and Only If on 10,9
12. (PV-Q)—R,P<(QAN-R)ER Contradiction on 11,6
13. (PV-Q)—R,P~(QAN-R),PEP Premise
14. (PV-Q)—>R,P+~(QAN-R),PEP+ (QAN-R) Premise
15. (P\/ﬂQ)—>R,P<—>(Q/\ﬁR),P}:Q/\ﬁR If and Only If on 14,13
16. (PV-Q)—R,P+ (QAN-R),PE-R Conjunction on 15
17. (PV-Q)—R,P+-~(QN-R),PER Add Premises on 12
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18. (PV—-Q)—R,P+ (QAN-R)E=-P Contradiction on 17,16
19. (PV-Q)—R,P+~(QAN-R)ERAN-P Conjunction on 12,18
20, (PV-Q)—=R,P+(QN-R)E-(R—P) Truth-Equiv on 19

6.5 Definition: We now define an apparently much weaker formal proof system for
propositional logic. First we single out three tautologies and three truth-equivalences,
and we replace each truth-equivalence by two tautologies to obtain nine tautologies listed
below, which we call the nine axioms of the proof system. Also we single out one valid
argument, namely modus ponens, which we call the rule of inference of the proof
system:

(Weak Implication) Al F —(G—F)
(Contrapositive) A2 (-F—-G)—(G—F)
(Deduction) A3 (F->(G—H))—= ((F—=G)—(F—H))
(And/Implies) A4 (FAG)—=~(F—-G)
A5 —(F—-G)—(FANG)
(Or/And) A6 (FVG)—=(—FA-G)
A7 (-FA-G)——=(FVQ)
(Iff /Tmplies) A8 (FG)—= ((F-G)AN(G—F))

A9 (F-G)N(G—F))—(F+G)
(Modus Ponens) MP {F,F-G}EG

In the above axioms and rule of inference, F'; G and H can be any propositional formulas.
Now let S be a set of formulas and let F' be a formula. A derivation of F' from S is a
list of formulas F, F5, - - -, F,, with F,, = F such that for each k, either

(Premise) Fy, € S, in which case F' is called a premise,
(Axiom) F}, is one of the axioms A1 — A9, or
(Modus Ponens) F; = F; — Fj, for some 7,j < k so that {Fi,Fj} = Fy by MP.

If such a derivation exists, we say that F' is derivable from § and we write
SHF.
6.6 Example: Let F' and G be formulas. Make a derivation to show that {F, ﬂF} FG.

Solution: 1. —F Premise
2. —\F—>(—\G—>ﬂF) Al
3. -G—-F MP on 1,2
4. (-G—-F)—=(F—G) A2
5. FF—=G MP on 3.4
6. F Premise
7. G MP on 6,5

6.7 Example: Make a derivation to show that {F% G,G— H} —F — H, where F', G
and H are formulas.

Solution: 1. F—G Premise
2. G—H Premise
3. (G=H)—=»(F—(G—H)) Al
4. F—-(G—H) MP on 2,3
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5. (F-(G—H)—(F—-G)—((F—H)) A3
6. (F—G)—(F—H) MP on 4,5
7. F—H MP on 1,6

6.8 Remark: If the list Fy, Fy,---, F] is a derivation of F' from S, then note that S = F;
for all 4, and in particular S |= F}, that is S = F. Thus

If S;-F then SEF.
The remainder of this chapter is devoted to showing that the converse is also true.

6.9 Note: Let S be a set of formulas and let F'; G and H be formulas. Then the following
Derivation Rules all follow more or less immediately from the definition of a derivation.

(Premise) If F eS8 then SFF

(Adding Premises) If (TCSand T} F) then S| F

(Axiom, A1-A9) If F is one of the nine axioms then S |- F

(Modus Ponens, MP) If (S| F and S| F — G) then S| G

(The Chain Rule) If (SFF and SU{F}|-G) then S|-G

(Compactness) If S| F then there is a finite subset 7 C S such that 7 - F'
(And/Implies) SHFFANG) <= SF-(F—-G)
(Or/And) SF(FVG)<=SIF-FAN-G
(Iff /Tmplies) SFFG<—=SHF—-G)NG—=F)

For example, if S| F' A G then we have

1. SFFAG Assumption
2. SF(FAG)%—\(F—)—\G) A4
3. SFA(F—-G) MP on 1,2

6.10 Theorem: (Derivation Rules) Let S be a set of formulas and let F';, G and H be
formulas. Then

(Tautology) SHFF—F

(Deduction) SHFF->G<—=SU{F} |G
(Contrapositive) S -F —-G<=SF-G—-F
(Implication) If S F then S|-G— F

If S} —F then S|-F—G
(Double Negation) S| ——F<=S|-F
(Conjunction) SFFAG<= (S} F and S} G)
(Contradiction) If S F A —=F then S|-G

IfSU{-F}GA—-G then S|- F
(Implies/And) SF(F=G)<=SIFAN-G

Proof: To prove the Tautology Rule, here is a derivation of F'— F' from any premise set S.

1. F=»((F—=F)—=F) Al
2. (F=>(F>F)=F)—=(F—>F—=F)—=(F—F)) A3
3. (F—»(F—F)—(F—=F) MP on 1,2
4. F—(F—F) Al
5, F—F MP on 4,3

27



Next we prove the Deduction Rule. In one direction, the proof is easy; suppose that
S+ F — G. Then we have

1. SU{F}FF—G Adding Premises
2. SU{F}}-F Premise
3. SU{F}}IG@G MP on 2,1

Suppose, conversely, that S U {F} G. Let Fy, Fs,---,F, be a derivation of G from
S U{F}. Note that F; is either a premise or an axiom. If Fj is an axiom then we have

1. SFF Axiom
3. SFF—-F MP on 1,2
If Fy is a premise then either F; € S or 'y = F. If F; € S then we have
1. SFFA Premise
3. SHFF—F MP on 1,2

and if ' = F; then we have S| F — F; by the Tautology Rule. In all cases we have
S| F — Fy. Now fix k and suppose, inductively, that S |- F'— F; for all ¢ < k. Note that
either Fj, is a premise or an axiom, or for some 7,7 < k we have F; = F; — Fj,. If F}, is
a premise or an axiom then as above we have S| F — Fy,. If F; = F; — F}, with 4,j < k
then we have

1. SFF—F, Induction Hypothesis
2. SFF—(F,— Fy) Induction Hypothesis
3. SE(F—=(Fi—F))—((F—F)—>(F—F,)) A3

4. SH(F—F,)—(F—Fy) MP on 2,3

5. SEF—F MP on 1,4

In each case we have S|~ F — F;. By induction we have S| F — F}, for all k, and in
particular, since G = F;, we have S| F — G.

The Contapositive Rule is easy to prove in one direction. Suppose that S - —-F — —=G.
Then we have

1. SF-F—-G Assumption
2. SF(F—--G)—(G—F) A2
3. SEFG—F MP on 1,2

The other direction of the Contapositive Rule is more difficult, and we shall prove it after
we have proven the Double Negation Rule.
To prove the first Implication Rule, suppose that S |- F'. Then

1. SFF Assumption
2. SFF—-(G—F) Al
3. SEGoF MP on 1,2

Now we use the first Implication Rule prove the second. Suppose that S | —F. Then

1. Sp~F Assumption
2. S}-G——-F Implication on 1
3. SHFF—=G Contrapositive on 2
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To prove the Double Negation Rule, suppose first that S | ——F. Then

S —F Assumption

S| —-F ——-——=F Implication on 1
SF——F—F Contapositive on 2
SLF MP on 1,3

Ll e

Conversely, suppose that S |- F'. Then using the portion of the Double Negation Rule that
we have just proven, we have

1. SU{-—=F}}—-—-—F Premise

2. SU{——F}}-F Double Negation on 1
3. Sp—--F—-F Deduction on 2

4. SFF——-F Contrapositive on 3
5. SFF Assumption

6. Sk —-F MP on 5,4

Now we are ready to prove the other direction of the Contrapositive Rule. Suppose
that S G — F. Then

SU{--G}+G—F Adding Premises
SU{—-—-G}}F—-—-G  Premise
SU{-—G}-G Double Negation on 2
SU{—-—-G}}F MP on 3,1

SU{—-—-G}}F—-—=F  Double Negation on 4
S+ --G——-—F Deduction on 5
SF-F—-G Contrapositive on 6

OOt =

To prove the Conjunction Rule, suppose first that S+ F and S | G. Then

1. SU{F—--G}}F Adding Premises

2. SU{F—-G}}F——-G Premise

3. SU{F—-G}--G MP on 1,2

4. SH(F—--G)—-G Deduction on 3

5. S} —--G——(F—-G)  Contrapositive on 4
6. SFG Assumption

7. SE-G Double Negation on 6
8. SF-(F—-G) MP on 7,5

9. SFFAG And/Implies on 8

Conversely, suppose that S| F' A G. Then

. SF-(F—-G) And/Implies

2. SU{-F}}|~-F Premise

3. SU{-F}-F—-G Implication on 2

4. SF-F—(F—-G) Deduction on 3

5. S —(F—-G)——-—F Contrapositive on 4
6. S|F—F MP on 1,5

7. SFF Double Negation on 6
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and

1. SF-(F—-QG) And/Implies
2. SF-G—(F—-G) Al
3. SIF—(F—-G)——-—-G Contrapositive on 2
4. S| -G MP on 1,3
5. SEG Double Negation on 4
To prove the first Contradiction Rule, suppose that S F' A —=F. Then
1. SFF Conjunction
2. SF-F Conjunction
3. SFF—G Implication on 2
4. SHG MP on 1,3
To prove the second Contradiction Rule, suppose that SU {—=F} - G A =G. Then
1. SU{-F}I-FGA-G Assumption
2. SU{-F}}F~-(G—-=G) And/Implies on 1
3. SF-F——-(G—-—-G) Deduction on 2
4. SFH(GE—--G)—=F Contrapositive on 3
5. SU{G}}H-@G Premise
6. SU{G}}—-G Double Negation on 5
7. SFG—--G Deduction on 6
8. SLF MP on 7,4

Finally we prove the Implies/And Rule. This rule looks similar to the And/Implies
Rule, but it is not identical. Suppose first that S |- —~(F — G). Then

1. SU{F——--G,F}|F Premise

2. SU{F—--G,F}F——--G Premise

3. SU{F—-—=G,F} -G MP on 1,2

4. SU{F—--GF}I-G Double Negation on 3
5. SU{F—---G}-F—-G Deduction on 4

6. SFHF—-"G)—=(F—>G) Deduction on 5

7. SF-(F—G)—~(F—--G) Contrapositive on 6
8. SF-(F—G) Assumption

9. SF(F—--G) MP on 8,7

10. SFFA-G And/Implies on 9

Now suppose that S - F'A—=G. Then by the And/Implies Rule we have S |- =(F — =—G).
Interchanging the roles of G and ——G in the first 7 lines directly above, we obtain
S+ —(F——--G)— —~(F —G). Then Modus Ponens gives S |- —(F — G).

