CHAPTER 13

Gentzen Style Proof System for Classical

Predicate Logic - The System QRS
Part One

1 System QRS Definition

Let F denote a set of formulas of a Predicate (first Order) Logic Language
;C(:F)7 F, C) - E{ﬂ,U,:},—\}(P7 :F7 C)

for P, F, C countably infinite sets of predicate, functional, and constant symbols
respectively.

The rules of inference of our system QRS will operate, as in the propositional
case, on finite sequences of formulas, i.e. elements of F*, instead of just plain
formulas F, as in Hilbert style formalizations. We will denote the sequences of
formulas by I', A, X, with indices if necessary.

that the truth assignment v makes it true if and only if it makes the formula of
the form of thetrue.

The intuitive meaning of a sequence I' € F* is that it represents a disjunction
of all formulas of ', i.e. if I is a sequence

Ay, Agy . Ay
then by ér we will understand the disjunction of all formulas of T'.

As we know, the disjunction in classical logic is commutative, i.e., for any for-
mulas A, B,C, AU(BUC) = (AUB)UC, we w will denote any of those formulas
by AUBUC = 6;4,,c}- Similarly, we will write op = A; U Ay U...,UA,,.

The sequence T' is said to be satisfiable (falsifiable) if the formula ép = A; U
Az U ...,UA,, is satisfiable (falsifiable).

The sequence T is said to be a tautology if the formula ér = A; U Ay U ...,UA,
is a tautology.

The system QRS consists of one aziom and eleven rules of inference. They
form two groups. First is similar to the propositional case and called propo-
sitional connectives group. Each rule of this group introduces a new logical



connective or its negation, so we will name them, as in the propositional case:
(), (7U), (N), (—N), (=), (- =), and (——). The second group deals with the
quantifiers. It consists of four rules. Two of them introduce the universal and
existential quantifiers, and are named (V) and (3), respectively. The two others
correspond to the De Morgan Laws and deal with the negation of the universal
and existential quantifiers, and ere named (—V) and (—3), respectively.

As the azxiom we adopt, as in propositional case, any sequence which contains
any formula and its negation, i.e any sequence of the form

Fl7 A7 F27 _‘A7 F3
or of the form
Flv _‘Aa FQa A7 F37
for any formula A € F and any sequences of formulas I';, 'y, '3 € F*.
We will denote the axioms by
AX*.
The proof system

QRS = (‘7:*’ AX*v (U)’ (_‘U)’ (ﬂ), ("ﬂ), (:>)7 (_‘ :>)v (_'_‘)a ("V), (_El)v (V), (El))

will be called a Gentzen- style formalization of classical predicate calculus.

In order to define the rules of inference of QRS we need to introduce some def-
initions. They are straightforward modification of the corresponding definitions
for the propositional logic.

We will form now, as in the propositional case, a special subset LI7 C F of
formulas, called a set of all literals, which is defined now as follows.

LIT={AcF:Ac AFYU{-AcF:Ac AF},

where AF C F is the set of all atomic (elementary) formulas of the first order
language, i.e. AF = {P(t1,.....,tn) : P € P is any n-argument predicate
symbol, and t; € T are terms }.

The elements of the first set of the above union are called positive literals and
the elements of the second set of the above union are called negative literals. 1.e
atomic (elementary) formulas are called positive literals and the negation of an
atomic (elementary) formula is called a negative literal.

Indecomposable formulas



Literals are also called the indecomposable formulas.

Now we form finite sequences out of formulas (and, as a special case, out of
literals). We need to distinguish the sequences formed out of literals from the
sequences formed out of other formulas, so we adopt exactly the same notation
as in the propositional case. We will denote by I, A", ¥ finite sequences
(empty included) formed out of literals i.e. out of the elements of LZ7 i.e. we
assume that I', A", ¥ € LIT*.

We will denote by T', A, ¥ the elements of F* i.e the finite sequences (empty
included) formed out of elements of F.

We define the inference rules of QRS as follows.
Group 1: Propositional Inference rules

Disjunction rules

) ABA o ToAA s TLoBA
I',(AUB),A” I',~(AUB),A

Conjunction rules

() (—N) M
', (AnB),A I',-(ANB),A

(=) (o) I')A,A : I',-B,A
I',(A= B),A’” I',~(A= B),A

Negation rule

(=) ' A A
VT SAA

where I'' € F*,A e F'* A, B€ F.

