CHAPTER 5

Hilbert Proof Systems:
Completeness of Classical Propositional Logic

The Hilbert proof systems are systems based on a language with implication
and contain a Modus Ponens rule as a rule of inference. They are usually called
Hilbert style formalizations. We will call them here Hilbert style proof systems,
or Hilbert systems, for short.

Modus Ponens is probably the oldest of all known rules of inference as it was
already known to the Stoics (3rd century B.C.). It is also considered as the
most natural to our intuitive thinking and the proof systems containing it as
the inference rule play a special role in logic. The Hilbert proof systems put
major emphasis on logical axioms, keeping the rules of inference to minimum,
often in propositional case, admitting only Modus Ponens, as the sole inference
rule.

There are many proof systems that describe classical propositional logic, i.e.
that are complete proof systems with the respect to the classical semantics.

We present here, after Elliott Mendelson’s book Introduction to Mathematical
Logic (1987), a Hilbert proof system for the classical propositional logic and
discuss two ways of proving the Completeness Theorem for it.

Any proof of the Completeness Theorem consists always of two parts. First we
have show that all formulas that have a proof are tautologies. This implication
is also called a Soundness Theorem, or soundness part of the Completeness
Theorem. The second implication says: if a formula is a tautology then it has a
proof. This alone is sometimes called a Completeness Theorem (on assumption
that the system is sound). Traditionally it is called a completeness part of the
Completeness Theorem.

The proof of the soundness part is standard. We concentrate here on the com-
pleteness part of the Completeness Theorem and present two proofs of it.

The first proof is based on the one presented in the Mendelson’s book Introduc-
tion to Mathematical Logic (1987). It is is a straightforward constrictive proof
that shows how one can use the assumption that a formula A is a tautology
in order to construct its formal proof. It is hence called a proof - construction
method. It is a beautiful proof

The second proof is non-constrictive. Its strength and importance lies in a fact
that the methods it uses can be applied to the proof of completeness for classical



predicate logic. We will discuss and apply them in Chapter ?7.

It proves the completeness part of the Completeness Theorem by proving the
converse implication to it. It shows how one can deduce that a formula A is
not a tautology from the fact that it does not have a proof. It is hence called a
counter-model construction proof.

Both proofs of the Completeness Theorem relay on the Deduction Theorem and
so it is the first theorem we are going to prove.

1 Deduction Theorem

We consider first a very simple Hilbert proof system based on a language with
implication as the only connective, with two logical axioms (axiom schemas)
which characterize the implication, and with Modus Ponens as a sole rule of
inference. We call it a Hilbert system H; and define it as follows.

Hy=(Lisy, F, Al,A2, (MP)), (1)
where
Al (A= (B=A)),
A2 (A= B=0)=((A=B)=(4=20))),
(MP) is the following rule of inference, called Modus Ponens

A; (A= B)
MpP) ————~
(wpy 222 D)
and A, B,C € F are any formulas of the propositional language £ ;.

Finding formal proofs in this system requires some ingenuity. Let’s construct,
as an example, the formal proof of such a simple formula as A = A.

The formal proof of (A= A) in H; is a sequence

Blv BQ; B37 B43B5 (2)

as defined below.

Bi=(A=(A=4)=4)= (A= (A= 4) = (4= A4),
axiom A2 for A=A, B=(A= A),and C = A

= (A= (A= 4) = 4),
axiom Al for A=A, B=(A=A)

By =((A= (A= A))= (A= A))),
MP application to By and Bs



B,= (A= (A= A)),
axiom Al for A=A, B=A

MP application to B3 and By

We have hence proved the following.

Fact 1

For any A € F,

and the sequence 2 constitutes its formal proof.

It is easy to see that the above proof wasn’t constructed automatically. The
main step in its construction was the choice of a proper form (substitution) of
logical axioms to start with, and to continue the proof with. This choice is far
from obvious for un-experienced prover and impossible for a machine, as the
number of possible substitutions is infinite.

Observe that the systems S; — S4 from the previous Chapter 4 had inference
rules such that it was possible to ”"reverse” their use; to use them in the reverse
manner in order to search for proofs, and we were able to do so in a blind,
fully automatic way. We were able to conduct an argument of the type: if
this formula has a proof the only way to construct it is from such and such
formulas by the means of one of the inference rules, and that formula can be
found automatically. We called proof systems with such property syntactically
decidable and defined them formally as follows.

Definition 1 ( Syntactic Decidability)

A proof system S = (L,E, LA, R) for which there is an effective mechanical,
procedure that finds (generates) a formal proof of any E in S, if it exists, is
called syntactically semi- decidable. If additionally there is an effective
method of deciding that if a proof of E in S not found, it does not exist, the
system S is called syntactically decidable. Otherwise S is syntactically
undecidable.

We will argue now, that one can’t apply the above argument to the proof search
in Hilbert proof systems as they which contain Modus Ponens as an inference
rule.

A general procedure for searching for proofs in a proof system S can be stated
is as follows. Given an expression B of the system S. If it has a proof, it
must be conclusion of the inference rule. Let’s say it is a rule r. We find its
premisses, with B being the conclusion, i.e. we evaluate r~!(B). If all premisses



are axioms, the proof is found. Otherwise we repeat the procedure for any non-
axiom premiss.

Search for proof in Hilbert Systems must involve the Modus Ponens. The rule
says: given two formulas A and (A = B) we can conclude a formula B. Assume
now that we have a formula B and want to find its proof. If it is an axiom, we
have the proof: the formula itself. If it is not an axiom, it had to be obtained
by the application of the Modus Ponens rule, to certain two formulas A and
(A = B). But there is infinitely many of formulas A and (A = B). Le. for any
B, the inverse image of B under the rule M P, MP~'(B) is countably infinit
Obviously, we have the following.

Fact 2

Any Hilbert proof system is not syntactically decidable, in particular, the system
H; s not syntactically decidable.

Semantic Link 1 System Hj is obviously sound under classical semantics and
is sound under L, H semantics and not sound under K semantics.

We leave the proof of the following theorem (by induction with respect of the
length of the formal proof) as an easy exercise to the reader.

Theorem 1 (Soundness of H;)
For any A€ F of Hy, if Fu, A, then | A.

Semantic Link 2 System H; is not complete under classical semantics. It
means that not all classical tautologies have a proof in H;. We have proved
in Chapter 3 that one needs negation and one of the other connectives U, N, =
to express all classical connectives, and hence all classical tautologies. Our
language contains only implication and one can’t express negation in terms of
implication and hence we can’t provide a proof of any tautology i.e. its logically
equivalent form in our language. It means we have proved the following.

Fact 3

The proof system Hy is sound, but not complete under the classical semantics.

We have constructed a formal proof (2) of (A = A) in H; on a base of logical
axioms, as an example of complexity of finding proofs in Hilbert systems.

In order to make the construction of formal proofs easier by the use of previously
proved formulas we use the notions of a formal proof from some hypotheses (and
logical axioms) in any proof system S = (£, £, LA, R) defined as follows in
chapter 4.



Definition 2 (Proof from Hypotheses)

Given a proof system S = (L, E,LA,R) and let T be any set of expressions of
S, i.e. letT CE&.

A proof of an expression E € from the set I' of expressions is a sequence
E\,Es, ... E,
of expressions, such that
E; € LAUT, E,=F

and for each i, 1 < i <mn, either E; € LAUT or E; is a direct consequence of
some of the preceding expressions in the sequence E1, FEs, ... E, by virtue of
one of the rules of inference from R.

We write
I'ts B

to denote that the expression E has a proof (is provable) from T" in S and we
write I' = E, when the system S is fixed.

When the set of hypothesis T is a finite set and I' = {By, Ba, ..., B, }, then we
write
By,By,....B, Fs E

instead of {B1, Ba, ..., By} s E. The case when T' is an empty set i.e. when
I' = () is a special one. By the definition of a proof of E from I, ) ~g E means
that in the proof of E only logical axioms LA of S were used. We hence write
as we did before

L E

to denote that F has a proof from the empty set I'.

Definition 3 (Consequence in S)

Given a proof system S = (L, F,LA,R) and a set T' C F. Any formula A € F
provable from T', i.e. such that

kg A

1s called a consequence of I' in S. Formulas from I' are called hypotheses
or premisses of a proof of A from ' in S.

The following are simple, but very important properties of the notion of conse-
quence.



Fact 4 (Consequence Properties)

Given a proof system S = (L, F,LA,R). For any sets T',) A C F the following
holds.

1. If TCA and T'kFg A, then Atg A. monotonicity

2. T'kg A if and only if
there is a finite subset T'g of T' such that Ty Fg A. finiteness

3. If Atrg A, and, for each B€ A, T'Fg B, then T'Fg A. transitivity

Proof
The properties follow directly from the definition 2 and their proofs are left to
the reader as an exercise.

The monotonicity property represents the fact that if a formula A is provable
from a set T' of premisses (hypotheses), then if we add still more premisses, A
is still provable. It hence is often stated as follows,

If TkFg A, then TUA Fg A, for any set A C F. (3)

The detailed investigation of Tarski general notion of consequence operation,
its relationship with proof systems, and hence with the consequence in S intro-
duced here is included in Chapter 4. Here is an application of the proof from
hypotheses definition 2 to the system H;.

Exercise 1

Construct a proof in Hy of a formula (A = C) from the set of hypotheses
I'={(A= B),(B=C)}. Le. show that

(A= B),(B=0C)tu, (A=0C).

Solution
The required formal proof is a sequence

such that

Bl = (B = C),
hypothesis
B2 = (A = B),
hypothesis

B;=((B=C)= (A= (B=(0))),
axiom Al for A=(B=C), B=A



By,=(A= (B=20))
Bl7 Bg and MP

By=((A= (B=C) = (A= B) = (4= O)),
axiom A2

Bs=((A=B)= (A= (),
By and B4 and MP

By and Bg and MP
Exercise 2

Show, by constructing a formal proof that A b, (A= A).

Solution
The required formal proof is a sequence
Bla B27 B3 (5)
such that
By = A,
hypothesis

By = (A= (A= A)),
axiom Al for B = A,

Bl, B2 and MP.

We can further simplify the task of constructing formal proofs in H; by the use
of the following Deduction Theorem.

