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Abstract

It has formerly been proved that there is an exponential speed-up in the number of
lines of the quantified propositional sequent calculus over substitution Frege systems
when considering proofs as trees. This paper shows that a linear proof of any quantifier-
free tautology in quantified propositional sequent calculus can be transformed into a
linear proof of the same tautology in a substitution Frege systems with no more than
polynomially increasing proof lines and size.
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1. Introduction

The existence of a propositional proof system that has proofs of polynomial size for all
tautologies is equivalent to the equation NP = co-NP [1]. This observation has gained
attention in recent years, leading to the examination of new proof systems. Through the
discovery of new systems, the computational power of existing ones is gaining a greater
understanding. A hierarchy of proof systems has been established based on two complexity
measures (size and lines), and the relationships between these systems are being explored.
Alessandra Carbone in [2] compared the number of derivation lines in the form of a tree
in some propositional calculus systems and revealed a distinctive property of the quantified
propositional sequent calculus (QPK system). Namely, for some sequences of formulas,
the QPK system has an exponential speed-up by lines with respect to the substitution
sequent calculus (SPK system) and substitution Frege systems (SF' systems) when proofs
are considered as trees. It was shown in [3] that the lines of linear proofs of the same formulae
families in all three systems are the same by order. Later, in [4], the same result was achieved
if one considers the sizes of linear proofs of the same formulae families for comparison.
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28 The Relationship Between the Proof Complexities of Linear Proofs in QPK and Substitution SF

In this paper, the relationship between the proof complexities of linear proofs in Q PK and
SF has been investigated for all quantifier-free tautologies: it turns out that QPK system
has no significant advantage over SF when only linear proofs are considered. Specifically,
after the transformation of linear () P K-proof of a quantifier-free tautology into a linear SF-
proof of the same tautology by some algorithm, both complexities (the number of lines and
sizes) of linear proofs in SF' can increase polynomially at most.

2.  Preliminaries

First and foremost, lets define several proof systems according to [1, 5, 6].

The Frege system F' uses a denumerable set of propositional variables, a finite, complete
set of propositional connectives. It has a finite set of inference rules defined by a figure of
the form %(the rules of inference with zero hypotheses are the schemes of axioms).
F must be sound and complete, i.e., for each rule of inference % every truth-value
assignment, satisfying A;A,...A,,, also satisfies B, and F must prove every tautology.

The Substitution Frege system SF is defined by adding to F' the substitution rule

where simultaneous substitution of the formula B is allowed for the variable p.
The LK Sequent calculus was introduced by Gentzen [7] for first-order logic. Each line
in LK-proof is a sequent: a sequent is written in the form:

Al,...,An%Bl,...,Bm

where Ay,..., A, and By, ..., B,, are formulas. We denote these sequences of formulas by
capital Greek letters I', A, etc. As a quantifier symbol in LK, we will include only the
universal quantification V. The existential quantification symbol 3 will be added by the

following definition:
(Fz)A(z) = ~(Vr)-A(z).

The inference rules of the sequent calculus LK are as follows:

e Initial sequents are sequents of the following form:

A—A
where A is any formula.
e Structural rules:
. r—A . . r—A
Weakening : left m Weakening : right m
FlaA7BaF2_>A . F—>A17A7BaA2
FExch sleft FExch s right
xchange : lef [ B AT, 5 A xchange : rig I ALB AR,
Fl,A7A,F2—>A F—>A17A,A,A2

Contraction : right

Contraction : left

F17A7P2—>A F—>A1,A,A2
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e Logical rules:

left I —-AA riaht AT — A
TN TAT SA TRt TN DA

A left A BT — A A riaht r- AJ/A r-AB
Y AABT S A - T A AAB
v left Al'—-A BT —=A \V : right '—+44B

sle AVBT = A ' - A AVEB

S left - AA BT —A D: right AT—=A4B

e The cut rule:

r—-AA AT - A
r—A

Let us denote by PK the sequent calculus LK, where the rules are restricted to propo-
sitional logic.

The substitution system SPK is defined as the propositional sequent calculus PK with
an additional substitution rule:
SB L’A(m
P T — AJA(B)
where simultaneous substitution of the formula B is allowed for the variable p, and p does

not appear in I', A.

The quantifier system QP K is defined as the propositional sequent calculus PK, where
new quantification rules are added:

AB),I' - A , I' = A, A(p)
V :right
(Vg)A(q), I = A I'— A, (Vq)A(q)
where B is any formula such that no free variable occurrence in B becomes bounded in

A(B), and with the restriction that the atom p does not occur freely in the lower sequents
of V : right.