Group 2: Quantifiers Rules



@) |
I A(t), A, JzA(x)
I, 3zA(z), A

where t is an arbitrary term.

() /
I, A(y), A
IV, VzA(z), A
where y is a free individual variable which

does not appear in any formula in the con-
clusion, i.e. in the sequence I' ,Vz A(z), A.

(-+9) ,
', 3z-A(x), A
T, ~VzA(z), A
-9 |
', Vz-A(z), A
I, -3z A(x), A

I' e LIT*Ac F* A, Be F.

Note that A(t), A(y) denotes a formula obtained from A(z) by writing t,y,
respectively, in place of all occurrences of 2 in A. The variable y in (V) is called
the eigenvariable. The condition: where y is a free individual variable which
does not appear in any formula in the conclusion is called the eigenvariable
condition.

All occurrences of y in A(y) of the rule (V) are fully indicated.

We define the notion of a formal proof in QRS as in any proof system, i.e., by
a formal proof of a sequence I' in the proof system

QRS = (‘7:*7 AXT, (U)7 (ﬁU)7 (ﬂ), (ﬁm)7 (:>)7 (ﬁ :>)7 (jﬁ% (ﬁa)a (ﬁv% 3>7 (V))

we understand any sequence I'1I['s....T",, of sequences of formulas (elements of
F*, such that Ty € AX*, T,, =T, and foralli (1<i<n)T; € AX* orT;isa
conclusion of one of the inference rules of QRS with all its premisses placed in
the sequence I'1I's....T°; 1.



As the proof system under consideration is fixed, we will write, as usual,
FT

to denote that I' has a formal proof in QRS.

As the proofs in QRS are sequences (definition of the formal proof) of sequences
of formulas (definition of GQ ) we will not use ”,” to separate the steps of the
proof, i.e. will write the sequence the formal proof as a sequence I'yI'5....I";,
instead of I'y, Iy, ....,I',,, but usually we will use, as in the propositional case,
the proof trees to represent the formal proofs. The leafs of the proof-tree are
axioms, nodes are sequences such that each sequence on the tree follows from
the ones immediately preceding it by one of the rules. The root is a sequence
(formula). We will picture, and write our proof-trees with the node on the top,
and leafs on the very bottom, instead of more common way, where the leafs are
on the top and root is on the bottom of the tree.

In particular cases, as in the propositional case, we will write our proof- trees
indicating additionally the name of the inference rule used at each step of the
proof. For example, if the proof of a theorem from 3 azioms used subsequently
the rules (N), (3), (¥), (N), (—=3), (=), and (=), we will represent it as the fol-
lowing tree

Sequence(Formula)

[ (=)

conclusion of (——)

| (=)

conclusion of (—3)

| (=3)

conclusion of (N)

A©)

conclusion of (N) conclusion of (3)
| (¥) | (3)
azxiom conclusion of (N)

A

axiom axiom



Remark that the derivation trees don’t represent a different definition of a
formal proof. This remains the same in the Gentzen - style systems. Trees
represent a certain visualization for those proofs and any formal proof in any
system can be represented in a tree form. It is easy to define the tree-proofs
precisely, as well as a general transformation procedure between the tree and
the sequence form of the proofs, but we will explain it here on few examples
only.

2 QRS Decomposition Trees

Given a formula A € F, we define its decomposition tree 74 in a similar way
as in the propositional case. Observe that the inference rules of QRS can be
divided in two groups: propositional connectives rules and quantifiers rules. The
propositional connectives rules are: (U), (-U), (N), (—-N), (=), (- =), and (—).
The quantifiers rules are: (V), (3), (=V) and (=3). We define the decomposition
tree in the case of the propositional rules and the rules (=), (=3) in the exactly
the same way as in the propositional case. The case of the rules (V) and (3) is
more complicated, as the rules contain the specific conditions under which they
are applicable.

To define the way of decomposing the sequences of the form F/,V:cA(x), A or
I',3zA(z), A, ie. to deal with the rules (V) and (3) in a way which would
preserve the property of the uniqueness of the decomposition tree, we assume
that all terms form a one-to one sequence

1yt ey by oo, (1)

Observe, that by the definition, all free variables are terms, hence all free vari-
ables appear in the sequence 1. Let I" be a sequence on the tree with V as a main
connective, i.e. I' is of the form F/,VxA(x), A. We write a sequence I, A(z), A
below it on the tree, as its child, where the variable x has to fulfill the following

Condition 2.1 (V) : x is the first free variable in the sequence 1 such that x
does not appear in any formula in T VxA(x), A.