In mathematical arguments, one often assumes a statement A on the assumption
(hypothesis) of some other statement B and then concludes that we have proved
the implication ”if A, then B”. This reasoning is justified by the following
theorem, called a Deduction Theorem. It was first formulated and proved for a
certain Hilbert proof system S for the classical propositional logic by Herbrand
in 1930 in a form stated below.

Theorem 2 (Deduction Theorem for S) (Herbrand,1930)
For any formulas A, B of the language of S,
if Ablg B, then Fs (A= B).
We are going to prove now that for our system H; is strong enough to prove

the Herbrand Deduction Theorem for it. In fact we formulate and prove a more
general version of the Theorem 2.



To formulate it we introduce the following notation. We write I'; A kg B for T'U
{A}rg B, and in general we write ', Ay, As, ..., A,bg B for TU{ 44, As, ..., A, }Fs B.
We are now going to prove the following.

Theorem 3 (Deduction Theorem for H;)
For any subset T' of the set of formulas F of Hy and for any formulas A, B € F,

I, Atg, B if and only if T g, (A= B).

In particular,
AFmB if and only if Fg, (A= B).

Proof
We use we use the symbol - instead of F, . for simplicity.

Part 1
We first prove the ”if” part:

If ', Ak B then T+ (A= B).
Assume that T', A FB, i.e. that we have a formal proof
By, Bs,...,B, (6)

of B from the set of formulas I' U {A}. In order to prove that I' - (A = B) we
will prove the following a little bit stronger statement S.

S: T'H (A= B;) forall B; (1<i<mn) in the proof (6) of B.
Hence, in particular case, when i = n, we will obtain that also

I'- (A= B).

The proof of S is conducted by induction on i (1 <1i < n).

Base Step i = 1.

When i = 1, it means that the formal proof (6) contains only one element Bj.
By the definition of the formal proof from I' U { A}, we have that By € LA, or
By eTl,or By =A,ie.

By, € {A1,A2} UT U {A}.

Here we have two cases.

Case 1. By € {A1, A2} UT.
Observe that (B; = (A = Bj)) is the axiom Al and by assumption B; €



{A1, A2} UT, hence we get the required proof of (A = Bj) from T' by the
following application of the Modus Ponens rule

By ; (B1 = (A= By))

Case 2. B; = A.

When B; = A, then to prove I' - (A = B) means to prove I' - (A = A). This
holds by the monotonicity of the consequence in H; (Fact 4), and the fact that
we have proved (Fact 1) that (A = A). The above cases conclude the proof of
the Base case i = 1.

Inductive step
Assume that T' H(A = By,) for all k < ¢, we will show that using this fact we
can conclude that also I' H(A = B;).

Consider a formula B; in the sequence 6. By the definition, B; € {A1, A2} UT'U
{A} or B; follows by MP from certain Bj, B,, such that j < m < i. We have
to consider again two cases.

Case 1. B; € {A1, A2} UT U {A}.

The proof of (A = B;) from T in this case is obtained from the proof of the
Base Step for ¢ = 1 by replacement By by B; and will be omitted here as a
straightforward repetition.

Case 2. B, is a conclusion of MP.
If B; is a conclusion of MP, then we must have two formulas B;, B, in the
sequence 6 such that j <i,m <4, j # m and

Bj;Bm

(vp) S

By the inductive assumption, the formulas B;, B, are such that

and

I'F (A= Bp). (8)

Moreover, by the definition of the Modus Ponens rule, the formula B,, has to
have a form (B; = B;), i.e. By, = (Bj = B;), and the the inductive assumption
(8) can be re-written as follows.

Observe now that the formula

(A= (B; = Bi)) = (A= Bj) = (A= By)))



is a substitution of the axiom schema A2 and hence has a proof in our system.
By the monotonicity of the consequence (3), it also has a proof from the set T,
ie.

' (A= (B;=B;)) = (A= Bj) = (A= B)))). (10)
Applying the rule MP to formulas (10) and (9,) i.e. performing the following

(A= (Bj=Bi)); (A= (B = Bi)) = (A= B;) = (A= Bi)))

e (A= B)= (A= B,)

we get that also
I'H(A= B)) = (A= B)). (11)

Applying again the rule MP to formulas 7 and 11, i.e. performing the following

(A= Bj); (A= Bj) = (A= Bi))

(MP)
we get that

what ends the proof of the Inductive Step. By the mathematical induction
principle, we hence have proved that I' (A = B;) for all ¢ such that 1 <i <mn.
In particular it is true for ¢ = n, what means for B,, = B and we have proved
that

'+ (A= B).

This ends the proof of the Part 1.

Part 2
The proof of the inverse implication
if ' (A= B) then I''AFB

is straightforward. Assume that I' - (A = B) , hence by the monotonicity of
the consequence (3) we have also that I'y A + (A = B). Obviously, I'; A F A.
Applying Modus Ponens to the above, we get the proof of B from {T', A} i.e.
we have proved that I', A F B. That ends the proof of the deduction theorem
for any set I' C F and any formulas A, B € F. The particular case is obtained
from the above by assuming that the set I" is empty. This ends the proof of the
Deduction Theorem for Hj.

The proof of the following useful lemma provides a good example of multiple
applications of the Deduction Theorem 3.

10



Lemma 1

For any A,B,C € F,

(a) (A=B),(B=C)tgy, (A=0),

(b) (A= B=0))Fy (B=A=0).
Proof of (a).

Deduction theorem says:
(A=B),(B=C)Fpg, (A=C) ifandonlyif (A= B),(B=C),AFpm, C.

We construct a formal proof
B17 BQ» B37 B4a B5

of (A= B),(B=C),AFg, C asfollows.

B = (A = B)7
hypothesis

By = (B = C),
hypothesis

Bs = A,
hypothesis

By, =B,

By, B3 and MP
Bs=C.

BQ, B4 and MP
Thus (A = B),(B = C) bg, (A= C) by Deduction Theorem.

Proof of (b).
By Deduction Theorem,

(A= (B=0C))Fy, (B=(A=0)) ifandonly if (A= (B=0C)),B kg, (A= 0C).

We construct a formal proof
By, By, B3, Bs, Bs, Bs, Br

of (A= (B=20C)),Btpm, (A= C). as follows.

11



By =(A= (B=0)),
hypothesis

By = B,
hypothesis

B; = ((B= (A= B)),
Alfor A=B, B=A

By = (A = B),
BQ, B3 and MP

Bs=((A=(B=0C))=((A=B)= (A= 0))),
ariomA2

Bs=((A=B)= (A= (),
Bl, B5 and MP

Thus (A= (B = C)) kg, (B= (A= (C)) by Deduction Theorem.

Hilbert System H,

The proof system H; is sound and strong enough to admit the Deduction The-
orem, but is not completeas proved in Fact 3. We define now a proof system H,
that is complete with respect to classical semantics. The proof of Completeness
Theorem for H; is to be presented in the next section.

H, is defined as follows.

A; (A= B)

Hy= (L. =y, F, Al,A2,A3, MP = ),

(12)
where for any formulas A, B,C € F of L _; we define

Al (A= (B=A)),

A2 (A= (B=0C)=(A=B)=(A=10)),

A3 ((-B=-A4)=((-B=A)=B))),

Observation 1 Here are some simple, straightforward facts about the proof
system Ho.

1. The language of Ho is obtained from the language of Hy by adding the
connective - to 1t.

2. Hs is obtained from Hy by adding axiom to it the axiom Az that characterizes
negation.

12



8. The use of axioms Al, A2 in the proof of Deduction Theorem 8 for Hy is
independent of the negation connective - added to the language of H;.

4. The proof of Deduction Theorem 3 for the system Hy can be repeated as it is
for the system Hs.

Directly from the above Observation 1 we get the following.

Theorem 4 (Deduction Theorem for Ho)
For any subset I of the set of formulas F of Hy and for any formulas A, B € F,

I, Aty, B if and only if T kg, (A= B).

In particular,
Arp,B if and only if Fp, (A= B).

Observe that for the same reason the Lemma 1 holds also for Hy. It is a very i
useful lemma for creating proofs in Hs so we re-state it for it here.

Lemma 2

For any A,B,C € F,

(a) (AZ}B)7(B:>C) l_Hz (A:>C)7
(b) (A= (B=0C))tpy, (B=(A=0)).
We know that the axioms A1, A2 are tautologies and the Modus Ponens rule is

sound. We get by simple verification that = A3, hence the proof system Hj is
sound, and the following holds.

Theorem 5 (Soundness Theorem for H»)

For every formula A€ F, if by, A, then E A.

The soundness theorem proves that the system ”produces” only tautologies. We
show, in the next chapter, that our proof system Hs ”produces” not only tau-
tologies, but that all tautologies are provable in it. This is called a completeness
theorem for classical logic.

Theorem 6 (Completeness Theorem for Hs)

For every A € F,
Fu, A if and only if E A.

13



The proof of completeness theorem (for a given semantics) is always a main
point in any logic creation. There are many ways (techniques) to prove it,
depending on the proof system, and on the semantics we define for it.

We present in the next sections two proofs of the completeness theorem for
our system Hsy. The proofs use very different techniques, hence the reason of
presenting both of them. Both proofs relay heavily on some of the formulas
proved in the next section 1.1 and stated in Lemma 3.

1.1 Formal Proofs

We present here some examples of formal proofs in Hy. There are two reasons for
presenting them. First reason is that all formulas we prove here to be provable
play a crucial role in the proof of Completeness Theorem for Hs, or are needed
to find formal proofs of those needed. The second reason is that they provide a
”training” ground for a reader to learn how to develop formal proofs. For this
second reason we write some proofs in a full detail and we leave some others for
the reader to complete in a way explained in the following example.

We write, were needed - instead of -, .

Example 1
We prove that

Fu, (-—B = B) (13)
by constructing its formal proof By, ..., Bs, Bg as follows.

B; = ((-B= —-B)= ((-B= -B) = B)),
Bs = ((-B = -B) = ((-B = —-—B) = B)),
B3 = -B = —B),

By = ((-B = —-—-B) = B),

Bs = -—B = (-B = ——B)),

Bs = (——B = B).

Exercise 3

Complete the proof Bi, ..., Bs, Bg of (83) by providing comments how each
step of the proof was obtained.

Solution
The proof of (83) with comments complementing it is as follows.