6.11 Example: Make a derivation to show that -F |- F — G.

Solution: Using the above theorem, we have

1. =F|-F Premise
2. -F|F—G Implication on 1

This is not a derivation, it is merely a proof that a derivation exists. However, the proofs of
the various parts of the above theorem can be used to expand this into a derivation. Using
the proof of the Second Implication Rule, we expand the above 2 lines into the following.
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1. =F|-F Premise
2. - F}-G—~—-F Implication on 1
3. -FFF-—>G Contrapositive on 2

Then using the proofs of the First Implication Rule and the Contrapositive Rule, we further
expand the above 3 lines to get the derivation

1. —F Premise

2. F—(-G—~—F) Al

3. -G—-F MP on 1,2
4. (-G—-F)— (F—G) A2

5. F—=G MP on 3,4

6.12 Example: Make a derivation to show that F' |- (F - G) — G.

Solution: Using the above theorem we have

1. FFF-GRF Premise
2. FF-G|FF—G Premise
3. FFF5GHG MP on 1,2

4. F|(F—G)—G Deduction on 3

We use the inductive proof of the Deduction Rule to convert the first 3 of the above 4 lines
into a derivation of (F — G) — G from {F'}.

1. F Premise
2. F—-(F—-G)—=F) Al
3. (F—-G)—=F MP on 1,2
4. (F=G@)—=((F-G)— (F—>G))—>(F—>G)))

S (F5G) = (F=G)—»(F=G) = (F=5G)— (F—G))) A3
5. F=G) = (F=G)— (F—>G)) —(F—=GQ)) Al
6. (F=>G)—=(F=G)—=(F—-Q))—=(F=G) —(F—=Ga)) MP on 5,4
7. (F->G)—=(F—-G) —(F—G)) Al
8. (F—G)—(F—-G) MP on 7,6
9. (F=G)-»F-G)=>(F=G)—=F)=(F-G)—=Q)) A3
10. (F—=G)—F)—=(F—-G)—Gq) MP on 8,9
11. (F—=G)—G MP on 3,10

6.13 Definition: Given a truth-evaluation «, the set of true formulas under « is
T(o) ={F|a(F)=1}.

Notice that T («) has the property that for every formula F, either F' € T () or =F € T (),
but not both.

6.14 Remark: Let S be a satisfiable set of formulas with the property that for every
formula F', either F' € § or =F € §. Then there is a unique truth-evaluation a which
satisfies S, and we have § = T («).

Proof: Let o be any truth-evaluation which satisfies S so that for every F' € § we have
a(F) = 1. For any propositional variable P, since P is a formula, either we have P € S,
in which case a(P) = 1 or we have =P € S, in which case «(P) = 0. Thus the truth-
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evaluation « is uniquely determined and is given by

lif Pe S,
aP)=1 .
0if P¢S.

If F €S then a(F)=1so F € T(«a), and so we have S C T («). On the other hand, if
F ¢ S then -F € S so =F € T(«) and hence F' ¢ T («), and this shows that 7 (a) C S.

6.15 Definition: A set of formulas S is called consistent if there is no formula F' such
that S |- (F' A —=F). If there is such a formula F, then § is called inconsistent.

6.16 Theorem: Let S be a set of formulas and let ' be a formula. Then
(1) S is inconsistent if and only if S |- G for every formula G.
(2) S} F <= S U{~F} is inconsistent.
(3) If S is consistent and S |- F then S U{F'} is consistent.

Proof: To prove part (1), suppose first that S is inconsistent, say S |- (F'A—F), and let G
be any formula. Then by the first Contradiction Rule, we have S |- G. Conversely, if S - G
for every formula G, then for every formula F' we have S |- (F' A —F') so S is inconsistent.

To prove part (2), suppose first that S |- F. Then S U{—F} | F (Adding Premises)
and SU{-F} | —F (Premise) so SU{—=F} | F A =F (Conjunction), and so SU {—F} is
inconsistent. Conversely, suppose that S U {—=F} is inconsistent, say S U {—F} | G A ~G.
Then S |- F' by the second Contradiction Rule.

Finally, to prove part (3), suppose that S | F' and that S U {F'} is inconsistent, say
SU{F} |- (GA=G). Then S - F = (GA—G) by the Implication Rule, and then S - GA—-G

by Modus Ponens, and so S is inconsistent. This proves part (3).

6.17 Theorem: Let S be a consistent set of formulas. Then S C T for some consistent
set of formulas T with the property that for every formula F, either FF € T or =F € T.

Proof: Make an infinite list of all formulas
F17F27F37"'

(one way to make such a list is to express formulas using a finite ordered symbol set, such as
{—l, AV, = 0 (,), P0,1,--- ,9}, and then list all formulas lexicographically from short
to long). Set 7o = S and note that 7Ty is consistent. For k& > 0, having constructed a
consistent set T with the property that for all ¢ < k, either F; € Ty or —F; € Ti, we define

T T U{Frs1} if T - Fita,
k41 = .
T TR U Fr i T b g
By the above theorem, Ty is consistent; if Tx |- Fx1 then Ty is consistent by part (3),
and if Ty |/ Fi41 then Tiyq is consistent by part (2). Thus we obtain consistent sets T
with

S=ToCTiCTcC--.

such that each 7 has the property that for all ¢ < k, either F; € T, or =F; € T. Now let

T=UT.

k=0

Clearly we have & C T. Also, given any formula F', either FF € T or =F € T; indeed
we have I' = F}, for some k, and either Fj, € T, or =F, € T, and T, C 7. To finish
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the proof, it remains only to show that 7T is consistent. Suppose, for a contradiction, that
T is inconsistent, say 7 |- (K A =K). Only finitely many formulas in 7 are used in any
derivation of (K A —K), so we have {G1,---,G;} |- (K AN—K) for some G; € T. For each i
we have G; € T, for some k;. If we let k = max{ky,---,k;} then for all i we have G; € Ty,
and so Ty |- (K A —K). This contradicts the fact that 7T is consistent.

6.18 Theorem: Let S be a consistent set of formulas with the property that for every
formula F, either F' € S or -F € §. Then § = T («), where « is the truth-evaluation

_JriftrPeT
CloifP¢T.

Proof: First note that if F' € S then certainly S| F, and if -F € § then S |-—F, and
we cannot have both F' € § and —F € S since if we did, then we would have S |- F' and
S| —F so that S |- (FA—=F) (by the Conjunction Rule), but then S would be inconsistent.
Thus for every formula F' we have F' € S<=S|- F.

We show that S = 7 («) by using induction on formulas to show that for all formulas
F we have F' € S<=«a(F) = 1. Note that when F' = P, where P is a propositional
variable, we do have F' € § <= «(F) = 1 by the definition of a. Suppose, inductively,
that G € S<=«(G) =1 and that H € S<=«a(H) = 1.

For F = -G wehave F = -G €S <= G¢ S<=a(G) =0« a(F) = a(-G) =1.

Now let F' = (G A H). Using the Conjunction Rule, we have ' € S<= (GANH) € S
«— S+ (GAH) <= (S} G and S} H) <= ((G)=1 and a(H)=1) <= (G AN H)=1
—a(F)=1.

Next let F' = (G V H). Using the Or/And Rule and the Conjuction Rule we have
F¢S «— (GVH)¢S <= ~(GVH)eS < SF-(GVH) < S} (-GAN—-H)
— (SF-Gand S|--H) <= (G ¢ Sand H ¢ S) < (a(G) = 0 and a(H) = 0)
< a(GVH)=0 <= «oF)=0.

Next let F' = (G — H). Then using the Implies/And Rule and the Conjunction Rule,
F¢S<«— (G-H) ¢S <= ~(G—-H)eS <—= SI--(G—H) < S (GAN-H)
— (SFGand S}--H) < (Ge€ Sand H ¢ S) < (a(G) = 1 and a(H) = 0)
<— a(G—H)=0 < «a(F)=0.

Finally, let F' = (G <+ H). By the previous paragraph S |- (G — H) <= (G — H)=1
and similarly S+ (H - G) <= a(H — G) = 1. The Iff/Tmplies and Conjunction Rules
give FeES < (G H)eS < SFH(GwH) < S ((G-H)AN(H—G))
(SH(G—H) and S}|(H— G)) <= («(G—H)=1 and a(H— G)=1) <= a(G+ H)=1
— o(F)=1.