Observe, that the condition 2.1 corresponds to the restriction put on the appli-
cation of the rule (V).

If the main connective of I', i.e. the main connective of the first formula in
' which is not an literal, is (3). In this case I' is of the form I, 3zA(z), A,
we write a sequence F/,A(t), A as its child, where the term ¢ has to fulfill the
following

Condition 2.2 ( 3J) :



t is the first term in the sequence 1 such that the formula A(t) does not appear
in any sequence which is placed above T" | A(t), A on the tree.

The fact that the sequence 1 is one- to - one and the fact that, by the condi-
tions 2.1 and 2.2, we always chose the first appropriate term (variable) from
this sequence, guarantee that the decomposition process is also unique in the
case of the quantifiers rules (V) and (3).

From all above, and we conclude the following.

Theorem 2.1 (Uniqueness) For any formula A € F, its decomposition tree
Ty is unique. If T4 is finite and all its leaves are axioms, then = A and Ty is
a tree-proof of A in QRS. If T4 is finite and contains a non-axiom leaf or is
infinite, then t/ A.

2.1 Examples of Decomposition Trees

In all the examples below, the formulas A(x), B(x) represent any formula. But
there is no indication about their particular components, so they are treated as
indecomposable formulas.

The decomposition tree of the de Morgan Law (-VaxA(x) = Jx—-A(z)) is the
following.

(-VzA(z) = Jx-A(z))
(=)
~—VzA(z), Jx-A(z)

[ (=)

Ve A(z), Jz—-A(x)
| (v)
A(zq),Jz-A(x)

where z7 is a first free variable in the sequence 1 such that z; does not appear in

VzA(z), Jz-A(x)

| (3)
A(z1), ~A(z1), Iz A(x)

where 1 is the first term (variables are terms) in the sequence 1 such that = A(z;) does not
appear on a tree above A(xz1), 7A(z1), Jx—A(x)

Axiom



The above tree ended with an axiom, so it represents a proof of (=VzA(z) =
Jz—-A(x)) in QRS, i.e.

F(-VzA(z) = Jx—-A(x))

The decomposition tree of (VzA(z) = JrA(z)) is the following.

(VzA(z) = JzA(x))

(=)
—VrA(x), JzA(z)
| (=)
—VrA(x), JzA(z)
Jx-A(z), JrA(x)
1 (3)
—A(t), Iz A(z), Jx-A(z)

where ¢; is the first term in the sequence 1, such that —A(t1) does not appear on the tree above

—A(t1), 3z A(z), Jz—-A(z)

1 (3)
—A(t1), A(t1), Jz—A(x), Iz A(z)

where t; is the first term in the sequence 1, such that A(t1) does not appear on the tree above
—A(t1), A(tr), xz—-A(z), JxzA(z)

Axiom

The above tree also ended with the axiom, hence

F (VzA(z) = 3z A(x))

The decomposition tree of (JzA(x) = VaxA(z)) is the following.



-3z A(x), Ve A(z)
| (=3)
Va-A(z), Ve A(x)
| (V)
—A(z1), Ve A(x)

where z1 is a first free variable in 1 such that z; does not appear in Vz—A(z), VzA(x)
| (¥)
—A(z1), Az2)

where x5 is a first free variable in 1 such that x> does not appear in ~A(z1), VzA(z), the
sequence 1 is one-to- one, hence x; # zo

Non - axiom

The decomposition tree, for any formula A is unique, so we conclude from the
fact that the above tree has a non-axiom branch that

F(3xA(x) = VzA(z)).

The decomposition tree of JxA(z) is the following.

dxA(z)
NE)
A(ty), Iz A(x)

where t; is the first term in the sequence 1, such that A(¢1) does not appear on the tree above

A(tr), JzA(z)



where tg is the first term in the sequence 1, such that A(t2) does not appear on the tree above

A(t1), A(tz), JxA(x), i.e. ta # t1

NE)
A(ty), Alta), A(ts), Iz A(z)

where t3 is the first term in the sequence 1, such that A(t3) does not appear on the tree above

A(t1), A(t2), A(ts), 3zA(z), ie. tz3 #£t2 # 1

1 (3)

A(tl), A(tg), A(tg), A(t4), ElZ‘A(J))

Obviously, the above decomposition tree is infinite, what proves that

FIrA(x).