14



B; = ((-B= —-B)= ((-B= -B)= B)),
axiom A3 for A=-B, B=1B

B; = ((-B = -B) = ((-B = —--B) = B)),

B; and Lemma 2 b for A= (-B = —-—-B), B=(-B = -B), C =B.

Lemma 2 application is: ((-B = -—-B) = ((-B = -B) = B)) + ((-B =
-B) = ((-B = —-—-B) = B))

B3 = (-B = —B),
Fact 1 for A = -B

By = ((-B= —-B)=B),
BQ, Bg and MP

Bs = (——B = (=B = —-—B)),
axiom Al for A=—--B, B=-B

B6 = (ﬁﬁB = B)

By, Bs and Lemma 2 a for A= —--B,B = (-B = ——B),C = B.
Lemma 2 application is:

(-—-B = (-B= —--B)), (-n-B=—--B)=B) + (-——B=B)

Remark 1

Observe that in In step Bs, Bs, Bs, Bg of the proof By, ..., Bs, Bg we call
previously proved results and use their results as a part of our proof. We can
insert previously constructed formal proofs of the results we call upon into our
formal proof.

For example we adopt previously constructed proof (2) of (A = A) in H; to
the proof of (—B = —B) in Hs by replacing A by =B and we insert the proof
of (-B = —B) after Bs.

The ”0ld” step Bz becomes now By, the "old” step B4 becomes now Bg, etc.....
Such ”completed” original proof By, ..., Bs, Bgisnow By, ..., Bg, By looks
now as follows.

B; = ((mB= ——-B)= ((-B = —-B) = B)), (original By),
axiom A3 for A=-B,B=1RB

B; = (B = —-B) = ((-B= —-—B) = B)), (original Bs)
B; and Lemma 2 b for A = (-B = —-—-B),B = (-B = -B),C =B,

15



Bs= ((-B = ((-B = -B) = -B)) = (B = (-B = -B)) = (-B =
-B))), (new proof of Bz inserted )

axiom A2 for A=-B, B= (=B = —-B), and C =-B

By = (-B= ((-B= —-B) = —B)),
axiom Al for A=-B, B= (-B = -B)

Bs = ((wB= (-B = -B)) = (-B = -D))),
MP application to By and B3

Bs = (wB = (—wB = —B)), (end of proof inserted)
axiom Al for A=-B, B=-B

By = (-B=-B) ("old” Bs),
MP application to Bs and By

Bs= ((wB= —~-B) = B), (old” By) ("old” By)
327 B3 and MP

By = ("old B;) (-—B = (-B = —-B)),  ("old” Bs) Axiom Al for
A = _|_|37 B = _\B

Big= (——B = B). ("old By)
Bg, Bg and Lemma 2 a for A= -—-B,B = (-B= --B),C =B

We repeat our procedure by replacing the step By by its formal proof as defined
in the proof of the Lemma 1 b, and continue the process for all other steps
which involved application of Lemma 2 until we get a full formal proof from
the axioms of Hs only.

Usually we don’t need to do it, but it is important to remember that it always
can be done, if we wished to take time and space to do so.

Example 2
We prove that

Fu, (B= ——B) (14)
by constructing its formal proof Bi, ..., Bs as follows.

B; = (=B = -B) = ((——B = B) = -—B)),

B2: —\—\—\B:>—\B)’

By =

(
(
B; = ((———B = B) = —=—B),
(B = (-—B = B)),
(

Bs = (B = ——B).
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Exercise 4

Complete the proof By, ..., Bs of (85) by providing comments how each step
of the proof was obtained.

Solution
The proof of (85) with comments complementing it is as follows.

Bl = ((—\—\—\B = —\B) = ((—\—\—!B = B) = —\ﬂB)),
axiom A3 for A= B, B=--B

32 = (—|—\—|B = —|_B)7
Example 10 for B = =B

B3 = ((———B = B) = —-—B),
B1, By and MP, i.e.

(=—=B = -B);((-——-B = -B) = ((-——B = B) = -—B))
((-———B = B) = ——B)

By = (B= (———B=B)),
axiom Al for A= B,B = -8B

Bs = (B = —B),
B3, By and Lemma 2a for A= B,B = (———B = B),C = B, ie.

(B= (-———B = B)),((——B = B) = —B)rg,(B=—-B)

Example 3
We prove that
Fu, (A= (A= B)) (15)
by constructing its formal proof Bi, ..., Bis as follows.
By = —A,
By = A,
By = (A= (=B = A)),
By = (mA= (-B = ~4)),
Bs = (-B = A),
Bs = (-B = —-A),
Br = ((#B=~4)= ((-B= 4) = B)),
Bg = ((-B= A)= B),
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By = B,

Byjg= —A, At B,

By = -AF (A= B),
Bio = (nA= (A= B)).

Example 4
We prove that

Fu, (-B=-A)= (A= B)) (16)
by constructing its formal proof By, ..., By as follows. Here are consecutive

steps

-B = -A),
(-B=-A)= ((-B=A) = B)),
= (=B = 4)),

A= B),

= (
= (
= (4
(-B=A)= B),
= (
= (-B=-A)F (A= B),
= (

(-B=-A)= (A= DB)).

Example 5
We prove that

Fu, (A= B) = (-B = —A)) (17)
by constructing its formal proof By, ..., Bg as follows. Here are consecutive
steps
B = (A= B),

(——mA = --B) = (B = -4)),
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Bs= (A= B)F (-B = -A),
By = ((A= B) = (-B = -4)).

Exercise 5

Comgplete the proof Bi, ..., By of (17) by providing comments how each step
of the proof was obtained.

Solution
The proof of (17) with comments complementing it is as follows.

Bl = (A = B)7
hypothesis

B2 = (“"A = A),
Example 10 for B = A

Bs = (——A = B),
Lemma 2 a for A=—-—-A, B=A, C =B

By = (B = ——B),
Example 11

35: (—|—u4:>—\ﬂB)7
Lemma 2 a for A=--A, B=B, C =--B

Bs = ((——mA = —--B) = (-B = -A)),
Example 4 for B=-4, A=-B

Br = (“B = —‘A),
.B57 BG and MP

Bg= (A= B)F (=B = —A),
B, — By

By = ((A= B) = (-B = -4)).
Deduction Theorem 31

Example 6
We prove that

Fu, (A= B) = ((-A= B) = B)) (18)
by constructing its formal proof Bi, ..., Bio as follows. Here are consecutive
steps.
B1 = (A = B),

By = (_\A = B),
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Bs = (A= B) = (-B = —A4)),

B, = (-B = -A),

Bs; = ((nA = B) = (=B = -—4)),

Bs = (-B = —-—4),,

B; = ((-B= —-A4) = ((-B = —-A) = B))),
Bg = ((-B = —-A) = B),

By = B,

BlO = (A:> B),(ﬁA = B) + B,
B;1= (A= B)F((wA= B)= B),
Bz = (A= B)= ((mA= B) = B)).

Exercise 6

Complete the proof Bi, ..., Bia of (18) by providing comments how each step
of the proof was obtained.

Solution
The proof of (18) with comments complementing it is as follows.

B1 = (A = B),
hypothesis

BQ = (_\A = B)7
hypothesis

Bs = (A= B) = (-B = —A)),
Example 5

B4 = (—\B = —\A),
Bl7 B3 and MP

Bs = ((nA= B) = (-B = ——4))
Example 5 for A=-A, B=1B

Bs = (—\B = —\—\A),
BQ, B5 and MP

B; = ((mB = ——A) = ((-B=-A) = B))),
axiom A3 for B=B, A=-A

Bs = ((~B = -A) = B),
B67 B7 and MP
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By = B,
B47 Bg and MP

BlO = (A = B), (ﬁA = B)l—H2 B,
B, — By

Bi1= (A= B)F (A= B) = B),
Deduction Theorem 31

Bis = ((A= B) = ((~A = B) = B)). Deduction Theorem 31

Example 7

We prove that
Fa, (FA= A)= A) (19)

by constructing its formal proof By, Ba, B3 as follows. Here are consecutive
steps.

Bi= (A= -4) = (A= 4) = 4))),
By, = (A = —A),
B; = ((FA = A) = A)).

Exercise 7

Complete the proof By, Ba, Bs of (19) by providing comments how each step
of the proof was obtained.

Solution
The proof of (19) with comments complementing it is as follows.

By = ((FA=-4)= ((FA= A) = A))),
axiom A3 for B= A

By = (A = —A),
Lemma 2 for A = —-A

Bs = ((mA= A) = A)).
Bl, B2 and MP

The above Examples 10 - 7 and the Fact 1 provide a proof of the following
lemma.

Lemma 3

For any formulas A, B, CinF of the system Hy the following holds.
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~

Fu, (A= A);
u, (4B = B);
i, (B = —--DB);
i, ("A= (A= B));

H> (A = B) (_'B = _‘A));
= (=B = (-(A = B)));

Ho>

© ® NS & o e

(
(
(
(
m (0B=~4) = (A= B));
(
(A
s (
(

Fru, (FA=A) = A.

The set of provable formulas from the above Lemma 3 includes a set of provable
formulas needed, with Hy axioms to execute two proofs of the Completeness
Theorem 6 for Hs. These two proofs represent two very different methods of
proving Completeness Theorem.

2 Completeness Theorem: Proof One

The Proof One of the Completeness Theorem 6 for Hy. presented here is similar
in its structure to the proof of the Deduction Theorem 3 and is due to Kalmar,
1935. It is, as Deduction Theorem was, a constructive proof. It means it defines
a method how one can use the assumption that a formula A is a tautology in
order to construct its formal proof. We hence call it a proof construction
method. It relies heavily on the Deduction Theorem.

Proof One, the first proof of the Completeness Theorem 6 presented here is
very elegant and simple, but is applicable only to the classical propositional
logic. Methods it uses are specific to a propositional language L 3 and
the proof system Hs. Nevertheless, it can be adopted and extended to other
classical propositional languages L¢- | =}, Li- n, u=} £{-, n, U= o}, and
proof systems based on them. We do so by adding appropriate new logical
axioms to the logical axioms of Hs (section 2.1). Such obtained proof systems
are called extentions of the system Hs. It means that one can think about the
system Ho, i.e. an axiomatization given by set {Al, A2, A3} of logical axioms
of Hy, and its language Ly — as in a sense, a "minimal one” for classical
propositional logic and its languages that contain implication.