Notice that the the following two inferences can be derived in QPK system using the
definition of the quantifier 3:

A(p), I — A I' - A, A(B)

vV left

d:left G)A(Q) T = A d:right I A, (G9)A(Q)
A(p), T — A ' - A, A(B)
T A —A(p) ~A(B), I = A
TS A, (Y9)(q) (Vg)(9),T = A

=(Vg)=A(q),I' — A ' — A, =(Vg)=A(q)
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3. Main Results

For a given linear proof in QPK with n number of lines and proof size s, one can always
find a linear proof in SPK of the same tautology having O(n?) lines and O(s®) proof size.

First of all, notice that for any linear proof in SPK, there exists a linear proof in QPK
of the same tautology with the same number of lines. The sequent (Vp)A(p),I' = A, A(B)
is provable for all A, B, and the sequent I' — A, (Vp)A(p) is derivable from A — A, A(p).
Hence, after combining them through a cut rule, one derives I' — A, A(B). Here we examine
the relationship between these systems in the opposite scenario.

Lemma. Forn,m >0 and p not appeared in I'; A, the following inference

Fa Al(p)7 s 7An(p) — A7An+1(p)7 cee 7An+m<p)
[VA(B),...,An(B) > A Api1(B), ..., Apym(B)

can be achieved in SPK system with O(n + m) lines using the substitution rule only once.

Proof. First, let’s prove these additional inferences:

—A-A 5 r—-AAVEB
AT = A - ' AAB
r-A-A A— A
I 5 A A —AA— r-AJAvB A—-A B—B
AT = A ' -AAvB A— A B B—B

r - AAvVB A— A B B—ARB

r A AvVB AVB— AB
' - AAB

AANB — A
INA,B— A

NNANB—-A A— A B—B
NAnB—-A AB—A B—B
NANB—-A A B—-A A B—B

INAnB—A A B—AAB

I'A,B — A
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The final proof will look like this:

Fa Al(p)7 s 7An(p) — A7An+1(p)7 .. aAn-i-m(p)
Fv Al(p) A AQ(p)> cee 7An(p) '_> A? An+1(p), cee ,An+m(p)

LA (p) Ao A Ap(p) — A, Apni1(p)y oy Antm(p)

Ly Ai(p) A AA()—>AAH+1() VA, m(p)
I'= A Apia(p) V...V Anin(p), (A (p)/\ A An(p))

I'— A Apa(p) Vv "-\/An-&-m( )V =(Ar(p) A A An(p))
' > AA(B)V...VAn(B)V-(A(B)A...NA,(B))
= A A, 1(B)V...VA, . .(B), (B)A...NA,B)

—(A
T 4B A A ALB) = A A (B)V. VA,n(B)

[ A(B),...,An(B) — A,An+1(B), ooy A (B)
Note that in this proof the substitution rule is applied only once. H

Theorem 1. For a given linear proof in QPK of some quantifier-free tautology with n
number of lines, there exists a linear proof in SPK of the same tautology having O(n?)
number of lines.

Proof. Suppose P is a given linear proof in QPK. Since P is the proof of a quantifier-
free tautology, if a formula with a quantifier appears in the proof, then it must disappear at
some point in the next lines. These formulas can appear either by quantification rules or by
weakening rules, and the cut rule is the only inference rule capable of removing a formula
from the sequent. Notice that if we apply the cut rule to two sequents and some formula
A with a quantifier is removed, then it is impossible that both of these sequents got this
quantifier by the V : left rule.

First of all, we will remove all applications of the V : left rule in the proof of P. Let
(Vq)A(q) be some formula or subformula in the proof. Suppose it appeared by V : right
rule that infers I' = A, (Vq)A(q) from I' = A, A(p). Since p does not occur free in sequent
I' - A,(Vq)A(q), instead of the V : right rule, we can apply the substitution rule to
' - A, A(p) and substitute p with some new variable k that did not appear throughout the
proof. If (Vq)A(q) appeared by weakening rules, we will replace it with the formula A(k),
where k is again some new variable that did not appear throughout the proof. According
to the previously mentioned claim, the formula (Vq)A(q) should have been removed at some
point via the cut rule. Therefore, just before the application of cut rule, we will substitute
the variable k with the corresponding matching formula to be able to apply the cut rule
successfully. This substitution is allowed since k does not appear in the remaining formulas
of the sequent.

This removal of formulas with quantifiers from the proof can have the following effects.