We will find now the proof of the distributivity law (Jz(A(z)NB(z)) = (3zA(x)N
JxB(x))) and show that we can’t prove in QRS the inverse implication ((JxA(z)N
JxB(z)) = Jz(A(z) N B(x))). The decomposition tree of the first formula is
the following.

(Fz(A(z) N B(x)) = (JzA(z) N FzB(x)))

[ (V)
=(A(z1) N B(z1)), (3zA(z) N JzB(x))

10



where 1 is a first free variable in the sequence 1 such that z; does not appear in

Vz—(A(z) N B(x)), (3zA(x) N 3zB(x))

| (=N)
—A(z1),-B(z1), (3zA(z) N JxB(z))

A)

—A(x1),~B(x1), Iz A(x) —A(x1),~B(z1),JxB(x)
NE) 1(3)
—A(z1),~B(z1), A(t1), JzA(z) —A(z1),-B(z1), B(t1), 32 B(z)
where ¢ is the first term in the sequence 1, such | (E')

that A(t1) does not appear on the tree above
—A(z1), " B(z1), A(t1), 3z A(x) Observe, that it
is possible that t; = x1, as A(z1) does not ap- | (3)

pear on the tree above. By the definition of the
. L _\A(J}l),_\B($1),...B($1),E|$B(Z‘)
sequence 1, x1 is placed somewhere in it, i.e.

x1 = t;, for certain ¢ > 1. It means that after

applications of the step (3) in the decomposition

tree, we will get a step:

1 (3)
—A(xy),~B(x1),...A(x1), Iz A(x)

All leaves of the above tree are axioms, what means that

F(3z(A(z) N B(x)) = (3zA(z) NIz B(x))).

Let’s now construct, as the last example, a decomposition tree of

((BzA(z) NJzB(z)) = Jz(A(z) N B(x))).

We will adopt, as on the right branch of the above tree, the shorthand notation
used on this branch instead of the reasoning performed on the left branch, when
the reasoning is similar to the one presented above. The decomposition tree is
the following.

((3zA(z) N 3xB(x)) = Jx(A(z) N B(x)))

11



[ (=)
—(FzA(x) NFzB(x))3z(A(x) N B(x))
[ (=)
—JzA(x), ~JxB(z), Jx(A(zx) N B(zx))
| (=3)
Va—A(z), ~JxB(x),dx(A(z) N B(x))
| (V)

—A(z1), ~F2B(x), Jz(A(z) N B(zx))
| (=3)
—A(x1),Ve-B(z), Jx(A(z) N B(x))
| (V)

—A(x1), 7 B(x2), Jx(A(z) N B(x))

By the reasoning similar to the reasonings in the previous examples we get that x1 # z2

13
~A(x1), 2 B(x2), (A(t1) N B(ty)), 3z(A(z) N B())

where ¢ is the first term in the sequence 1, such that (A(t1) N B(¢1)) does not appear on the tree
above —A(z1), 7 B(z2), (A(t1) N B(t1)), Jxz(A(xz) N B(x)) Observe, that it is possible that ¢t; = x1,
as (A(z1) N B(z1)) does not appear on the tree above. By the definition of the sequence 1, z; is
placed somewhere in it, i.e. 1 = t;, for certain ¢ > 1. For simplicity, we assume that ¢t; = z; and

get the sequence:

—A(z1), - B(z2), (A(z1) N B(z1)), Jz(A(z) N B(x))

A0)

12



—\A<.’)’;1)7 —\B(.TQ),
A(zq),3x(A(z) N B(x))

Axiom

~A(z1), ~B(x2),
B(x1),3z(A(x) N B(x))
1 (3)
—A(z1), " B(z2), B(x1),
(A(w2) N B(z2)), 3a(A() N B())

where zo = t2 (z1 # xa) is the
first term in the sequence 1, such that
(A(z2) N B(zz2)) does not appear on the
tree above —A(z1),~B(z2), (B(z1),(A(z2) N
B(z2)),3z(A(z) N B(z)). We assume that to =

z2 for the reason of simplicity.

A

~A(z1),
—B(z2), ~B(z2),
B(z1), A(zz),  B(x1), B(za),
Jz(A(z) N B(z)) Fz(A(z) N B(x))
| (3) Azxiom

—A(21),

(3

Infinite branch

The above decomposition tree contains an infinite branch what means that

V (FzA(z) N FzB(x)) = Jz(A(x) N B(x))).

13