Proof One, i.e. the methods of carrying it, can’t be extended to the classical
predicate logic, not to mention variety of non-classical logics. Hence we present,
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in the next section3 another, more general proof, called Proof Two, that can.

We have already proved the Soundness Theorem 5 for Hs, so in order to prove
the Completeness Theorem 6 we need to prove only the completeness part of
the completeness theorem, i.e. the following implication.

For any formula A of Hs,
if E A, then FgA. (20)

In order to prove (20), i.e. to prove that any tautology has a formal proof in
H,, we need first to present one definition and prove one lemma stated below.
We write - A instead of g, A, as the system H is fixed.

Definition 4

Let A be a formula and by, bs, ..., by, be all propositional variables that occur in A.
Let v be variable assignment v : VAR — {T, F'}. We define, for A,by,ba, ..., b,
and v a corresponding formulas A’, By, Ba, ..., B,, as follows:

A — A ifvr(A) =T
S A ifv(A)=F

Bi o { ﬁbi Zf U(bi) =F

fori=1,2,....n.

Example 8
Let A be a formula
(a = —b) (21)
and let v be such that
v(a) =T, v(b)=F. (22)

In this case by = a, by = b, and v*(4A) = v*(a = —b) = v(a) = —w(b)=
T = —F = T. The corresponding A’, By, By are: A’ = A (as v*(A) = T),
Bi=a (asv(a)=T), Bo=-b (asv(b)=F).

Here is a simple exercise.

Exercise 8

Let A be a formula ((—a = —b) = ¢) and let v be such that v(a) =T, v(b) =
F,v(c)=F.

Evaluate A’, By, ...B, as defined by the definition 4.
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Solution

In this case n = 3 and by = a, by = b,b3 = ¢, and v*(A) = v*((—a = —b) = ¢)
=((-wv(a) = w(®)) = v(e) = ((-T = -F)=F)= (T = F) = F. The
corresponding A’, By, By, By are: A’ = = A = =((-a = —b) = ¢) (as v*(A) =
F),By=a (asv(a)=T), Bo=-b (asv(b) =F). Bs=—-c (asv(c)=F).

The lemma stated below describes a method of transforming a semantic notion
of a tautology into a syntactic notion of provability. It defines, for any formula
A and a variable assignment v a corresponding deducibility relation .

Lemma 4 (Main Lemma)

For any formula A and a variable assignment v, if A", By , Ba, ..., By, are
corresponding formulas defined by 4, then

By, By, ... B, - A (23)

Example 9 Let A, v be as defined by (21) and (22), respectively.
1. The Lemma 4 asserts that a,—b + (a = —b).
Let A, v be as defined in Exercise 8.

2. The Lemma 4 asserts that a,—b,—c + —((—a = —b) = c¢).

Proof of the Main Lemma

The Main Lemma 4 states: for any formula A and a variable assignment v, if
A, By, By, ..., B, are corresponding formulas defined by Definition 4, then

Bi,Bo,..,B, A

Proof We carry the proof by mathematical induction on the degree of A i.e. a
number n of logical connectives in A.

Case: n =0

In the case that n = 0 A is atomic and so consists of a single propositional
variable, say a. We have to cases to consider, v*(A4) = T or v*(A) = F.
Clearly, if v*(A) = T then we A’ = A = a, By = a, and a - a holds by
the Deduction Theorem and ??. Le. - (¢ = a) holds by ?7?). Applying
the the Deduction Theorem we get a - a.

If v*(A) = F then we A’ = -A = —a, By = —a, and F (—a = -—a) holds
by Lemma 3. Applying the the Deduction Theorem we get —a - —a. So
the lemma holds for the case n = 0.

Now assume that the lemma holds for any A with j < n logical connectives
(any A of the degree j < n). The goal is to prove that it holds for A with the
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degree n.
There are several sub-cases to deal with.

Case: A is -4,

If A is of the form —A; then A; has less then n connectives and by the
inductive assumption we have the formulas A/17 B: , Bsy, ..., B, corre-
sponding to the A; and the propositional variables by, bs, ..., b, in Ay, as
defined by the definition 4, such that

’

Bi,Bs,..,B, + A). (24)

Observe, that the formulas A and —A; have the same propositional vari-
ables, so the corresponding formulas By , Bs, ..., B, are the same for both
of them. We are going to show that the inductive assumption (24) allows
us to prove that the lemma holds for A, ie. that

By,Bs,...B, - A.

There two cases to consider.

Case: v*(A;) =T
If v*(A;) = T then by definition 4 A} = A; and by the inductive
assumption (24)
B1,Ba, ..., B, F Aj. (25)

In this case v*(A) = v*(~A4;) = *(T) = F and so A" = A =
——A4;. We have by Lemma 3, - (A; = ——A;), By the monotonicity,
Bi1,Bs,....,B, F (A; = ——A;). By inductive assumption (25) and
Modus Ponens we have that also By, Bs,...,B, F ——=Aj, that is
Bi,Bs,...,B, +—A, that is By, Bs,....B, +A'.
Case: v*(A;) =F

If v*(A;) = F then A} = —A; and v*(4) = T so A" = A. There-
fore the inductive assumption (24) By, Bs,...,B, bt —Aj, that is
Bi,Bs,...B, + A'.

Case: Ais (A1 = Ay)
If A is of the form (A; = Ay) then A; and A, have less than n connectives.

A = A(by,...b,) so there are some subsequences c1,...,c; and dy, ...dy,,
for k,m < n, of the sequence by, ..., b, such that A; = A;(ey,...,cx) and
Ay = A(dy,...dy). A; and As have less than n connectives and so by
the inductive assumption we have appropriate formulas C4,...,C; and
Dy, ...D,, such that Cy,Cy,...,C b Ay and Dy,Ds,..., Dy, F Ay
The formulas Cy,Cs,...,Cy and D1, Do, ..., D,, are subsequences of for-
mulas Bj, Bs, ..., B,, corresponding to the propositional variables in A.
Hence by monotonicity we have also that have By, Bs,..., B, F Al/ and
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By,Bs,...,B, F Ag,, where By, B3, ..., B,, are formulas corresponding to
the propositional variables in A.

Now we have the following sub-cases to consider.

Case: v*(A;) =v*(42) =T
If v*(A;) =T then Al/ is A; and if v*(Ag) = T then Ag/ is Ay. We
also have v*(A; = Ay) = T and so A is (A1 = Ay). By the above
and the inductive assumption, therefore, By, Bo, ..., B, F As and by
Lemma 3, i.e. F (A = (A; = As)). By monotonicity and Modus
Ponens, that By, By, ..., B, + (A1 = A,), thatis By, By,...,B, A’

Case: v*(A;) =T,v*(As) = F
If v*(A;) = T then All is A; and if v*(Ay) = F then Ag/ is
—As. Also we have in this case v*(A; = A) = F and so A is
—(A; = Aj). By the above and the inductive assumption, therefore,
Bl,BQ,...,Bn F —As. By Lemma 3, = (Al = (_‘AQ = _‘(Al =
As))). By monotonicity and Modus Ponens twice, we have that
Bl,BQ, ,Bn - ﬁ(141 = AQ), that is Bl,Bg, 7Bn HA.

Case: v*(A;)=F
If v*(A;) = F then All is mA; and, whatever value v gives A,
we have v*(A; = Ay) = T and so A is (A} = Ay). Therefore,
By, Ba, ..., B, F—A; and by Lemma 3, F (—=4; = (A; = A)). By
monotonicity and Modus Ponens we get that By, Be, ..., B, F (41 =
A2)7 that is Bl,Bg, 7Bn FA.

With that we have covered all cases and, by induction on n, the proof of the
lemma is complete.

Proof of the Completeness Theorem

Now we use the Main Lemma 4 to prove the completeness part of the Com-
pleteness Theorem 6, i.e. to prove the implication (20):

For any formula A € F, if = A ,then F A.

Proof Assume that = A. Let by,bo, ..., b, be all propositional variables that
occur in A, i.e. A= A(by,ba,...,b,).

Let v: VAR — {T, F'} be any variable assignment, and

vat (b by by} {TF) (26)
its restriction to the formula A, i.e. v = v|{b1,ba,....,b,}. Let
VA = {UA LovA {bl,bg,....,bn} — {T, F}} (27)
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By the Main Lemma 4 and the assumption that = A any v € V4 defines formulas
Bi, Bo, ..., B, such that

By, Bs,....B, F A. (28)

The proof is based on a method of using all v € V4 to define a process of
elimination of all hypothesis By, Ba, ..., B, in (28) to finally construct the proof
of A in Hs i.e. to prove that - A.

Step 1: elimination of B,.

Observe that by definition 4, each B; is b; or —=b; depending on the choice
of v € V4. In particular B, = b, or B, = —b,. We choose two truth
assignments vy # vy € V4 such that

Ul‘{bl,...,bnfl}:UQ‘{bl,...,bnfl} (29)
and v1(b,) =T and vy (b,) = F.

Case 1: vy(b,) =T, by definition 4 B,, = b,. By the property (29), assump-
tion that = A, and the Main Lemma 4 applied to vy

Bi,Ba, ..., Bp_1,by, F A.

By Deduction Theorem 3 we have that

Bl,BQ, ceey B, 1 F (bn = A) (30)
Case 2: wv2(b,) = F hence by definition 4 B,, = —b,. By the property (29),
assumption that = A, and the Main Lemma 4 applied to v
By, Bs,..Bp_1,7b, F A
By the Deduction Theorem 3 we have that
Bl,BQ,...,Bn_l = (ﬁbn =>A) (31)
By Lemma 3 of the formula - ((4 = B) = ((-A = B) = B)). Hence for for
A =b,, B= A we have that
F((bp, = A) = ((mb, = A) = A)).
By monotonicity we have that
B1,Bs,...,B,_1 F ((bn = A) = ((_'bn = A) = A)) (32)
Applying Modus Ponens twice to the above property (32) and properties (30),

(31) we get that
Bi,Ba,....,Bp_1 F A (33)

We have eliminated B,,.
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Step 2: elimination of B,,_; from (33). We repeat the Step 1.
As before we have 2 cases to consider: B,_1 = b,_1 or B,,_1 = —b,_1.
We choose two truth assignments wy # wy € V4 such that

wl\{bl, vy bn,Q} = w2|{b1, ...,bn,Q} = ’U1|{b1, ...,bn,Q} = ’l}2|{b1, ...,bn,Q}
(34)
and wy(bp,—1) =T and wy(by,—1) = F.