Firstly, since these formulas have been replaced with different ones, the contraction rule
can not be applied to these replacements anymore, as they can differ from each other.
Therefore, instead of applying the contraction rule to them, in the next lines we will apply
the same inference rules to both of them. As these formulas should disappear in one of the
next lines by the cut rule, we will apply the cut-elimination rule twice so that both of them



32 The Relationship Between the Proof Complexities of Linear Proofs in QPK and Substitution SF

will be removed. There are O(n) applications of the contraction rule, then after this change,
the number of lines will become O(n?). However, according to the lemma, the number of
applications of the substitution rule will not change and will remain O(n).

Secondly, the V : left rule that transformed some sequent A(B),[' — A into
(Vq)A(q),I' = A, will not be applied to the proof, and the formula B will appear in the next
lines. Hence, there might be an application of the substitution rule in these next lines that
substitutes some variable z into some formula C' so that x also appears in the formula B.
This means that besides the formula C, there can also be other formulas with the variable
x in the sequent. Therefore, to fix this, we will apply the substitution to these formulas too.
Considering that the number of applications of the V : left rule was O(n) and removing
each application of the contraction rule adds just one formula to the sequent, the number
of such formulas in the sequent will be O(n). Therefore, according to the lemma, each such
substitution will require O(n) additional lines. Since there are O(n) applications of the sub-
stitution rule, this change will add O(n?) number of lines to our proof. This will conclude
the transformation process, and the transformed SPK proof will have O(n?) lines. B

Theorem 2. For a given linear proof in QP K of some quantifier-free tautology with a proof
size s, there exists a linear proof in SPK of the same tautology having O(s°) proof size.

Proof. Suppose P is a given linear proof in Q PK with n number of lines and proof size
s. Let P’ be the transformed SPK proof according to the process described above. To
calculate its size, let’s dive into the transformation process step by step.

We replaced each application of the V : right rule with a substitution rule to substitute
one variable with another. The formulas with quantifiers that appeared by weakening rules
have been replaced by formulas with the same size. Afterwards, we added a substitution
before the application of the cut rule to match the corresponding formula. All these steps
change the number of proof lines and the proof size linearly. Let’s denote them by 7/, s,
respectively.

Moreover, we removed all applications of the V : left rule. Therefore, if some application
of the V : left rule transformed the sequent A(B),I' — A into (Vq)A(q),I" — A, then after
the removal, the formula B will appear in the next lines. This will increase the proof size
by at most n' - |A(B)|, where |A(B)| is the size of the formula A(B). Removing the i‘h
application of the V : left rule increases the proof size by at most n’-|A;(B;)|, then removing
all of them will add no more than

Zn/‘ ’Al(Bz)‘ :n/Z’Al(BZ)‘ S n/'S/ S 8/2

to the proof size. As s’ is O(s), after this step, the proof size will be O(s?) and the number
of lines will remain O(n).

Removing applications of the contraction rule has the following two effects on the proof
size.

First of all, it will keep the eliminated formula in a sequent, so it will appear in the next
lines. The added proof size can be calculated completely like the previous method. Since
the number of applications of the contraction rule is O(n) and the proof size is O(s?), this
change will make the proof size O(s*). The number of lines will remain O(n).

The second effect of removing applications of the contraction rule will be applying the
same inference rules to both formulas. Since the proof size is O(s?®), then applying the same
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inference rule to the previously eliminated formula can increase the proof size by O(s?). The
number of applications of the contraction rule is O(n), and since n < s, the overall proof
size will become O(s*).

Finally, the removal of the V : le ft rule causes some substitution steps to also substitute
the same variable in several other formulas of the same sequent. Notice that all these
substitution steps were V : right rule replacements that substitute one variable with another,
as otherwise we won’t face such a problem. Each such substitution that simultaneously
substitutes the same variable in these sequent formulas required O(n) lines. If the i*h such
substitution is applied to the sequent .S;, then this change will overall add no more than

den-|Sl=cn- D[S <c s> S

to the proof size, where |S;| is the size of the sequent S; and ¢ is some constant. >;|S;| is
smaller than the current proof size, therefore the transformed SPK proof will have O(s®)
size. W

Corollary. Since the system SPK is polynomially equivalent to the system SF, there is a
transformation of a linear proof of any quantifier-free tautology in QPK into a linear proof
in the system SF that increases the proof lines and size at most polynomially.

4. Conclusion

This work described an algorithm according to which any QQPK linear proof can be trans-
formed into a SF’ linear proof by increasing its lines and size to at most a polynomial extent.
The obtained results show that the (Q PK system does not have a substantial advantage over
the system SF' in terms of linear proofs.