6.19 Theorem: (The Completeness Theorem) Let S be a set of formulas and let F' be a
formula. Then
SEF<S}F.

Proof: We have already remarked that if S| F' then S |= F. Suppose that S |/ F. Then
by part (2) of theorem 6.16, S U {—F'} is consistent. By theorem 6.17, we can choose a
consistent set of formulas 7, containing SU{—F'}, with the property that for every formula
G, either G € T or =G € T. By theorem 6.18, T = T («) for some truth-evaluation «, and
« satisfies 7. Since S U{—F} C T, the truth-evaluation « also satisfies S U {—=F'}. Thus
S U {—F} is satisfiable and so from the last part of theorem 2.15, S F.

6.20 Theorem: (the Compactness Theorem) Let S be a set of formulas and let F' be a
formula. If S = F then there is a finite subset T C S such that T = F.
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Proof: Suppose that S = F. Then by the Completeness Theorem, we also have S| F.
Any derivation of F' from S only uses finitely many premises, so there is a finite subset
T C S such that 7 |- F. By the Completeness Theorem, we have 7 = F.
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Chapter 7. First-Order Formulas

7.1 Remark: In this chapter we shall define terms and formulas in first-order languages,
and we shall define the free variables in a formula. In the next chapter, we shall see that
when a formula is placed in context, its terms will represent elements in a set, the formula
will represent a meaningful mathematical statement about its free variables, and the truth
of the statement will depend on the values which are assigned to its free variables. We
shall provide one example now to motivate some of our definitions in this and the next
chapter.

7.2 Example: The formula F' = Vy x X y &~ y X x is a meaningless string of symbols until
it is put into context. Its terms are the variable symbols x and y, and also the strings x x y
and y x . The variable x is free, and the variable y is bound by the quantifier.

If these terms are taken to represent real numbers, where the symbol x represents
multiplication, then the formula becomes the meaningful mathematical statement

“The real number x commutes with every real number.”

This statement is true no matter which real number is assigned to the variable .
If, on the other hand, the terms are taken to represent 2 x 2 matrices with real entries,
then the formula becomes the meaningful mathematical statement

“The 2 x 2 matrix x commutes with all 2 x 2 matrices.”

This statement can be true or false depending on the 2 x 2 matrix which is assigned to x.
For example when x is taken to be the identity matrix, the statement is true, but when x

is taken to be the matrix ((1) 8), the statement is false.

7.3 Definition: All first-order languages use symbols from the following symbol set:
{v737%7_‘7/\7v7 -, <_>7)7 (,ZUl,ZEQ,.T,?,,' o }

The symbols V and 3 are called quantifiers, specifically, V is called the universal quan-
tifier, and 7 is called the existential quantifier. The symbol ~ is the equality symbol.
The symbols =, A,V, — and <> are called the logic symbols, and they have the same
names as in propositional logic. The symbols z; are called the variable symbols. We
shall often use the symbols x, ¥, z, u, v, w to represent variable symbols.

In addition to the above symbols, a first-order language can use some or all of the
following special symbols:

1 1 1 2 p2 p2 1.1 .1 2 .2 .2
{617027037“'}U{f17f27f37'"f17f27f3a"'}U{7“1’7’277'37'"7T17T25T37"'}

The symbols ¢; are called the constant symbols, the symbols f¥ are called the function
symbols, and the symbols rf are called the relation symbols. We shall often use a,b, ¢
to represent constant symbols, f, g, h to represent function symbols, and p, ¢, r to represent
relation symbols (in example 7.2, the symbol X is used as a binary function symbol).
The superscript k on the function symbol fF is called its arity, and we say that fF is a
k-ary function symbol, and in particular, a 1-ary function symbol is called unary, a 2-ary
function symbol is called binary, and a 3-ary function symbol is called ternary. When
we avoid the use of superscripts and subscripts by using f, g and h to represent function
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symbols, it will be necessary to specify the arity of each symbol. Similar definitions apply
to the relation symbol rf and its superscript k.

7.4 Definition: A term in a first-order language is a non-empty string, of variable,
constant and function symbols, which can be obtained using finitely many applications of
the following rules.

1. Every variable symbol is a term.

2. Every constant symbol is a term.

3. If t1,---,t, are terms and if f is an n-ary function symbol, then ft; ---¢, is a term.
A term in bracket notation is defined similarly, but in the third rule, ft; ---t, is written
as f(t1,---,t,). For certain binary function symbols f, we write (z fy) instead of fxy. The
notations fzy and (z fy) are respectively known as prefix notation, and infix notation.

7.5 Theorem: (Unique Readability of Terms) Terms are uniquely readable in the sense
that every term t is either a variable symbol, or a constant symbol, or is of the form
t = fti---t,, where the terms t; - - - t,, are uniquely determined.

Proof: As an exercise, you can try to prove this by imitating the proof of the Unique
Readability Theorem for formulas in propositional logic.

7.6 Remark: If we used function symbols with undetermined arity, then we would lose
unique readability. For example, if f and ¢ are function symbols of unknown arity, and if
t = gfxy is a term, then it could be that f is unary and g is binary, in which case ¢ would
become ¢g(f(x),y) in bracket notation, or it could be that f is binary and g is unary, in
which case t would become g(f(x,y)).

Similarly, if we used infix notation without brackets, that is if we wrote x fy instead of
fzy, then we would lose unique readability. For example, if f is a binary function symbol
used with infix notation without brackets, then the term x fyfz could become either one
of the two terms ((zfy)fz) or (zf(yfz)) when put into infix notation with brackets. In
prefix notation, these two terms become f fxyz and fxfyz respectively.

In example 7.2, the symbol X is a binary function symbol used with infix notation
without brackets.

7.7 Note: We can use the tub algorithm (which was used for propositional formulas
in prefix notation in chapter 1) to determine whether a given string is a term, or a list of
terms. In this new context, the algorithm works as follows.

Step 0: Let n be a counter.

Step 1: If the last symbol is not a variable or a constant, then the given string cannot
be a list of terms. If the the last symbol is a variable or a constant, then set the counter
to n = 1 and begin to work through the given string, from right to left.

Step 2: Look at the next symbol to the left: if it is a variable or constant then increase
the value of n by 1; if it is a k-ary function symbol then reduce the value of n by (k —1).

Step 3: At this stage, if n < 0 then the given string cannot be a list of terms, and if
n > 0 then the portion which has been examined so far is a list of n terms. If we have not
yet examined every symbol in the given string, then go back to step 2.

7.8 Example: Let f, g and h be function symbols with f unary, g binary, and h ternary.
Determine whether the string fxhghy frzga fbfz is a term or a list of terms.

Solution: The results of the tub algorithm are shown below. The value of the counter is
shown beneath each symbol, and should be read from right to left.
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frhghyfrzgafbfz
0235443232211
At this stage, the value of the counter is 0, so we see that the string is not a list of terms.

7.9 Example: Again let f, g and h be function symbols with f unary, g binary and h
ternary. Determine whether the string ggaxhabfgayxhcgfrfygcxgfyz is a term or
list of terms.

Solution: We perform the tub algorithm:

ggrhabfgayxhcgfr fygerg fyz
3454654454324344332321221

Since the final counter value is 3, this string is a list of three terms. When performing the
tub algorithm by hand, it is convenient to draw tubs underneath the terms as we count

them: gxhab fgayxhcgfe fygcezrg fyz

With the help of the tubs, it is easy to convert the list into bracket notation:
9(9(x,h(a,b, f(g(a,9)))),z) , hic,g(f(x), f(y),9(c,x)) , 9(f(y),2)

7.10 Definition: A formula in a first-order language is a non-empty string which can
be obtained using finitely many applications of the following rules.

1. If t; and t9 are terms, then t; ~ t5 is a formula.

2. If tq,---,t, are terms and r is an n-ary relation symbol, then rt; - - - ¢,, is a formula.
3. If F'is a formula, then so is = F".

4. If F and G are formulas, and x € {A,V, =, < }, then (F x G) is a formula.

5. If F'is a formula and z is a variable symbol, then Vz F' and dx F' are formulas.

A formula obtained from rule 1 or rule 2 is called an atomic formula. For certain binary
relation symbols, we shall write rzy in infix notation as zry. For example, the equality
symbol ~ is a binary relation symbol which we use in infix notation.

7.11 Note: We can make a derivation for a formula as we did in propositional logic to
show explicitly how the formula can be obtained from the above rules.

7.12 Example: Let F' = Vx (—3Jy rfgfryfa— fy ~ gfax), where f and g are function
symbols with f unary and g binary, and r is a binary relation symbol. Make a derivation
for F.

Solution: First, use the tub algorithm to verify that fgfxy, fa, fy and gfax are terms.
Alternatively, if you prefer, you could make a derivation for each of these terms. For
example, a possible derivation for the term gfax is as follows:

1. =z rule 1, with the variable symbol x
2. a rule 2, with the constant symbol a
3. fa rule 3, with f, on term 2

4. gfax rule 3, with g, on terms 3 and 1

The above justifications refer to rules 1,2 and 3 from the definition of a term. Once we
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have found the terms in F', we can make a derivation for the formula F':

1. rfgfzryfa rule 2, with r, on the terms fgfxy and fa
2. dyrfgfryfa rule 5, with dy, on line 1

3. ~Jyrfgfxyfa rule 3 on line 2

4. fy=gfax rule 1 on the terms fy and gfax

5. (—mJy rfgfryfa— fy~ gfax) rule 4, with —, on lines 3 and 4

6. Vo (—-3yrfgfryfa— fy=gfaxr) ruleb, with Vx, on line 5

The above justifications refer to rules 1-5 from the definition of a formula.

7.13 Note: Formulas are uniquely readable, in the sense that in any formula,

1. every occurrence of the symbol = is followed by a uniquely determined term and
preceded by a uniquely determined maximal term,

2. every n-ary relation symbol is followed by n uniquely determined terms,

3. every occurrence of the symbol — is followed by a uniquely determined formula,

4. every occurrence of the symbol ( is followed by a uniquely determined formula,
which is followed by a unique binary connective x € {A,V, —, <> }, which is followed, in
turn, by another uniquely determined formula, which is followed by the symbol ), and

5. every occurrence of a quantifier is followed by a variable symbol, which is followed
by a uniquely determined formula. This formula is called the scope of (the occurrence of)
the quantifier.