As before we apply Main Lemma, Deduction Theorem, monotonicity,
proper substitutions of the formula ((A = B) = ((-4 = B) = B)),
and Modus Ponens twice and eliminate B,,_; just as we eliminated B,,.

After n steps, we finally obtain that

F A

This ends the proof of Completeness Theorem.

Observe that our proof of the fact that F A is a constructive one. Moreover,
we have used in it only Main Lemma 4 and Deduction Theorem 3, and both
of them have fully constructive proofs. So we can always reconstruct all steps
in proofs which use the Main Lemma 4and Deduction Theorem 3 back to the
original axioms of Hs. The same applies to the proofs that use the formulas
proved in H, that are stated in Lemma 3.

It means that for any A € F, such that = A, the set V4 of all v restricted to
A provides us a method of a construction of the formal proof of A in Hs from
its axioms Al, A2, A3 only. .

2.1 Examples

Example 10

As an example of how the Proof One of the Completeness Theorem works, we
consider a following tautology

E (a = (ma=0b))
and show how to construct its proof, i.e. to show that

F(a= (na=0)).

We apply the Main Lemma 4 to all possible variable assignments v € V. We
have 4 variable assignments to consider.
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Case 1: v(a) =T,v(b) =T.
In this case By = a, B, = b and, as in all cases, A = A and by the Main
Lemma 4
a,b F (a= (—a=0Db)).

Case 2: v(a) =T,v(b) =F.
In this case B; = a, Bo = —b and by the Main Lemma 4

a,=b F (a= (-a=0D)).

Case 3: v(a) = F,v(b) =T.
In this case By = —a, Bo = b and by the Main Lemma 4

—a,b F (a = (ma=0D)).

Case 4: v(a) = F,v(b) =F.
In this case By = —a, Bo = —b and by the lemma 4

-a,-b F (a= (—a=0D)).

Applying the Deduction Theorem 3 to the cases above we have that

D1 (Cases 1 and 2)
a - (b= (a= (—a=0))),

a b (=b= (a= (-a=0))),

D2 (Cases 2 and 3)
-a F (b= (a= (-a=0))),

-a (—\b = (CL = (—\a = b)))
By the monotonicity and the proper substitution of formula
(A= B)= ((mA= B) = B))
the provable by Lemma 3, we have that
a bt (b=(a=(-a=0))=(-b=(a=(-a=0D))) = (a=(-a=0))),

—a F (b= (a= (ma=0b)))= ((-b= (a= (ma=1Db))) = (a = (—a=0D))).

Applying Modus Ponens twice to D1, D2 and these above, respectively, gives
us
a b (a= (-a=D0))and

—a F (a= (-a=0)).

Applying the Deduction Theorem 3 to the above we obtain
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D3 (a = (a= (—a =0b))),

'_
D4 F (-a= (a= (-a=0DV))).

We form now an appropriate form of the formula
(A= B)=((wA= B)= B)), (35)
provable by the Lemma 3. The appropriate form is
= ((ra= (a= (ma=10))) = (a= (-a =0»)))). (36)

We apply Modus Ponens twice to D3 and D4 and (58) and get finally the proof
of (a= (—a =b)),ie. we have proved that

F (a= (-a =0b)).

Example 11

The Proof One of Completeness Theorem defines a method of efficiently combin-
ing v € Vs as defined in (27), while constructing the proof of A. Let’s consider
the following tautology A = A(a,b,c)

((ma=b) = (=(—a =b) = c).

We present bellow all steps of Proof One as applied to A.

By the Main Lemma 4 and the assumption that = A(a,b,c) any v € V4 defines
formulas B, , By, B. such that

Ba, By, B. - A. (37)

The proof is based on a method of using all v € V4 (there is 16 of them) to
define a process of elimination of all hypothesis B, By, B, in (37) to construct
the proof of A in H; i.e. to prove that - A.

Step 1: elimination of B..

Observe that by definition 4, B, is ¢ or ¢ depending on the choice of
v € V4. We choose two truth assignments vy # vy € V4 such that

vil{a, b} = val{a, b} (38)
and vy(c) =T and va(c) = F.

Case 1: v1(c) =T, by definition 4 B. = ¢. By the property (38), assumption
that = A, and the Main Lemma 4 applied to v;

Ba,Bb, c F A
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By Deduction Theorem 3 we have that

Ba,By F (c= A). (39)

Case 2: wvs(c) = F hence by definition 4 B, = —c¢. By the property (38),
assumption that = A, and the Main Lemma 4 applied to v

Ba7 Bb, -c¢ F A

By the Deduction Theorem 3 we have that
B., By F (mc= A). (40)

By Lemma 3, i.e. provability of the formula (35) for A = ¢, B = A we have that
Fle=A)= ((-e= A) = A)).
By monotonicity we have that
B.,,By, F ((c=A) = ((mc= A) = A)). (41)
Applying Modus Ponens twice to the above property (41) and properties (39),

(40) we get that
Bq, By - A (42)

and hence we have eliminated B..

Step 2: elimination of B, from (42). We repeat the Step 1.
As before we have 2 cases to consider: By = b or B, = —=b. We choose
from V), two truth assignments w; # we € Vy such that

wil{a} = wal{a} = wi[{a} = vs{a} (43)
and wy(b) =T and wy(b) = F.

Case 1: wy(b) =T, by definition 4 B, = b. By the property (43), assumption
that = A, and the Main Lemma 4 applied to wy

Ba,b F A.

By Deduction Theorem 3 we have that

B. F (b= A). (44)
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Case 2: ws(c) = F hence by definition 4 B, = —b. By the property (3),
assumption that = A, and the Main Lemma 4 applied to wo

Ba,—b - A.

By the Deduction Theorem 3 we have that
B, F (mb=A). (45)

By Lemma 3, i.e. provability of the formula (35) for A = b, B = A we have that
F((b=A4)=((-b=A) = A)).
By monotonicity we have that

B, F (b=A4)=((-b=A) = A)). (46)

Applying Modus Ponens twice to the above property (46) and properties (44),
(45) we get that
B, F A (47)

and hence we have eliminated Bjy.

Step 3: elimination of B, from (47). We repeat the Step 2.
As before we have 2 cases to consider: B, = a or B, = —a. We choose
from V4 two truth assignments g1 # g2 € V4 such that

g1(a) =T and ga2(a) = F. (48)

Case 1: gi(a) =T, by definition 4 B, = a. By the property (48), assumption
that = A, and the Main Lemma 4 applied to ¢

a F A
By Deduction Theorem 3 we have that
F (a= A). (49)

Case 2: g¢y(a) = F hence by definition 4 B, = —a. By the property (48),
assumption that = A, and the Main Lemma 4 applied to go

-q + A.

By the Deduction Theorem 3 we have that
F (-a= A). (50)
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By Lemma 3, i.e. provability of the formula (35) for A = a, B = A we have that

F(a=A)= ((-a= A) = A)). (51)

Applying Modus Ponens twice to the above property (51) and properties (49),
(50) we get that
F A (52)

and hence we have eliminated B,, By and B, and constructed the proof of A.

2.2 Homework Problems
For the formulas A; and corresponding truth assignments v find formulas By, .. By, A;
as described by the Main Lemma 4, i.e. such that

By, ..ByF A,

—_

A =((=(b=a) = —-a)= (b= (a = —¢)) = ¢))

v(a) =T,v(b) = F,v(c) =T.

2. Ag): ((a=(c=(b=¢))=((~d= (a= (-a=1D)) = (a = (-a=
)= F,v(b) = Fu(c) =T,v(d) = F

3. A3 =(-b=(c= (ma=1D)))
v(a) = F,v(b) = F,u(c) =T

4. Ay = (—ay1 = (a2 = (—ag = a1)))
v(ar) = Fv(az) = F,v(az) =T

4. A5 = (b= (a1 = (mc=1D)) = (-b = (a2 = (ma1 = b)) = (c =
(ma =1)))
v(a) = F,v(b) =T,v(c) = F,v(a1) =T, v(az) = F

For any of the formulas listed below construct their formal proofs, as
described in the Proof One of the Completeness Theorem. Follow exam-
ple 10, or example 11.

5. A1 = ("“b = b)
6. As = ((a = b) = (b= —a))
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10.

11.

12.

13.

14.

15.

16.

17.

3

As = (=(a = b) = =(-b = —a))
Ay = (=(=(a = —b) = —¢) = (b= —0))
As = ((a= (b= —a)) = (=(b= —a) = —a)).

Read carefully proofs of Deduction Theorem 3 and Completeness Theo-
rem 6 and write careful answers to the following problems.

List all formulas that have to be provable in Hs, axioms included, that
are are needed for the proof of Deduction Theorem 3. Write down each
part of the proof that uses them.

List all formulas that have to be provable in Hy, axioms included, that
are needed for the proof of Main Lemma 4.

List all formulas that have to be provable in Hs, axioms included, that are
included in the Proof of Completeness Theorem part of the Proof One.

List all formulas that have to be provable in Hs, axioms included, that
are needed to carry all of the Proof One of Completeness Theorem ?7.

We proved the Completeness Theorem for the proof system Hy based on
the language L¢- —;. Extend the Hy proof system to a proof system 5y
based on a language L£{-, -} by adding new logical axioms, as we did in
a case of Hy and Hs systems. The added logical axioms must be such that
they allow to adopt the Proof One to Si, i.e. such that it is a complete
proof system with respect to classical semantics.

Repeat the same for the language Ly, . ~y. Call resulting proof system
Ss.

Repeat the same for the language £ . Ay, i.e. extends systems Sp or
S2 to a complete proof system S3 based on the language L(- — A }-

Prove Completeness Theorem for the system S3 from the previous prob-
lem.

Completeness Theorem: Proof Two

The Proof Two is much more complicated then the Proof One. Its strength and
importance lies in a fact that the methods it uses can be applied in an extended
version to the proof of completeness for classical predicate logic and even many
of non-classical propositional and predicate logics. The main point of the proof
is a presentation of a general, non- constructive method for proving existence of
a counter-model for any non-provable A. The generality of the method makes
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it possible to adopt it for other cases of predicate and some non-classical logics.
We call it a a counter-model existence method.