References

[1] S. A. Cook and A. R. Reckhow, “The relative efficiency of propositional proof systems”,
Symbolic Logic, vol. 44, pp. 36-50, 1979.

[2] A. Carbone, “Quantified propositional logic and the number of lines of tree-like proofs”,
Studia Logica, vol. 64, pp. 315-321, 2000.

[3] H. A. Tamazyan and A. A. Chubaryan, “On proof complexities relations in some
systems of propositional calculus, Mathematical Problems of Computer Science, vol.
54, pp. 138146, 2020.

[4] L. A. Apinyan and A. A Chubaryan, “On sizes of linear and tree-like proofs for any
formulae families in some systems of propositional calculus”, Mathematical Problems
of Computer Science, vol. 57, pp. 47-55, 2022.

[5] P. Pudlak, The Lengths of Proofs, in S. Buss (ed.), Handbook of Proof Theory, Elsevier,
vol. 137, pp. 547-637, 1998.

6] J. Krajicek, Proof Complexity, Encyclopedia of Mathematics and Its Applications,
Cambridge University Press, vol. 170, 2019.

[7] G. Gentzen, “Die Widerspruchsfreiheit der reinen Zahlentheorie”, Mathematische An-
nalen, vol. 112, pp. 493-565, 1936.



34 The Relationship Between the Proof Complexities of Linear Proofs in QPK and Substitution SF

Q-0wjh0 wpnwondltph pupnmipniGGtph Juwn owjwihsGbhpny
utijytighw; hwiwljwnpgnid b mtnunpiwb
Jwlnlny dbptiqth hwiwjwpqgbipnid

Jwiynp U. Pwdwqul

Gplwlh whnwlyw hwdwuwpuG, Gplawb, {wujwunwi
e-mail: hakob.tamazyan@ysu.am

Udthnthnid

‘Lwfuyhlind wwywgnmgyt] £, np owjwihsGtpny utyytlghw] hwiwjupgmd wnjw
L pwjytph pwGwyh Epuwynltlghw] wpwqugni wbtnunpiwl YJuwlnlng dplqbh
hwdwlwpqbiph Guwwmdwdp, Gpp nphnwpynd Glp SwnwjhG wpmwondGtpp: Uyu hnnpjuon
gniyg L wmwihu, np wnwlg owywihsGtph, gwlluwgwd GniyyGwpwlmpjul qowjhl
wnpunwonip owywihsGipny utlytiighw) hwdwlwpgnd hGwpwynp £ ytpwoty GnylG
(nyGwpwlnpjul qowjhl wpumwoiwl mtnunpiwl Juinlny dbptigth hwiwwpgbipnid’
nGtGwny wpmwodw b pwjiph pwlwyh b Gpupnipjwl wnwytpugnyy G puqiwlinudwjhl
wa:

Pwlwih pwnbtp ublytGghw; hwdwlwpgtp, dptqth hwdwlupgtip, wpunwotwl
tnqupnipyml, wpnwodwl pwjiinh pwwl, tpuynbtlighw); wpwqugniy:
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AnHoTanuys

Panee OBINO AOKA3aHO, UTO CYILIECTBYET SKCIIOHEHIIMAaABHOE YCKOPEeHNEe KOANYECTBA
IIaroB B CHUCTEME CEKBEHIIMAaAbHOT'O MCUYUCAEHUS BBICKA3bIBAaHUW C KBAHTOPAMU IO
cpaBHeHUIO ¢ cucTeMaMu Dpere ¢ TPaBUAOM ITOACTAHOBKH, KOTAQ MBI pacCMaTpUBaeM
BBIBOALI B BHAE AEPEBBEB. OTa CTaThd MOKA3bIBAET, UTO AMHEMNHBIM BBIBOA AIOOOM
OeCKBAHTOPHOU TABTOAOTUM B CUCTEME CEKBEHITMAABHOTO UCUMCAEHUS BHICKAa3bIBAHUM
C KBAHTOPAMU MO>KHO MMPEBPATUTH B AMHEMHBIN BBIBOA TOM JKe TABTOAOTUU B CUCTEMAX
Opere ¢ TpaBUAOM TTOACTAHOBKU C He OoAee UeM ITOAMHOMUAABHO BO3PacTarOIUM
KOAMYECTBOM IIIaroB Y AAMHOM BBIBOAA.

KAloueBEIe CAOBAa: CeKBeHITMaAbHBIE CHUCTEMBI, cucTeMbl Dpere, AAMHa BBIBOAQ,
KOAMYECTBO IIIarOB BBIBOAQ, SKCIIOHEHIIMAaABHOE YCKOPEHHUE.
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