7.14 Example: Let f and g be function symbols with f unary and g binary, and let r be
a binary relation symbol. Determine which of the following strings are formulas.

a) Vz (Jy ray — gfrx =~ ~ffy)

b) (Jz rfzy A (gbfyVz = fy))

o) ViV Iy (y= fe AVz(z = fox — z=y))

Solution: None of these strings are formulas. The string in part a) is not a formula because
the symbol ~ must be followed by a term, but it is followed by the symbol —, which does
not occur in terms. The string in part b) is not a formula because the second open bracket
must be followed by a formula then by a binary connective, but it is followed by the term
gbfy (which is not a formula) then by the connective V. The string in part c¢) is not a
formula because the first quantifier must be followed by a variable symbol, but it is followed
by a function symbol (this string is a formula in second-order logic).

7.15 Definition: Let x be a variable symbol. For each occurrence of the symbol =, which
does not immediately follow a quantifier, in a formula, we define whether the occurrence
of x is free or bound inductively as follows.

1. In the formula t; = t5, every occurrence of x is free, and no occurrence is bound.

2. In the formula rt; - - - t,,, every occurrence of x is free, and no occurrence is bound.

3. In the formula —F, every occurrence of z is free or bound according to whether it
was a free or bound occurrence in F'.

4. In the formula (F' x G), where x € {A,V, —, <> }, each occurrence of the symbol x
is either an occurrence in the formula F' or an occurrence in the formula G, and each free
(respectively, bound) occurrence of x in F' remains free (respectivly, bound) in (F x G),
and similarly for each free (or bound) occurrence of z in G.

5. For any variable symbol y other than z, each free (or bound) occurrence of x in
F remains free (or bound) in the formula Vy F', and similarly for the formula 3y . On
the other hand, every free occurrence of x in F' becomes bound in the formula Vz F', and
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every bound occurrence of x in F' remains bound in the formula Vx F', and similarly for
the formula dx F'.

A free variable of a formula F' is any variable symbol that has at least one free
occurence in F'. A formula F' which has no free variables is called a sentence.

When a quantifier in a given formula is followed by the variable symbol x and then
by the formula F' (so F' is the scope of that quantifier), any free occurrence of z in F' will
become bound in the given formula (by an application of part 5 in the above definition),
and we shall say that that occurrence of z is bound by (that occurrence of) the quantifier,
or that (that occurrence of) the quantifier binds that occurrence of x.

7.16 Example: Let f and g be function symbols with f unary and g binary, and let r be
a binary relation symbol. Let F' be the formula

F =3z (Vy gaz = gyz — (Fz—Vy rgzfyzV Iz -rfgzyz)).

Determine which occurrences of the variable symbols in F' are free and which are bound,
and for each bound occurrence, indicate which quantifier binds it.

Solution: We indicate the free and bound occurrences and their binding quantifiers by
placing integral labels under the relevant symbols: the free variables are given the label 0,
each quantifier is given its own non-zero label, and each bound variable is given the same
label as its binding quantifier:

F =3z (Vy gaz = gyz — (Jz-Vy rgzfyzV Iz -rfgzyz)).
1 2 1 20 3 4 340 5 105

7.17 Definition: Let x be a variable symbol, and let ¢ be a term. Given any term s, we
define [s];¢ inductively as follows:

t,ify=u=x, and

L. (Y|t = ] where y is a variable symbol,
y,ify#u,
2. [¢]zst = ¢, for any constant symbol ¢, and
3. [ft1tulest = flt1]est - - - [tn]zst, for any n-ary function symbol f and any terms

t1---t,. As an exercise, you can prove, by induction on terms, that [s],; is a term; it is
called the term obtained by replacing all occurrences of x in s by . And now, for
a formula F', we define [F,: inductively as follows:

—

Nt = ta)emst = [tiest = [t2]ast,
2. [rtl T tn]xl—)t = r[tl]m»—n v [tn]m»—nfy

3. [_'G]x»—nf = _'[G]x»—>t7

4. [(G x H)]m'_)t = ([Glast X [H]zst), where x € {A,V, =, <>}, and
Kz G ,if y =,

5. [Ky Glomst = { Ky [Glarst , if y # = and y does not occur in t,
Ku [[G]yHu}th , if y # x and y does occur in t

where K € {V, EI}, and wu is the first variable symbol which is not x and does not occur in
G or in t. As an exercise, you can verify that [F|, is a formula. It is called the formula
obtained by replacing the free occurrences of x in F' by ¢ .
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7.18 Example: Let f and g be function symbols with f unary and g binary, and let r
be a binary relation symbol. Let F' = (‘v’m zzrxgry VVz (—fgry~z— Jy rfacy)). Find
[Fly sz and [Flp gya, using z, y, z and u, in that order, to represent the first 4 variable
symbols.

Solution: We have

[Flys fz = [(V:c zzrgryVVz (nfgry~z— Jy rf:z;y))]nyx
= ([V:I: zzrgaylys a V [V2 (- fgry~ 2z — Elyrfxy)]y._)fm)
= (Yu Bz zmguylyes 2 V V2 [~ fgzy~z = yrfoylye ra)
= (Yu3z [z guylys ra V V2 ([0 f 92y~ 2]y po — By 7 f2ylyes 12))
= (VuIzzmgufe VVz (~fgrferz— Jyrfay))
and
[Flosgye = [(Yo 3z 27 gay V V2 (- fgzy~z — Fyr foy)) ] s gy
= (Vo 3z 22 g2ylomsgya V V2 ([2f 92y~ 2orsgye — By rfoylassgya))
= (Vx dz 2z~ gy VVz (ﬁfggya:y%z —dz [rfxz]w._)gym))
(

= (Ve Izz=gry VVz (ﬂfggyxy%zéﬂzrfgyxz))
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Chapter 8. Interpretations

8.1 Definition: For a first-order language, an interpretation consists of

1. a non-empty set (or class) V, called the universal set (or the universal class),

2. a constant ¢V € V for each constant symbol c,

3. an n-ary function f¥ : V™ — V for each n-ary function symbol f, and

4. an n-ary relation r¥" C V™ for each n-ary relation symbol r.
We shall usually refer to the above interpretation simply as the interpretation V', and we
shall often write ¢V, f¥ and r" simply as ¢, f and r (so we will not distinguish notationally
between the meaningless symbols and their meaningful counterparts).

8.2 Remark: Given an interpretation V', a formula becomes a meaningful mathematical
statement. If the formula is a sentence, which means that it has no free variables, then
the statement will either be true in V or false in V. If the formula does have free variables,
then the statement will be a statement about those free variables, and its truth may depend
on the values assigned to those free variables. In the next chapter, we shall give a formal
definition for the truth of a formula in an interpretation under an assignment, but for now,
we shall provide several fairly familiar examples of interpretations, in which we deal with
the truth of formulas somewhat informally.

8.3 Definition: The language of first-order number theory is the first-order language
with the special symbol set
{07 17 +7 X, < }

where 0 and 1 are constant symbols, + and x are binary function symbols which are
both used with infix notation (often without brackets with the understanding that x is
performed before +), and < is a binary relation symbol which is used with infix notation.

8.4 Note: Unless otherwise stated, we shall not allow ourselves to use any other special
symbols. In particular, we shall not allow ourselves to use the constant symbol 2, the
unary function symbol —, the binary function symbol —, or the binary relation symbol <.

8.5 Note: The interpretations that we shall normally use for the language of first-order
number theory, are the interpretations in which the universal set is the set of natural
numbers N = {0,1,2,---}, the set of integers Z, the set of rational numbers Q, or the
set of real numbers R, and where the symbols 0, 1, 4+, x and < are all given their usual
meanings. If we wanted to use the interpretations in which the universal set is the set Z,,
of integers modulo n, or the set of complex numbers C, then we would probably avoid
using the symbol <, which does not have a standard meaning for either of these two sets.
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8.6 Example: Translate each of the following mathematical statements about integers
into formulas in the language of first-order number theory.

a) a;|y, that is, y is a multiple of x.

b) x =y (mod 2).

¢) x = min{y, z}.

d) x is prime.

e) x is a power of 2.

Solution: Here are some possible translations.

a) 2y~ T X2

b) Jux=y+zxu

) ((y<z = asmy)A(y<z = z~2))

d) (I<zA(VyVz(0<yAO<2)Azmyxz) = (y=1lVzx1l)))

e) Note first that x is a power of 2 if and only if z is positive and every factor of z, which

is greater than 1, is even. So we can translate this statement into the formula
(O<:1;/\Vy((1 <yANIzrmyxz) — Eluy%u+u))

8.7 Example: If we replace the symbol A by the symbol V in our translation of part (c)
in the above example, we obtain the formula F = ((y <z — z~y)V(-y <z — == z2)).
Show that this formula is true in all interpretations, no matter what values are assigned
to x, y and z (such a formula is called a tautology).

Solution: Let V be any set, let < be any binary relation on that set, and let x, y and z be
any elements of V. The formula y < z must either be true or false. If y < z is false, then
the formula (y < z — z ~ y) will be true, and hence F' will be true. If y < z is true, then
the formula -y < z will be false, so the formula (—y < z — z & z) will be true, and hence
F will again be true.

8.8 Example: Add the unary function symbol f to the language of first-order number
theory, and translate the following statements, about real numbers and the function f,
into formulas.

a) Every real real number has a unique cubed root.

b) 0 < |z —a|] <b.

c) f is increasing.

d) aljl_rfb f(x) =b.