We prove now the completeness part of the Completeness Theorem 6 for Ho by
proving that the opposite implication:

if I/ A, then £ A (53)

to the implication (20):
if =A,then A

holds hat for all A € F.

We will show now how one can define of a counter-model for A from the fact
that A is not provable. This means that we deduce that a formula A is not
a tautology from the fact that it does not have a proof. We hence call it a a
counter-model existence method.

The definition of the counter-model for any non-provable A is much more general
(and less constructive) then in the case of the Proof One in section 2. It can
be generalized to the case of predicate logic, and many of non-classical logics;
propositional and predicate. It is hence a much more general method then the
first one and this is the reason we present it here.

We remind that = A means that there is a truth assignment v : VAR —
{T, F'}, such that v*(A) # T, i.e. in classical semantics, such that that v*(A) =
F. Such v is called a counter-model for A, hence the proof provides a counter-
model construction method.

Since we assume in (53) that A does not have a proof in Hs (f A) the method
uses this information in order to show that A is not a tautology, i.e. to define v
such that v*(A) = F. We also have to prove that all steps in that method are
correct. This is done in the following steps.

Step 1: Definition of A*

We use the information I/ A to define a special set A* C F, such that
-A e A*.

Step 2: Counter - model definition
We define the truth assignment v : VAR — {T, F'} as follows:

(@) T if A* F q
W= Fif A* F o

Step 3: Prove that v is a counter-model
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We first prove a more general property, namely we prove that the set A*
and v defined in the steps 1 and 2, respectively, are such that for every
formula B € F,

e [T if A"+ B
”(B){F if A* F -B.

Then we use the Step 1 (definition of A*) to prove that v*(A) = F.

The definition and the properties of the set A*, and hence the Step 1, are the
most essential for the proof. The other steps have mainly technical character.
The main notions involved in the Step 1 (definition of A*) are: consistent set,
complete set and a consistent complete extension of a set. We are going now to
introduce them and to prove some essential facts about them.

Consistent and Inconsistent Sets

There exist two definitions of consistency; semantical and syntactical. The
semantical one uses definition the notion of a model and says, in plain English:

a set of formulas is consistent if it has a model.
The syntactical one uses the notion of provability and says:
a set of formulas is consistent if one can’t prove a contradiction from it.

In our Proof Two of the Completeness Theorem we use assumption that a given
formula A does not have a proof to deduce that A is not a tautology. We hence
use the following syntactical definition of consistency.

Consistent set

We say that a set A C F of formulas is consistent if and only if there
is no a formula A € F such that

AF A and A F —A (54)
Inconsistent set

A set A C F is inconsistent if and only if there is a formula A € F such
that A F Aand A F —A.

The notion of consistency, as defined above, is characterized by the following
lemma.
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Lemma 5 (Consistency Condition)

For every set A C F of formulas, the following conditions are equivalent:

(i) A is consistent,

(ii) there is a formula A € F such that A t/ A.

Proof The implications: (i) implies (ii) and vice-versa are proved by showing
the corresponding opposite implications. L.e. to establish the equivalence of (i)
and (ii), we first show that not (ii) implies not (i), and then that not (i)
implies not (ii).

Case 1

Assume that not (ii). It means that for all formulas A € F we have that
A F A. In particular it is true for a certain A = B and A = —-B and
hence proves that A is inconsistent, i.e. not (i) holds.

Case 2

Assume that not (i), i.e that A is inconsistent. Then there is a formula
A such that A F A and A + —A. Let B be any formula. Since
(-A = (A = B)) is provable in Hy by Lemma 3, hence by applying
Modus Ponens twice and by detaching from it —A first, and A next, we
obtain a formal proof of B from the set A, so that A + B for any formula
B. Thus not (ii).

The inconsistent sets are hence characterized by the following fact.

Lemma 6 (Inconsistency Condition)

For every set A C F of formulas, the following conditions are equivalent:
(i) A is inconsistent,

(ii) for all formulas A€ F, A F A.

We remind here the property of the finiteness of the consequence operation.

Lemma 7
For every set A of formulas and for every formula A € F, A + A if and only
if there is a finite subset Ag C A such that Ay F A.

Proof
If Ag F A for a certain Ay C A, then by the monotonicity of the consequence,
also A F A. Assume now that A + A and let Ay, Ao, ..., A, be a formal
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proof of A from A. Let Ag = {41, Ay, ..., Ay} N A. Obviously, Ay is finite and
Ay, A, ..., A, is a formal proof of A from Ay.

The following theorem is a simply corollary of the above Lemma 7.

Theorem 7 (Finite Inconsistency)

If a set A is inconsistent, then there is a finite subset Ag C A which is inconsis-
tent. It follows therefore from that if every finite subset of a set A is consistent,
then the set A is also consistent.

Proof

If A is inconsistent, then for some formula A, A - A and A + —A. By above
Lemma 7, there are finite subsets A; and Ay of A such that A; F A and
Ay F —=A. By monotonicity, the union A; U A, is a finite subset of A, such
that A;UAs F Aand A;UAs F —A. Hence A; UA5 is a finite inconsistent
subset of A. The second implication is the opposite to the one just proved and
hence also holds.

The following lemma links the notion of non-provability and consistency. It will
be used as an important step in our proof of the Completeness Theorem.

Lemma 8

For any formula A € F, ift/ A, then the set {=A} is consistent.

Proof

If {—A} is inconsistent, then by the Inconsistency Condition 6 we have {-=A} F
A. This and the Deduction Theorem 3 imply + (=A = A). Applying the
Modus Ponens rule to - (=A = A) a formula ((-A = A) = A), provable by
LemmaH2lemma, we get that = A, contrary to the assumption of the lemma.

Complete and Incomplete Sets

Another important notion, is that of a complete set of formulas. Complete sets,
as defined here are sometimes called maximal, but we use the first name for
them. They are defined as follows.

Complete set

A set A of formulas is called complete if for every formula A € F,

Ak Aor AF —A (55)

The complete sets are characterized by the following fact.
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Lemma 9 (Complete set condition)

For every set A C F of formulas, the following conditions are equivalent:

(i) A is complete,
(ii) for every formula A € F, if A t/ A, then the set AU {A} is inconsistent.

Proof
We consider two cases. We show that (i) implies (ii) and vice-versa, that (ii)
also implies (i).

Case 1

Assume that (i) and that for every formula A € 7, A I/ A, we have to
show that in this case A U{A} is inconsistent. But if A t/ A, then from
the definition of complete set and assumption that A is complete set, we
get that A F —A. By the monotonicity of the consequence we have that
AU{A} + —A as well. Since, by formula ?? we have - (A = A), by
monotonicity A F (A = A) and by Deduction Theorem A U {4} + A.
This proves that A U {A} is inconsistent. Hence (ii) holds.

Case 2

Assume that (ii). Let A be any formula. We want to show that the
condition: A F A or A F -A is satisfied. If A F -A, then the
condition is obviously satisfied.

If, on other hand, A ¥ —A, then we are going to show now that it must
be , under the assumption of (ii), that A + A, i.e. that (i) holds.

Assume that A I/ —A, then by (ii), the set A U{—A} is inconsistent.
It means, by the Consistency Condition 5, that AU {-A} + A. By
the Deduction Theorem 3, this implies that A + (=A = A). Since
((HA = A) = A) is provable in Hy (Lemma 3), by monotonicity A +
(A= A) = A). Detaching (-A = A), we obtain that A + A, what
ends the proof that (i) holds.

Incomplete set

A set A of formulas is called incomplete if it is not complete, i.e. if there
exists a formula A € F such that

AV A and AV —A (56)

We get as a direct consequence of the lemma 9 the following characterization of
incomplete sets.

Lemma 10 (Incomplete Set Condition)

For every set A C F of formulas, the following conditions are equivalent:
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(i) A is incomplete,

(ii) there is formula A € F such that A t/ A and the set AU{A} is consistent.

Main Lemma: Complete Consistent Extension

Now we are going to prove a lemma that is essential to the construction of
the special set A* mentioned in the Step 1 of the proof of the Completeness
Theorem, and hence to the proof of the theorem itself. Let’s first introduce one
more notion.

Extensions

A set A* of formulas is called an extension of a set A of formulas if the
following condition holds.

{AeF: AF AYC{AeF: A" F A} (57)

In this case we say also that A extends to the set of formulas A*.

The Main Lemma states as follows.

Lemma 11 ( Complete Consistent Extension)

Every consistent set A of formulas can be extended to a complete consistent set
A* of formulas.

Proof

Assume that the lemma does not hold, i.e. that there is a consistent set A,
such that all its consistent extensions are not complete. In particular, as A is
an consistent extension of itself, we have that A is not complete.

The proof consists of a construction of a particular set A* and proving that it
forms a complete consistent extension of A, contrary to the assumption that all
its consistent extensions are not complete.

Construction of A*.

As we know, the set F of all formulas is enumerable. They can hence be put in
an infinite sequence

Ay, Aoy Apy e (58)
such that every formula of F occurs in that sequence exactly once.

We define now, as the first step in the construction of A*, an infinite sequence
{A, }nen of consistent subsets of formulas together with a sequence {B},en of
formulas as follows.
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Initial Step

In this step we define the sets A1, As and the formula B;. We prove that
Ay and Ay are consistent, incomplete extensions of A.

We take, as the first set, the set A, i.e. we define

Ar=A. (59)

Since, by assumption, the set A, and hence also A; is not complete, it
follows from the Incomplete Set Condition Lemma 10, that there is a
formula B € F such that A; t/ B, then and the set Ay U{B} is consistent.

Let
B,

be the first formula with this property in the sequence (58) of all formulas;
we then define

Ay = Ay U{B1}. (60)

The set As is consistent and A; = A C A,, so by the monotonicity, Ay is a
consistent extension of A. Hence Ay cannot be complete.

Inductive Step

Suppose that we have defined a sequence
A1, Ao, Ay

of incomplete, consistent extensions of A, and a sequence
B1,Bs,...By_1

of formulas, for n > 2.

Since A, is incomplete, it follows from the Incomplete Set Condition
Lemma 10, that there is a formula B € F such that A, I/ B and
the set A, U {B} is consistent.

Let
B,

be the first formula with this property in the sequence (58) of all formulas.
We then define

Ani1 = A, U{B,). (61)
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By the definition, A C A,, € A,, 41 and the set A, 7 is consistent. Hence A, ;1
is an incomplete consistent extension of A.

By the principle of mathematical induction we have defined an infinite sequence
A=A CAC..,CA,CA;1C ... (62)

such that for all n € N, A, is consistent, and moreover, it is an incomplete
consistent extension of A.

Moreover, we have also defined a sequence
B1,Bs,...,B,, ... (63)

of formulas, such that for all n € N, A,, I/ B,, and the set A, U {B,} is
consistent.
Observe that B, € A4 for all n > 1.

Definition of A*

Now we are ready to define A*, i.e. we define:
A = UneN A,. (64)

To complete the proof our theorem we have now to prove that A* is a complete
consistent extension of A. Obviously, by the definition, A* is an extension of
A. Now we prove (by contradiction) the following.

Fact 5

The set A* is consistent.

Proof
Assume that A* is inconsistent. By the Finite Inconsistency Theorem 7 there
is a finite subset Ag of A* that is inconsistent. By Definition 64 have that

Ao ={C1,....C} C UneN A,

By the definition, C; € A, for certain Ay, in the sequence (62) and 1 <i > n.
Hence Ay C A, for m = max{ky, ks, ..k, }. But all sets of the sequence (62)
are consistent. This contradicts the fact that A,, is inconsistent, as it contains
an inconsistent subset Ag. Hence A* must be consistent.

Fact 6

The set A* is complete.
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Proof
Assume that A* is not complete. By the Incomplete Set Condition Lemma 10,
there is a formula B € F such that A* I/ B and the set A*U{B} is consistent.

But, by definition (64) of A*, the above condition means that for every n € N,
A, ¥ B holds and the set A,, U {B} is consistent.

Since the formula B is one of the formulas of the sequence (58) and it would
have to be one of the formulas of the sequence (63), i.e. B = B; for certain
j. Since B; € Aji1, it proves that B € A* = J,.y. But this means that
A* F B, contrary to the assumption. This proves that A* is a complete
consistent extension of A and ends the proof out our lemma.

Now we are ready to prove the completeness theorem for the system Ho.

Proof of the Completeness Theorem

As by assumption our system Hs is sound, we have to prove only the Complete-
ness part of the Completeness Theorem 6, i.e we have to show the implication

if A, then FHA

for any formula A. We prove it by proving the logically equivalent opposite
implication

if ¥ A, then [ A.

We remind that = A means that there is a variable assignment v : VAR —
{T, F}, such that v*(A4) # T. In classical case it means that v*(A) = F, i.e.
that there is a variable assignment that falsifies A. Such v is also called a
counter-model for A.

Assume that A doesn’t have a proof in S, we want to define a counter-model
for A. But if I/ A, then by the lemma 8, the set {—A} is consistent. By the
Main Lemma 11 there is a complete, consistent extension of the set {—A}, i.e.
there is a set set A* such that {—A} C A* i.e.

-A e A", (65)

Since A* is a consistent, complete set, it satisfies the following form of the
consistency condition 54, which says that for any A, A* ¥/ A or A* I/ —A.
It also satisfies the completeness condition (55), which says that for any A,
A* F Aor A* + —A. This means that for any A, exactly one of the
following conditions is satisfied: A* F A, A* + =A. In particular, for
every propositional variable a € VAR exactly one of the following conditions is
satisfied: A* + a, A* + -a. This justifies the correctness of the following
definition.

Definition of v
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We define the variable assignment
v:VAR — {T,F} (66)

as follows:

(@) T if A* F q
W= F if A* F

We show, as a separate lemma below, that such defined variable assignment v
has the following property.

Lemma 12 (Property of v)

Let v be the variable assignment defined by ( 66) and v* its extension to the set
F of all formulas. Then for every formula B € F,

{54205 o

Given the above property (67) of v (still to be proven), we prove that the v is
in fact, a counter model for any formula A, such that t/ A as follows. Let A be
such that I/ A. By ( 65), =A € A* and obviously, A* + —A. Hence, by the
property (67) of v, v*(A) = F, what proves that v is a counter-model for A and
hence ends the proof of the completeness theorem. In order to really complete
the proof we still have to write a proof of the Lemma 12.

Proof of the Lemma 12
The proof is conducted by the induction on the degree of the formula A.

If A is a propositional variable, then the lemma is true holds by (66), i.e. by
the definition of v.

If A is not a propositional variable, then A is of the form —C or (C = D),
for certain formulas C,D. By the inductive assumption the lemma, i.e. the
property (67) holds for the formulas C' and D.

Case A = —~C. We have to consider two possibilities: A* = A and A* + —A.

Assume A* F A. It means that A* F —C. Then from the fact that A* is
consistent it must be that A* t/ C. This means, by the inductive assumption,
that v*(C) = F, and accordingly

v*(4) =v*(=C) = w*(C)=-F =T.
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Assume now that A* + —A. Then from the fact that A* is consistent it must
be that A* ¥ A. le. A* ¥ —C. If so, then A* F C, as the set A* is
complete. Hence by the inductive assumption, that v*(C) = T, and accordingly

v*(A) =v*(-C) = w*(C)=-T = F.
Thus A satisfies the property (67).
Case A = (C = D). As in the previous case, we assume that the lemma, i.e.

the property (67) holds for the formulas C, D and we consider two possi-
bilities: A* F A and A* F —A.

Assume A* F A. It means that A* F (C = D). If at the same time A* I/ C,
then v*(C) = F, and accordingly
v*(A) =v*(C = D) =v"(C)=v*(D)=F=v"(D)=T.

If at the same time A* + C, then, since A* F (C = D), we infer, by Modus
Ponens, that A* + D. If so, then

v*(C) = v (D) =T,
and accordingly

v'(A)=v"(C=D)=v"(C)=v"D)=T=T=T.

Thus, if A* - A, then v*(4) =T.

Assume now, as before, that A* + —A. Then from the fact that A* is consistent
it must be that A* ¥ A, ie.,

A* i/ (C = D).
It follows from this that
A* i/ D,

forif A* F D, then, as (D = (C = D)) is provable (Lemma 4), by monotonic-

ity
A*F (D = (C = D)).

Applying Modus Ponens we obtain A* = (C = D), which is contrary to the
assumption.

Also we must have
A" F C,

for otherwise, by the fact that A* we would have
A" F =C.
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But this is impossible, since the formula (-C' = (C' = D)) is provable provable
(Lemma 4) and by monotonicity

A"+ (=C = (C = D)).

Applying Modus Ponens we would get A* + (C = D), which is contrary to the
assumption. This ends the proof of the Lemma 12 and the Proof Two of the
Completeness Theorem 6.

4 Some Other Axiomatizations

We present here some of most known, and historically important axiomatiza-
tions of classical propositional logic, i.e. the following Hilbert proof systems.

Lukasiewicz (1929)
L=(Lp, »), F, Al,A2,43, MP), (68)
where
Al ((FA=A) = A),
A2 (A= (-A= B)),

A3 (A=B)=(B=0C)=(A=10))))
for any A, B,C € F.

2. Hilbert and Ackermann (1928)
HA=(L{y, F, Al—A4, MP), (69)
where
Al (m(AUA)UA),
A2 (-AU(AUB)),
A3 (=(AUuB)U(BUA)),
A4 (~(-BUC)U(-(AUB)U(AUCQ))),
for any A,B,C € F.

Modus Ponens rule in the language £ 1y has a form

(MP) A (;AUB)

Observe that also the Deduction Theorem is now formulated as follow.
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Theorem 8 (Deduction Theorem for HA)
For any subset T of the set of formulas F of HA and for any formulas A, B € F,

') Abya B if andonly if T bFya (AU B).

In particular,

AbgaB if and only if bFpa (AU B).

2. Hilbert (1928)

=(Liunsy, Fo Al—Al15, MP), (70)
where
Al (A= A),
A2 (A= (B=A),
A3 (A=B)=(B=0)=(A=10)),
A4 (A= (A= B))= (A= B)),
A5 (A= (B=0C))=(B=(A=0),
A6 (A=B)=(B=0)=(A=10)),
A7 ((AnB)= A),
A8 ((ANB)= B),
A9 (A=B)=(A=0C)= (A= (BNnQO))),
A10 (A= (AUB)),
All (B= (AUB)),
Al2 (A=0)=(B=0C)=((AUB)=20))),
A13 ((A= B)= (A= -B) = -A4)),
Al4 (—A= (A= B)),
Al5 (AU-A),

for any A,B,C € F.
Kleene (1952)
=(Lun=y, F, Al—A10, MP), (71)
where
Al (A= (B=A4)),
A2 (A= (B=0C))=(B=A=0)),
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A3 ((ANB)=A),

A4 ((ANB)= B)

Ad (A= (B= (AN B))),

A6 (A= (AUB)),

AT (B= (AUB)),

A8 (A=0C)=((B=C)= ((AUB)=())),
A9 ((A= B) = ((A= -B) = —A)),

A10 (=—A = A)
for any A, B,C € F.
Rasiowa-Sikorski (1950)

RS =(Liun=y, F, Al—Al2, MP), (72)
where
Al (A=DB)=((B=0)= (A=),
A2 (A= (AUB)),
A3 (B= (AUB)),
A4 (A=C)=(B=0C)=((AUuB)=10))),
A5 ((ANnB)= A),
A6 ((ANB)= B),
A7 (C=A)= ((C= B)= (C=(ANB))),
A8 (A= (B=0C))= ((AnB)=10)),
A9 ((AnB)=0C)= (A= (B=0)),
A10 (An=-A4)= B),
All (A= (AN-A4)) = -4),

(
Al12  (AU-A),
for any A, B,C € F.

Here is the shortest axiomatization for the language £y —y. It contains just
one axiom.

Meredith (1953)
L=(L{, =), F, Al MP), (73)

where
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Al (((A=B)=(-C=-D)=C)=F))= (E=A)= (D= A4))).

We have proved in chapter 77 that
Limun=y =Ly =Ly

Here is another axiomatization that uses only one axiom,
Nicod (1917)

N = ( £{T}’ ]:, Al, (7") )7 (74)
where
AL (AT BT (DT (DTD)T(ETB)T((ATE)T(ATE)))))).
The rule of inference is (r) is expressed in the language L4} as

AT (B1C)
A

5 Exercises

Here are few exercises designed to help the readers with understanding the
notions of completeness, monotonicity of the consequence operation, the role of
the deduction theorem and importance of some basic tautologies.