Solution: Here are some possible translations.

a)Vedy(lyxyxymaAVz(zxzXxzrr = z2xY))

b) Note first that we have 0 < |z —a| < b if and only if (x # a and —b <z —a < b ) if and
only if (x # a and —b < x — a and x — a < b), so we can translate this into the formula

(rzmaAN(a<z+bAz<a+b))
c) VeVy (z <y — fx < fy)
d) Let € and é be variable symbols. Then lim f(z) = b translates as

r—a
Ve (0 <e — 35 (0 < 6AVz ((-z = an(a < 246 Az < a+8)) = (b < fe+eAfr < bte))))

8.9 Remark: The following example illustrates that when a mathematical statement is
written in English, it can sometimes be vague and ambiguous, but when it is expressed as
a first-order formula, its meaning will be precise and unambiguous.
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8.10 Example: Translate the statement “there is a real number between any two real
numbers” into a formula in first-order number theory.

Solution: The meaning of this statement is unclear; it can be interpreted in several different
ways. We shall assume that the word “between” means “strictly between”, but we can
still find several possible meanings for this statement.

The statement “there exists a real number x such that for all real numbers y and =z,
x is between y and 2”7 can be translated as JxVyVz((y <z Az < 2)V(z <z Az <y)).
This statement is false. Indeed, given any x we could choose y = x + 1 and z = x + 2 to
get a counterexample.

Perhaps the statement was intended to mean “given any real numbers y and z, it is
possible to find a real number x which is between y and z”. This version of the statement
can be translated as VyVz 3z ((y <z Ax < 2) V(2 < x Ax < y)). This is also false, since
it could be that y = z.

Perhaps the statement was supposed to be the true statement “given any two distinct
real numbers y and z, there exists a real number x which is between y and z. This can
be translated as VyVz (-y =~ 2 — o ((y <z Az < z)V (2 <z Az <y))), or it can be
translated a little more efficiently as VyVz (y <z — Jz(y <z Az < 2)).

8.11 Example: For each of the following sentences, determine which of the interpretations
N, Z, Q and R make the statement true.

a) F=daVy y<zx

b) G=VzVy((z<yVzrxy) < z<y+1)
c) H=Ve(-z2~0 — Jyrxy~x1)

A K=3x(1+) xz~r1lA-Tzarxxr~1+1

Solution: In all four interpretations, the formula F' means “there exists a number which is
less than or equal to every number”, that is “there exists a smallest number”. This is true
in N but false in the other three interpretations.

The formula G means “for all numbers x and y we have z < y if and only if z < y+17.
This is true in N and in Z but false in Q and R.

The formula H means “every non-zero number has a multiplicative inverse”. This is
true in Q and in R but false in N and in Z.

The formula K means “the number 2 has a multiplicative inverse, but it has no square
root”. This is true in Q but false in the other three interpretations.

8.12 Definition: A directed graph G consists of a non-empty set V' called the vertex
set, and a set £ C V2 called the edge set. When (z,y) € E we say that (z,y) is an edge
from x to y and we say that z is the initial point of the edge (z,y) and that y is the
final point of the edge (x,y). When V has n elements, we say that G is a graph on n
vertices and, in this case, we shall usually take V = {1,2,--- n}.

8.13 Note: We can draw a picture to represent a given graph GG by drawing one point in
the plane, labeled by x, for each element x € V', and by drawing a line with an arrow on
it from the point x to the point y for each pair (z,y) € E.
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8.14 Example: Draw a picture of the graph with vertex set V' = {1,2,3} and edge set
E = {(17 1)7 (17 3)7 (27 2)7 (27 3)7 (37 1)}

Solution: 3

8.15 Remark: We shall not draw a picture in which there are two lines with arrows from
one vertex to another, since that would correspond to an ordered pair being listed twice
in the edge set E. Similarly, we shall not draw a picture with two loops at one point. For
a loop, it does not make any difference which way the arrow is pointing.

8.16 Definition: The language of first-order directed graph theory is the first-order
language with the special symbol set
{r}

where 7 is a binary relation symbol, which we shall use with infix notation.

8.17 Note: For the first-order language of directed graph theory, each interpretation can
be considered to be a graph: the universal set V is the vertex set of the graph, and the
relation 7V associated to the relation symbol 7 is the edge set, 7V = E C V2, so that the
formula zry will be true when there is an edge from x to y.

8.18 Example: Translate the following statements about directed graphs into formulas
in the language of first-order directed graph theory.

a) The graph has exactly two vertices.

b) The graph has exactly three vertices.

c) The graph has exactly one edge.

d) There is an edge from the vertex x to every vertex but one.

Solution: Here are some possible translations.

a) xJy(~z=yAVz(zraVzry))

b) IzIyIz ((remyAzr2)Ay=z)AVu((urzVury)Vurz))

¢) 3z Iy (zry AVzVu (zru— (z ® 2 Aury)))

d) The statement “there is an edge from x to every vertex but one, and there may or may
not be an edge from x to that one vertex” can be translated as JyVz (—z =~ y — arz),
while the statement “there is an edge from x to every vertex but one, and there is no edge
from z to that one vertex” can be translated as JyVz (zrz <> -z = y).

8.19 Example: Let F = VzVy (zry — 3z zrx) Determine which of the following two
graphs make the formula F' true.

(i) 3 i) 3
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Solution: We provide two solutions to this problem. The first method involves some
understanding of the meaning of the formula. The formula can be translated as “every
vertex which is the initial point of an edge, is also the final point of an edge”. Using this
translation, we can see by inspection that the graph (i) makes F' false (when x = 2 and
y = 3, xry is true but Iz zrz is false), and the graph (ii) makes F' true (indeed for every
value assigned to z, 3z zrzx is true).

A more systematic method, requiring less understanding, involves making a table in
which we list possible values which can be assigned to the variables in V', and then we list
the truth-values for various subformulas of F'. We do this for each graph:

For the graph (i) For the graph (ii)

x y xry Jzzrx (ery— Izzro) x y wxry Jzzrx (zry—3dzzroz)
1 1 1 1 1 1 1 1 1 1
1 2 0 1 1 1 2 1 1 1
1 3 1 1 1 1 3 0 1 1
2 1 0 0 1 2 1 0 1 1
2 2 0 0 1 2 2 0 1 1
2 3 1 0 0 2 3 0 1 1
3 1 1 1 1 3 1 0 1 1
3 2 0 1 1 3 2 1 1 1
3 3 0 1 1 3 3 0 1 1

From the 6" row in the first table, in which = 2 and y = 3, we can see that F is false
for the graph (i). On the other hand, since all the entries in the last column of the second
table are equal to 1, we see that F'is true for graph (ii).

8.20 Example: Let F' =V (Vy zry — 3z zrz) (compare this to the formula of the pre-
vious example). Show that F is true for every graph G (and hence in every interpretation).

Proof: Let V be any non-empty vertex set, and let £ C V2 be any edge set [We must show
that F is true]. Let z € V be arbitrary [We must show that (Vy zry — 3z zrz) is true}.
Suppose that the formula Vy xry is true [We must show that dz zrx is true}. Then in
particular, taking y = x, the formula zrx is true. Thus the formula 3z zrz is true, since
we can take z = x. Since x was arbitrary, we have shown that F' is true.

8.21 Remark: Mathematical Logic and Set Theory originated in about 1900. At that
time, several paradoxes were discovered within mathematics. An example of a paradox
outside the realm of mathematics is the well known self-referential statement “This state-
ment is false”. This amusing statement is true if and only if it is false. Such paradoxes are
quite fun to play around with, and they pose no threat to the discipline of mathematics.

An example of a paradox within the realm of mathematics is the following famous
paradox called Russel’s paradox. Let X be the set of all sets, and let S = {A € X‘A ¢ A}
(for example, since Z ¢ Z we have Z € S, and since X € X we have X ¢ S). Then we
have S € S<= S5 ¢ 5, so the statement S € S is true if and only if it is false.

A paradox in mathematics allows us to mathematically prove anything we wish, using
a proof by contradiction. For example, we can use Russel’s paradox to prove that 0 = 1
as follows. Suppose, for a contradiction, that 0 #% 1. Let X be the set of all sets and
let S ={A € X‘A ¢ A}. Then we have S € S if and only if S ¢ S, which gives us a
contradiction. Thus 0 = 1.
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This is not a desirable state of affairs if one wants to be confident that statements
which have been mathematically proven must be true.

One possible solution to this problem is to allow for the possibility that statements can
be neither true nor false. If we make this allowance, then the above proof by contradiction
would become an unacceptable proof. This solution weakens the power of mathematics by
eliminating some of the acceptable methods of proof. This is not the solution which has
been adopted.

The solution which has actually been adopted by mathematicians, is to make a pre-
cise set of rules by which mathematical sets can be produced, and by then defining all
mathematical objects to be certain sets. These rules are the axioms of set theory. It
is not possible to construct the set of all sets using the axioms of set theory, and so the
collection of all sets is not a mathematical set, and it cannot be used in any mathematical
proof as we used it above, in our proof that 0 = 1.

8.22 Definition: The language of first-order set theory is the first-order language with
the special symbol set
{€}

where € is a binary connective symbol which we write using infix notation.

8.23 Note: When we use the language of first-order set theory, the interpretation we have
in mind is the one in which the universal class V' is the class of all sets (as mentioned in
the above remark, the collection of all sets is not as a mathematical set, but we can refer
to it as the class of all sets), and the binary relation € is the relation for which x € y is
true when z is an element of y.

8.24 Remark: Essentially all of mathematics can be done in the language of first-order
set theory. The manner in which this is done is often presented in a course on set theory.
We shall not do this here, but we shall list a few of the axioms of set theory, and we shall
indicate how a few familiar mathematical objects can be defined to be certain sets.

8.25 Example: Translate each of the following statements about sets into formulas in
first-order set theory.

a) x = (), that is, = is the empty set.

b) z=xzUy.

c)zNy C z.

Solution: Here are some possible translations.

a)Vy -y € x

b)Vu(u€ z < (u€xVuc€Ey))

c)Vu((u€exANuecy) = ué€E z)

46



8.26 Example: The following statements are all axioms in set theory (the name of each

axiom is given in brackets). Translate them to formulas in first-order set theory.

a) (Equality) Two sets are equal if and only if they have the same elements.

b) (Pair) If = and y are sets, then {z,y} is a set.

c¢) (Union) If x and y are sets, then the union x Uy is a set.

d) (Power Set) If x is a set, then the set of all subsets of x is a set.

e) (Separation) Let F' be a formula in first-order set theory with one free variable z.
Then if x is a set, then y = {z € x|F is true} is a set.

f) (Infinity) There exists a non-empty set x with the property that for every y € x there
is a z € x with z # y such that y C z.

Solution: Here are some possible translations.

a)VeVy(z =y <> Vz(z €2 < z€y))

VeVy3zVu(u € z < (uxzVury))

VaeVydzVu(u € z <> (uexVu€Ey))

VedyVz(z €y <> Yu(u€y — u € x))

VedyVz(z €y <> (z€xNF))

f)Iz(FyyeaAVylyce — Fz((z€xA2zry) AVu(uEy —uE 2))))

b)
c)
d)
e)

8.27 Remark: There are a few other axioms, including the Replacement Axiom and
the Axiom of Choice, and with these axioms it is possible to build up essentially all of
mathematics in the language of first-order set theory. When this is done, all mathematical
objects, including numbers and functions, are taken to be sets. Let us illustrate informally
how one can begin to build up mathematics from these axioms.

To begin with, we can construct the empty set. To do this, choose any set = (a
set exists by the Axiom of Infinity), then use the Axiom of Separation to form the set
y = {z € |-z &~ z}, which is a set with no elements. The Axiom of Equality implies that
there is only one set with no elements, so we can call it the empty set, and denote it by (.
Using the empty set , we can construct the set of natural numbers N by defining 0 = (),
1= {0} = {0}, 2 = {0,1} = {0,{0}}, 3 = {0,1,2} = {0, {0}, {0, {0}}} and s0 on. With
this definition of N, the natural number z is a set of x elements, and we have z+1 = xU{z}.

Once the natural numbers have been defined, it is possible to define the set of integers
Z by defining each integer to be an ordered pair in N x 2 = N x {0,1}. For a natural
number n we also write n for the ordered pair n = (n,0), and we write —n for the ordered
pair —n = (n, 1). In order to perform this construction of Z from N, we first need to define
an ordered pair. Given sets z and y we can define the ordered pair (z,y) to be the set
(x,y) = {{z}, {x,y}} (this is either a set with two elements, when x # y, or it is a set with
one element, when = y). The statement z = (x,y) can be translated into the first-order
formulaVu (u €z ¢ (Vw(v€eu <> vrz)VVw(vEu < (VR zVURY)))).

Once we have defined ordered pairs, we can then define the product of two sets by
xxy = {(u,v)|u € z,v € y}. To be more precise, writing p(x) to denote the set of all
subsets of z, we have z X y = {w € p(p(z Uy))|w = (u,v) for some u € z,v € y}. Notice
that the axioms Pair, Union, Power Set and Separation are all involved in the construction
of the product x x y. A function f : x — y is defined to be a subset f C x x y with the
property that for every u € z there exists a unique v € y such that (u,v) € f. In this
definition, a function is a actually defined to be equal to what is normally called its graph.
If the statement f : x — y were translated into a first-order formula, the resulting formula
would be very long.
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Chapter 9. Assignments

9.1 Definition: Let V be an interpretation. An assignment in V', or more precisely an
assignment of values in V' to all the variable symbols, is a map

« : { variable symbols } — V.

An assignment in V on {z1, - -, z;} isamap a:{z1, -, x5} = V.
Given an assignment « in V, a variable symbol z, and an element v € V, let [a]zi0
denote the assignment in V' which is defined by

(Ao (y) = { aly) if y # 7, and

v if y =u,

where y is any variable symbol.
An assignment « in V' induces an assignment of values in V to all terms, that is
a map
a:{terms } -V

as follows: given a term t, we define a(t) € V' inductively by

1. a(x) is already known when z is any variable symbol,
2. afc) = ¢¥ for any constant symbol, and
3. alfty--tn) = f¥V(altr), -+, a(t,)), where f is n-ary and t1,---t, are terms.

Also, the assignment o now induces an assignment of truth-values to all formulas,
that is a map,
a : { formulas } — {1,0},

as follows: given a formula F'; we define the truth-value a(F) € {1,0} inductively by

iy = | Lifa(t) =a(ts) in V, and

1. alti~t) = {0 i) £ ot i
2. Oz(rtl . 'tn) _ { 1 ?f (Oé(tl)7.. . 7a(tn)) c T: C V", and
0 if (a(tl),...,a(tn)) ¢7’ g v

5 (~C) lif o(G) =0, and ) i o
: a(= = , as in propositional logic,
0if (@) =1 prop s
4. «a(G x H)) is defined as in propositional logic, when x € {A,V, —, <>}, and
(V2 G) = 1 %f [@] 2150 (G) = 1 for every v € V, and

0 if [@]zs0(G) = 0 for some v € V

1 if [ gs0 (G) = 1 for some v € V', and
a(FxG) = _

0 if [@]zs0(G) = 0 for every v € V.
For an interpretation V', an assignment « in V', and a formula F', if o(F) = 1 then we say
that F' is true in the interpretation V under the assignment «a, and if a(F) = 0 then we
say that F' is false in the interpretation V under the assignment o. When F' is true in V'
under every assignment «, we say that F' is true in V, and when F' is false in V' under
every assignment «, we say that F' is false in V.

b

48



9.2 Example: Let a be a constant symbol, let f be a binary function symbol, and let r
be a binary relation symbol. Let F' be the formula F' = Vy (fry~a — Jxrzy). Let V be
the interpretation given by V = {2,3}, ¥ =2, fV(u,v) = |u —v| + 2 and 7V = {(3,2)}.
Let a be an assignment with a(z) = 2 and a(y) = 3. Determine whether a(F) = 1.

Solution: First we note that F' has one free variable, namely x, so the truth-value of F' will
only depend on «(z); the fact that a(y) = 3 is irrelevant. Now let us painstakingly wade
our way through the definition step by step. Write G = (fzy~a — Jzrrzy) so F' = VyG.
We have o(F) = 1<=a(VyG) = 1 <= [a]y—y(G) = 1 for every v € V. There are two
possible values for v € V', so we consider two cases.

Case 1: suppose that v = 2. Write 8 = [a]y, so we have f(z) = a(z) = 2 and
B(y) = v = 2. We wish to find 8(G) = B(fry~a — Jzrray), so we shall find S(fry=a)
and A(3rrazy). We have f(fay~a) = 1 <= B(fay) = fla) < ¥ (8(x), B(y)) = a¥
<= fV(2,2) = 2. Since fV(2,2) = |2 — 2| + 2 = 2, we have B(fzy~a) = 1. Next, let us
find B(3x rzy). We have S(Fzrzy) =1 <= [flasu(rezy) =1 for some u € V.

We consider each of the two possible values for u € V. Case 1(a): suppose that
u = 2 and write 7 = [f]zy so that y(z) = v = 2 and y(y) = B(y) = 2. We have
Blosu(rzy) = 1 = y(ray) = 1 <= (y(2),7(y)) € ¥V < (2,2) € rV. Since
(2,2) ¢ 1V we have [3],.(rey) = 0. Case 1(b): suppose that u = 3 and write v = [8]su
so that y(z) = u =3 and y(y) = B(y) = 2. Then [Blosu(rzy) =1 <= ~v(ray) =1 <
(v(2),~v(y)) € V' <= (3,2) € r". Since (3,2) € vV, we have [B]zsu(rzy) = 1.

By the result of case 1(b), we see that []s(rzy) = 1 for some u € V' (namely
u = 3) and hence f(Jzrzxy) = 1. Since f(fry~a) = 1 and S(Fzraxy) = 1, we have
B(fry~a— Jzrzy) = 1. Thus when v = 2 we have [a]y,(G) = 5(G) = 1.

Case 2: suppose that v = 3. Write 8 = [a]y, so we have f(z) = a(z) = 2 and
B(y) = v = 3. Then f(fay~a) =1 < f¥(B(x), B(y) = a” < [V(2,3) = 2. But
fY(2,3) =12-3]+2 =3 +# 2 and so B(fry~a) = 0. Since B(fry~a) = 0 we have
[y (G) = B(fry~a— Tz ray) = 1; it is unnecessary to find S(3x ray).

Merely for the sake of extra practice, let us find S(Jzrzy). We have f(3xrzy) = 1
< [Blau(razy) = 1 for some u € V. Case 2(a): suppose that u = 2 and write v = [5] x4
so that y(z) = u =2 and y(y) = B(y) = 3. Then [[losu(raey) =1 <= y(ray) =1 <
(v(2),v(y)) € rV <= (2,3) € V. Since (2,3) ¢ rV we have [8],.(rzy) = 0. Case 2(b):
suppose that u = 3 and write v = [z so that y(z) = v = 3 and y(y) = B(y) = 3.
Then [Blesu(rry) =1 <= y(rzy) =1 <= (y(2),7(y)) € rV < (3,3) € rV. Since
(3,3) ¢ r", we have [B]su(rzy) = 0. For both possible values of u we have found that
[Blesu(rzy) =0, and so S(Jxrzy) = 0.

From the results of cases 1 and 2, we see that [a]y,(G) = 1 for every v € V. Thus
alF)=aVyG) =1.

We summarize the results of our case-by-case analysis in the following table of values
and truth-values.

x y fry fry=a rexy drrezy G F
2 2 2 1 0 1 1 1
2 3 3 0 0 0 1 1
3 2 3 0 1 1 1 0
3 3 2 1 0 0 0 0
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9.3 Definition: Let V = {vy,---,v,} be a finite interpretation. A table of values and
truth-values on {z1,---,z;} for V is a table with the following properties.