Let S be any Hilbert proof system

A (A= B
S = (ﬁ{ﬁ,u,z,ﬁ}, F, LA, (MP)%)

with its set LA of logical axioms such that S is complete under classical se-
mantics.

(75)

Let X C F be any subset of the set F of formulas of the language Lin = -
of S. We define, as we did in chapter 4, a set Cn(X) of all consequences of
the set X as

Cn(X)={AeF: XFkgA} (76)

Plainly speaking, the set Cn(X) of all consequences of the set X is the set of
all formulas that can be proved in S from the set (LA U X).

All exercises 9 - 13 concern the system S defined by (75).

Exercise 9

1. Prove that for any subsets X,Y of the set F of formulas the following mono-
tonicity property holds.

If X CY, then Cn(X)C Cn(Y). (77)

49



2. Do we need the completeness of S to prove that the monotonicity property
holds for S?

Solution

1. Let A € F be any formula such that A € Cn(X). By (76), we have that
X Fg A. This means that A has a formal proof from the set X U LA. But
X C Y, hence this proof is also a proof from Y U LA, i.e. Y Fg A, and hence
A € Cn(Y). This proves that Cn(X) C Cn(Y).

2. No, we do not need the completeness of S for the monotonicity property to
hold. We have used only the definition of a formal proof from the hypothesis X
and the definition of the consequence operation.

Exercise 10

Prove that for any set X C F, the set T C F of all propositional classical
tautologies of the language Lin y — ~y of the system S is a subset of Cn(X),
i.e. prove that

T C Cn(X). (78)
2. Do we need the completeness of S to prove that the property (78) holds for
S?

Solution
1. The proof system S is complete, so by the completeness theorem we have
that

T={eF: kg A}. (79)

By definition (76) of the consequence,
{Ae F: kg A} = Cn(D)

and hence Cn()) = T. But ) C X for any set X, so by monotonicity property
(77),
T C Cn(X).

2. Yes, the completeness (79) of S in the main property used. The next one is
the monotonicity property (77).

Exercise 11
Prove that for any formulas A, B € F, and for any set X C F,
(ANB) e Cn(X) if and only if A€ Cn(X) and B € Cn(X). (80)

List all properties essential to the proof.
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1. Proof of the implication:
if (ANB)e€ Cn(X), then A € Cn(X) and B € Cn(X).
Assume (AN B) € Cn(X), ie.
X ks (AN B). (81)

From monotonicity property proved in exercise 9, completeness of S, and the
fact that
E(ANB)=A)and [ ((ANB)=B) (82)

we get that
XkFs((ANB)=A), and X kg (AN B)= B). (83)

By the assumption (81) we have that X Fg(ANDB), by (83), Xts((ANB) = A),
and so we get X g A by Modus Ponens.

Similarly, X Fs(ANB), by the assumption (81), Xrs((ANB) = B) by by (7?),
and so we get X Fg B by MP. This proves that A € Cn(X) and B € Cn(X)
and ends the proof of the implication 1.

2. Proof of the implication:

if AeCn(X)and B e Cn(X), then (AN B) € Cn(X).

Assume now that A € Cn(X) and B € Cn(X), i.e.
X Fs A, and X Fg B. (84)
By the monotonicity property, completeness of S, and a tautology (A = (B =
(AN B))), we get that
Xts (A= (B= (AN B))). (85)

By the assumption (84) we have that X g A, Xtg B, by (85), X kg (A =
(B = (ANDB))), so we get X kg (B = (AN B)) by Modus Ponens. Applying
Modus Ponens again we obtain X g (ANB). This proves that (ANB) € Cn(X)
and ends the proof and the implication 2, and the completes the proof of (80).

Exercise 12

Let S be the proof system (75). Prove that the Deduction Theorem holds for S,
i.e. prove the following.

For any subset T of the set of formulas F of S and for any formulas A, B € F,

I Abg B ifand only if T kg (A= B). (86)
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Solution

The formulas A1 = (A = (B = A)) and 2= (A= (B=0)) = (A=
B) = (A= ())) are basic propositional tautologies. By the completeness of S
we have that

Fs (A= (B=A)and Fs (A= (B=0C))= (A= B)= (A= 0))).
(87)
The formulas Al, A2 are axioms of the Hilbert system H; defined by (1). By
(87) both axioms Al, A2 of H; are provable in S. These axioms were sufficient
for the proof of the Deduction Theorem 3 for H; and its proof now can be
repeated for the system S.

Exercise 13

Prove that for any A, B € F,
Cn({A, B}) = Cn({(AN B)})

1. Proof of the inclusion: Cn({A4,B}) C Cn({(AN B)}).

Assume C' € Cn({A, B}),i.e. {A, B}tg C, what we usually write as A, B+g C.
Observe that by exercise 12 the Deduction Theorem (theorem 3) holds for S.
We apply Deduction Theorem to the assumption A, B g C twice we get that
the assumption is equivalent to

Fs (A= (B=C)). (88)

We use completeness of S, the fact that the formula (((A = (B = C)) =
((AN B) = ())) is a tautology, and by monotonicity and get that

Fs (A= (B=0)=(AnB)=10))). (89)

Applying Modus Ponens to the assumption (88) and (89) we get g ((ANB) =
(). This is equivalent to (AN B) kg C by Deduction Theorem. We have proved
that C € Cn({(AN B)}).

2. Proof of the inclusion: Cn({(ANB)}) C Cn({4, B})}).
Assume that C € Cn({(AN B)}), i.e. (AN B)Fg C. By Deduction Theorem,
Fs((AnB)=C). (90)

We want to prove that C' € Cn({A, B}). This is equivalent, by the Deduction
Theorem applied twice to proving that

The proof as similar to the previous case. We use completeness of S, the fact
that the formula (AN B) = C) = (A = (B = ())) is a tautology and by
monotonicity and get that

Fs ((ANB)=C)= (A= (B=10)) (91)
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Applying Modus Ponens to the assumption (88) and (89) we get g (A = (B =
() what ends the proof.

6 Homework Problems
Completeness Proof Two Problems

1. List all formulas that have to be provable in H,, axioms included, that
are are needed for the Proof Two if the Completeness Theorem 6.

2. We proved the Completeness Theorem 6 for the proof system Hs based on
the language £ —,. Extend the Hy proof system to a proof system S;
based on a language L£{-, .} by adding new logical axioms, as we did in
a case of Hy and Hs systems. The added logical axioms must be such that
they allow to adopt the Proof Two to Sy, i.e. such that it is a complete
proof system with respect to classical semantics.

3. Extend the Hs proof system to a proof system based on a language
L(- = ny by adding new logical axioms. Call resulting proof system Ss.
The added logical axioms must be such that they allow to adopt the Proof
Two to Sy, i.e. such that it is a complete proof system with respect to
classical semantics.

4. Repeat the same for the language £{- _ o Uy}, i.e. extends systems S or
S2 to a complete proof system S3 based on the language L(- — A }-

5. Conduct appropriate version of Proof Two of the Completeness Theorem
6 for the system S3 from the previous problem.

Axiomatizations Problems

1. Let HA be Hilbert and Ackermann proof system (69). We use abbrevia-
tion (A = B) for (AU B).

(i) Prove Fga (A= A), for any A € F.

(ii) Prove Fya (A= (B = A)), for any A, B € F.

(iii) Prove Fpa (A = (B = C)) = ((A = B) = (A = ())), for any

A, B,C e F.

(iv) Prove (A= B),(B=C) tpga (A= C), for any A,B,C € F

(v) Prove Deduction Theorem 8.

(

vi) Prove b4 A if and only if = A, for any A € F.
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2. Let H be Hilbert proof system (?7?).

(i) Prove Fpa (A= (B = C)) = (A= B) = (A= ())), for any
A,B,C e F.

(ii) Prove Deduction Theorem for H.

(ii) Prove Completeness Theorem for H.

3. Let K be Kleene proof system (71).
(i) Prove ki (A= A), for any A € F.
(ii) Prove the following.

For any subset I' of the set of formulas F of K and for any formulas
A BeF, T, Ak B if andonlyif T Fg (A= B)).

Completeness General Problems

1. Let RS be Rasiowa-Sikorski proof system (72).
The set F of formulas of £ determines an abstract algebra

F = (F uUn = ), (92)

where by performing an operation on a formula (two formulas) means
writing the formula having this operation as a main connective. For ex-
ample N(A, B) = (AU B). We define an binary relations < and = in the
algebra F' of formulas of £ as follows. For any A, B € F,

A< B if and onlyif Frs (A= B), (93)
A~ B if and onlyif Frs (A= B) and + (B = A). (94)

(i) Prove that the relation < defined by (93) is a quasi-ordering in F.

(ii) Prove that the relation & defined by (93) is an equivalence relation in
F. The equivalence class containing a formula A is denoted by || 4]|.

(iii) The quasi ordering < in F as defined by (93) induces a relation < in
F/ = defined as follows:

|Al < |IB| if and only if A< B, ie.
[Al < |[B| if and only if Frs (A= B). (95)

Prove that the relation (95) is an order relation in F/ ~

(iv) Prove that the relation = defined by (94) is a congruence in the
algebra F of formulas defined by (92).
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. The algebra LT = ( F/ ~, U, N, =, —), where the operations U, N, =
and — are determined by the congruence relation (94) i.e.

[A[[UIB]l = [[(AU B)],
[A[I A IBI = [[(An B)ll,
[All =Bl = [I(A = B)]|,
—[lAl = [I=All;

is called a Lindenbaum-Tarski algebra of RS.

Prove that the Lindenbaum-Tarski algebra of RS as defined by (72) is a
Boolean algebra. The unit element is the greatest element in (F/ =, <),
where the order relation < is defined by (95).

. Formulate and prove the Deduction Theorem for Hilbert and Ackermann
system (69).

. Formulate and prove the Deduction Theorem for Lukasiewicz system (68).
. Formulate and prove the Deduction Theorem Kleene system (71).

. Formulate and prove the Deduction Theorem Rasiowa-Sikorski system
(72)

. Let HS be any Hilbert proof system based on a language Lpg. Prove that
if HS is complete under classical semantic, them the Deduction Theorem
appropriately expressed in the language Lps holds for HS.
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