(1) The leading header row is of the form xy zo -+ z t1 to -+ t; F1 Fy --- F,, where
X1, Tk, t1, -+, t; is a derivation of terms (using only variable symbols from {x1, - -, zx}),
and Fy,---, F,, is a derivation of formulas (using only the terms previously derived).

(2) There are n* rows (not counting the header row); for each of the n* assignments a in V/

on {x1,---,xk}, there is a row of the form a(z1) - a(z,) a(ty) - a(t;) a(F1)- - a(Fy).
Note that each a(x;) € V and each a(t;) € V but each «(F;) € {1,0}.

(3) The rows are ordered so that in the first £ columns (headed by z1,-- -, zx), the rows
list all the elements in V* in lexicographical order.

9.4 Example: Let a be a constant symbol, let f be a unary function symbol, let g be a
binary function symbol and let r be a binary relation symbol. Let V' be the interpretation
given by V = {1,2,3} with ¢ = 2 and with ", ¢ and V" determined by the following
tables of values and truth-values on {z,y}.

T Yy gry T Yy ray
1 1 3 1 1 0
1 2 1 1 2 1
r fr 1 3 2 1 3 0
1 3 2 1 3 2 1 0
2 3 2 2 3 2 2 1
3 2 2 3 1 2 3 1
3 1 1 3 1 0
3 2 2 3 2 1
3 3 1 3 3 0

Let F = 3z (3ygfry~a AVz (refy—z~y)). Find all the assignments a on {z,y} such

that a(F) = 1.

Solution: We write G = Jy gfry~a, H =Vz (refy— x~y) so that F = 3z (G A H), and
then we make a table of values and truth-values for the formula F'.

r y a fr fy gfry gfry~a G rxfy z=y rafy—axx~y H GANH F
11 2 3 3 1 0 1 0 1 1 0 0 0
1 2 2 3 3 2 1 1 0 0 1 1 1 1
1 3 2 3 2 1 0 1 1 0 0 0 0 0
2 1 2 3 3 1 0 1 1 0 0 0 0 0
2 2 2 3 3 2 1 1 1 1 1 1 1 1
2 3 2 3 2 1 0 1 1 0 0 0 0 0
3 1 2 2 3 3 0 0 0 0 1 0 0 0
3 2 2 2 3 3 0 0 0 0 1 1 0 1
3 3 2 2 2 1 0 0 1 1 1 0 0 0

Notice that the only free variable in GG is x, and so the truth-values of G only depend on
a(z). On the other hand, in H and in F' the only free variable is y, so the truth-values
of H and F only depend on «(y). From the final column, we see that there are three
assignments on {x, y} such that a(F') = 1. They are the assignments o with a(y) = 2 and
a(z) arbitrary.
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9.5 Definition: Let F' and G be formulas, and let S be a set of formulas.

We say that F' is a tautology, and we write = F, when for every interpretation V and
every assignment « in V' we have o(F') = 1.

We say that F' and G are truth-equivalent, and we write F' treq G, when for every
interpretation V' and every assignment « in V' we have o(F') = a(G).

We say that S is satisfiable when there exists an interpretation V' and an assignment «
in V such that a(F) = 1 for every F € S. Such an assignment « is said to satisfy S.
When § = {F'}, we omit the set-brackets and say that F' is satisfiable.

We say that the argument “S therefore G” is valid, and we write S =G, when for every
interpretation V and every assignment « in V', if a(F') = 1 for every F' € S then o(G) = 1.
When S is finite we shall often omit the set-brackets. The formulas in S are called the
premises of the argument, and the formula G is called the conclusion of the argument.

9.6 Example: For any term ¢, the formula x ~t is satisfiable, and the formula t~t is a
tautology. If f is a unary function symbol, then the formula y~ fx is satisfiable, and the
formula Jdyy~ fx is a tautology. For any terms s and ¢, we have s~t treq t~s. For any
formula F, we have VaxVy F treq VyVx F', and also J3x Jy F' treq Jy 3= F'. For any terms
t1, to and t3 we have {t| ~tq, to~t3} Et; ~t3.

9.7 Example: Let 0 and 1 be constant symbols. Show that the formula 0~ 1 is satisfiable.

Solution: Although in everyday mathematics we would normally use the symbols 0 and 1 to
denote two distinct objects, it is very easy to invent an interpretation in which they denote
the same object. For example, we could take V = {2,3} and we could set 0V =1V = 2.

9.8 Example: Show that the formula x + 0~ z, in first-order number theory, is not a
tautology.

Solution: Although in the interpretations we would normally consider in number theory,
the formula z 4+ 0~z is true, no matter which value is assigned to x, it is easy to make up
an interpretation and an assignment under which the formula is not true. For example,
we could take V = Z, the set of integers, and let +" be the usual addition function, and
then we could take 0V to be equal to the integer 1 instead of the integer 0. Then under
any assignment « in V', the formula x + 0~z is false.

9.9 Theorem: (Relationships Between Tautologies, Truth-Equivalence, Satisfiability and
Validity) Let F';, G and F; be formulas, and let S be a set of formulas. Write (Fy A---AF},)
for (-+-((Fy N Fo) NF3) N---NF,). Then

(1) EF <= (0EF <= —F is unsatisfiable.
(2) FEG < EF—G < F NG is unsatisfiable.
(3) Ftreq G <= E(F+G) < (FEGand GEF).

(4) {F1, -, F,} EG <= (FAN---ANF,)EG <= E(F 1N -NF,)—>G
< (FA A---ANF,) NG is unsatisfiable <= {F},---, F,,~G} is unsatisfiable.

(5) S EG <= SU{—G} is not satisfiable.

Proof: The proof is similar to the proof of the analogous theorem from propositional logic
(theorem 2.15). The proof is left as an exercise.

o1



9.10 Example: Let F' = Vz3y (—y~ fr —ryfz), where f is a unary function symbol and
r is a binary relation symbol. Show that F' is a tautology.

Solution: Informally, but inaccurately, we can think of x and y as being elements in some
universal set V', and think of f as an actual unary function, and argue as follows: given
any x € V we can choose y = fx € V and then the formula y~ fx will be true and so the
formula —y~ fx — ryfx will also be true.

The above argument is inaccurate because it is not x and y which are elements of V,
but rather it is a(z) and a(y), where « is an assignment, and furthermore, we cannot
choose to have y = fx because y is a string of length 1 while fx is a string of length 2.
We now provide an accurate version of the above argument.

Let V be an interpretation and let o be an assignment in V. We must show that
a(Vzdy (-y~ fr—ryfr)) = 1. Let u € V be arbitrary, and let 8 = [0]psy. We must
show that B(Ely (ﬂy%fx%ryfa:)) = 1. Choose v = fV(u) € V and let v = [B],s0. We
must show that v(—y~ fr —ryfz) = 1. Since v(y) =v = fV(u) = fV (y(x)) = y(fzx), we
have y(y= fx) = 1. Since v(y~ fx) = 1, we also have y(—y~ fz — ryfz) = 1, as required.

9.11 Example: Let F' = Vz (Jy —rzyV Iy ryzx), where r is a binary relation symbol. Show
that F'is a tautology.

Solution: First, we think of x and y as being elements of a universal set V', and think of
r as a binary relation, and argue informally, but inaccurately, as follows. Let z € V be
arbitrary. Suppose that Jy —rzy is false. Then Vy rzy must be true. In particular, taking
y = x, we have rxzx true and so dyryx is true. We now translate this into a rigorous
argument.

Let V be an interpretation and let  be an assignment in V. We must show that
a(Vz (3y ~rzy V Iyryz)) = 1. Let u € V be arbitrary and let 8 = [a]z . We must show
that 5(Jy —rzyVIyryx) = 1. Suppose that S(Jy —rxy) = 0. Then for every v € V we have
[B)ysv(—razy) = 0 and hence By (rzy) = 1. In particular, we have 8]y (rey) = 1.
Write v = [8]y—su. Then we have y(z) = v(y) = u and we have y(rzy) = 1, which means
that (v(z),7(y)) € r. Also, (v(y),7(z)) = (u,u) = (v(z),7(y)) € ", and so y(ryz) = 1,
that is [5]yu(ryz) = 1. Under the assumption that 5(3y —rzy) = 0 we have shown that
B(Jyryx) = 1 and this proves that f(Jy —~rzy V Iy ryz) = 1, as required.

9.12 Example: Let F' = Vz (Jyrzy — Vy - fr~y), where f is a unary function symbol
and r is a binary relation symbol. Show that F' is satisfiable.

Solution: Informally, but inaccurately, we think of z and y as elements of a set V', and we
think of f as a unary function and r as a binary relation. Note that the formula Vy - fr~y
is false, since given any x € V we can choose y = fax € V. So the only way to make the
formula Jy rey — Vy - fr~y true is to make the formula 3y rxy false. Thus for all z € V'
and all y € V we need to have rxy false, and to do this, the relation » must be the empty
relation.

To make this precise, let V' be any non-empty set, let f¥ : V — V be any unary
function, let »¥ = (), the empty set, and let o be any assignment in V. We claim
that «(F) = 1. Let u € V be arbitrary, and let 5 = [&]s5y. We need to show that
B(Fyrey —>Vy-fr~y) = 1. To do this, we shall show that g(Jyrzy) = 0. Let v € V
be arbitrary, and let v = [8]y,. We must show that v(rzy) = 0. Since ¥ = 0, we have

(W(x),v(y)) = (u,v) ¢ vV, and so y(rzy) = 0, as required.
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9.13 Example: Let F' and G be formulas. Show that Vz (F A G) treq Vx F AVz G.

Solution: Let V' be an interpretation and let a be an assignment in V.

Suppose first that a(Vz (F A G)) = 1. We claim that a(Vaz FAVzG) =1. Let u e V
be arbitrary. Since a(Vz(F A G)) =1, we have [a]zu(FAG) =1, and 50 [0y (F) = 1
and [azu(G) = 1. Since u was arbitrary and [z (F) = 1, we have a(Vz F) = 1.
Since u was arbitrary and [z (G) = 1, we have a(Vz G) = 1. Since a(Vx F') = 1 and
a(Vx G) =1, we have (Vo F AVz G) = 1, as claimed. Thus Vz (F'A G) EVe F AVzG.

Next suppose that a(Vx F AVxG) = 1, so that a(Vz F) = 1 and a(Vx G) = 1. We
claim that a(Vz (F A G)) = 1. Let u € V be arbitrary. Since a(Vz F) = 1 we have
[z (F) = 1, and since a(Vax G) = 1 we have [z (G) = 1. Since [a]n.(F) = 1 and
[ 250 (G) = 1, we have [z (F A G) = 1, and since u was arbitrary, this implies that
a(Vz(F A G)) =1, as claimed. Thus Vo F AVz G EVa (F AG).

9.14 Theorem: Let V be an interpretation, let o and 3 be assignments in V', and let
F be a formula. If a(x) = B(x) for every variable symbol x which has a free occurrence
in F, then o(F) = B(F). In particular, if x is not free in F then for any u € V we have

[a]omu(F) = a(F).
Proof: We omit the proof, which uses induction on terms and induction on formulas.

9.15 Example: Let F' and G be formulas, and suppose that x is not free in G. Show
that Vo (F'V G) treq Yz F' V G.

Solution: Let V be an interpretation and let o be an assignment in V. Suppose that
a(Vz (FV G)) = 1. We claim that a(Vz F V G) = 1. Suppose that a(G) = 0. We need to
show that a(Vx F') = 1. Let u € V be arbitrary, and let § = [a]z. We must show that
B(F) = 1. Since a(Vz (F V G)) = 1, we have B(F V G) = 1. Since z is not free in G, we
have 5(G) = a(G) = 0 by the above theorem. Since f(G) =0 and B(F V G) = 1 we have
B(F') =1, as required. Thus we have Vz (F'VG)EVz FV G.

Conversely, suppose that a(Vz F VvV G) = 1. We claim that a(Vz (F V G)) = 1. Let
u € V be arbitrary, and let 8 = [a]zsy. We need to show that S(F V G) = 1, so we
suppose that 3(G) = 0, and we claim that S(F) = 1. Since z is not free in G, we have
a(G) = B(G) = 0, by the above theorem. Since a(Vx F'V G) = 1 and a(G) = 0 we
have a(Vz F) = 1, and so [z (F) = 1, that is (F) = 1, as required. Thus we have
Ve F'VGEYz (FVG).

9.16 Example: Find formulas F' and G such that Vz (F'VG) #Vz FVG, and find formulas
F and G such that Vx F'V GEVz (FV G).

Solution: By the previous example, we know that to obtain examples of such formulas F'
and G we must have z free in G.

First, let FF = x =~y and G = -z =y, let V be any interpretation with at least 2
clements, and let a be any assignment in V with a(z) = a(y) € V. Then a(Vz (FVG)) =1,
indeed Vz (F'V G) is a tautology. Also a(Vz F') = 0 since V has at least 2 elements, and
a(G) = 0 since a(x) = a(y) € V, and so a(Vx F'V G) = 0. Thus for these formulas F' and
G we have Vx (F'V G)#£Vz F V G.

Now let FF' = G = xz=xy, let V be any interpretation with at least 2 elements, and let
a be any assignment in V' with a(z) = a(y) € V. Then a(G) = 1 since a(z) = ay) € V,
so a(Vz FVG) =1, but a(Vz(FVG)) = 0 since V has at least 2 elements. Thus for these
formulas F' and G we have Vx F'V G HEVz (F V G).
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Chapter 10. Derivation of Valid Arguments

10.1 Theorem: (Basic Truth-Equivalences) For any formulas F' and G, and any variable
symbols x and y, in addition to the 24 Basic Truth-Equivalences from propositional logic,
we have the following Basic Truth-Equivalences.

(Double Quantifier) 25. VaVyF treq VyVz F

26. dxdy F treq Jydz F
(Negating Quantifier) 27. —Vz F treq Jz—F

28. —dx F treq Vax - F
(Separating Quantifier) 29. Vz (F AG) treq Ve F AV G

30. 3z (FVG)treq Iz FVIxG
31. Jx(F—G)treqVe F -3z G

(Quantifying Unused Variable) 32. Vx F treq F if x is not free in F
33. dx F treq F' if x is not free in F’

(Changing Variables) 34. Vx F treq Vy [F|gy if y is not free in F
35. Jx F treq 3y [F|zmy if y is not free in F

Proof: The first Separating Quantifier rule was proven in Example 9.13. The rest of the
proof is left as an exercise.

10.2 Theorem: For any formulas F', G and H, for any set of formulas S, for any variable
symbols x and y, and for any terms s, t, s; and t;, in addition to the 36 Basic Validity
Rules from propositional logic, we have the following Basic Validity Rules.

(Equality) 37. SEt=t
38. IfSEs~t then SEt~xs
39. IfS }:fq%tg aHdS}:fQ%tg, thenS|:t1%t3
40. If SEs~t and S E[F|ys then S | [Flust
(Universality) 41. If S|=[F|z, where y is not free in S U {Vx F'}, then S EVx F
42. If SEVx F then S = [F|pt
43. IfSU{[Flpi} EG then SU{Vz F} G

(Existentiality) 44. If S = [F)zt then SEJz F
45. If SU{[F|srsy } =G where y is not free in SU{G, 3z F},
then SU{Ix F} =G
46, IFSU{IwF}=G then SU{[Flay} =G

Proof: The proof is left as an exercise.

10.3 Definition: Let S be a set of formulas and let F' be a formula. Suppose that
SEF. A derivation of the valid argument S F is a finite list of valid arguments
S1EF,S EFy, -, S | F; with each Sy finite, such that F; = F, §; C S and each valid
argument S |= Fj, is obtained from zero or more previous valid arguments S; | F; with
1 < k using one of the Basic Validity Rules; we shall only use the Truth-Equivalence
Rule in the case that the truth-equivalence is obtained by substitution from one of the
Basic Truth-Equivalences, and we shall only use the Tautology Rule in the case that the
tautology is of the form F'— F'.
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10.4 Example: Make a derivation to show that =Vx 3y (—y~ fxr—ryfzr) where f is
unary and r is binary (see example 9.10).

Solution: 1. [E frxfx Basic Validity Rule 37
2. E-frxfr Double Negation on line 1
3. E-frxfr—orfofr Implication on line 2
4. EIy(~y=fr—ryfx) Basic Validity Rule 44 on line 3
5. EVzdy(-y=fr—ryfx) Basic Validity Rule 41 on line 4

10.5 Example: Make a derivation to show that = Vz (Jy —rzyV Iy ryx) where r is binary
(see example 9.11).

Solution: 1. —3Jy-rayE-Jy-ray Premise

2. —3Jy-rzy =Yy ray Basic Truth-Equivalence 28 on line 1
3. —Jdy-rayE=Yyrzy Double-Negation on line 2

4. —Jy-reyErax Basic Validity Rule 42 on line 3

5. —Jy-rzyEJyryx Basic Validity Rule 44 on line 4

6. EJdy-rzyVIyryz Disjunction on line 5

7. EVz(dy-rzyV Iyryxr) Basic Validity Rule 41 on line 6

10.6 Example: Let F' and G be formulas, and suppose that x is not free in G. Show
that Vo (F' vV G) treq Vo F'V G (see example 9.15).

Solution: We shall make two derivations; one to show that Va (F'V G) Ve FV G and the
other to show that Vx F'V G E=Vx (F vV G). We have

1. Vz(FVG)EYx(FVG) Premise

Ve(FVG)EFVG Basic Validity Rule 42 on 1

Ve (FVG),-GEF Disjunction on 2

4. Vz(FVG),~GEVeF  Basic Validity Rule 41 on 3, (z is not free in —G)
Vz (FVG)EYxFVG  Disjunction on 4

and we have

1. YeFVGEVYxFV G Premise

2. YeFVG,-GEYxF Disjunction on 1

3. YeFVG,-GEF Basic Validity Rule 42 on 2

4. YVe*FVGEFVG Disjunction on 3

5. Ve FVGEVz(FVG) Basic Validity Rule 41 on 4 (z is not free in YV F' vV G)

10.7 Definition: A group is a set G with an element 1 € G, called the identity element,
and a binary operation x such that

1. for all z,y,z € G we have (z X y) X z =2z X (y X 2),

2. for all x € G we have x x 1 =1 X ¢ = x, and

3. for all x € G there exists y € G such that z x y =y xz = 1.
The above three requirements are called the axioms of group theory. Note that the axioms
can be expressed as first order formulas.

10.8 Example: One of the first results that we can prove about groups is that the identity
element of a group G is unique in the sense that for all v € G, if u has the property that
rXu=uxaxz=czforall x € G, then we must have u = 1. We can prove this as follows.
Let uw € G. Suppose that for all z € G we have £ X u = u X x = x. Since u X x = x for
all z, by taking x = 1 we obtain u x 1 = 1. Since x x 1 = z for all x, by taking x = u we
obtain u x 1 = u. Since u X 1 =wu and v x 1 = 1 we must have u = 1, as required.
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Formalize the above proof by making a derivation of valid arguments to show that
{‘v’x (x x 1=z A 1X x%m)} EVu (Ve (z x umre A ux srz) —sul).

Solution: Here is a derivation which formalizes the above proof.

1. Ve(zxlrmz Alxzrz), Ve(zxume ANuxzrr) E Ve (zxlre Al xzxz) |
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