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Abstract: This dissertation includes three parts. The first two parts are related
to each other. In [23] and [22], Temhoff introduced a connection between the
existence of a terminating sequent calculus of a certain kind and the uniform in-
terpolation property of the super-intuitionistic logic that the calculus captures. In
the second part, we will generalize this relationship to also cover the substructural
setting on the one hand and a more powerful type of systems called semi-analytic
calculi, on the other. To be more precise, we will show that any sufficiently
strong substructural logic with a semi-analytic calculus has Craig interpolation
property and in case that the calculus is also terminating, it has uniform inter-
polation. This relationship then leads to some concrete applications. On the
positive side, it provides a uniform method to prove the uniform interpolation
property for the logics FLo, FLew, CFL,, CFLy, IPC, CPC and some of
their K and KD-type modal extensions. However, on the negative side the rela-
tionship finds its more interesting application to show that many sub-structural
logics including L,,, G,, BL, R and RM?¢, almost all super-intutionistic logics
(except at most seven of them) and almost all extensions of S4 (except thirty
seven of them) do not have a semi-analytic calculus. It also shows that the logic
K4 and almost all extensions of the logic S4 (except six of them) do not have a
terminating semi-analytic calculus.

Then, in the second part, we pay attention solely to the systems Iemhoff in-
troduced in [23], i.e., focused calculi. She showed almost all super-intuitionistic
logics cannot have focused proof systems. In this part, we will provide a com-
plexity theoretic analogue of this negative result to show that even in the cases
that these systems exist, their proof-length would computationally explode.

In the third part, we investigate the proof complexity of a wide range of substruc-
tural systems. For any proof system P at least as strong as Full Lambek calculus,
FL, and polynomially simulated by the extended Frege system for some infinite
branching super-intuitionistic logic, we present an exponential lower bound on
the proof lengths. More precisely, we will provide a sequence of P-provable for-
mulas {4, }°°, such that the length of the shortest P-proof for A, is exponential
in the length of A,,. The lower bound also extends to the number of proof-lines
(proof-lengths) in any Frege system (extended Frege system) for a logic between
FL and any infinite branching super-intuitionistic logic. We will also prove a sim-
ilar result for the proof systems and logics extending Visser’s basic propositional
calculus BPC and its logic BPC, respectively. Finally, in the classical substruc-
tural setting, we will establish an exponential lower bound on the number of
proof-lines in any proof system polynomially simulated by the cut-free version of
CFL¢yw.

Keywords: Propositional proof complexity, Sub-structural logics, Craig Inter-
polation, Uniform interpolation
iii



Contents

(1 Introductionl

2 Semi-analytic Rules and Interpolation|

2.1 Tntroductionl . . . . . . . . . . . ..

[2.2.1  Sequent Calculi| . . . . . ... ... ... .. ... ...,
[2.2.2  Logical Systems| . . . . . . . . ...
[2.3  Semi-analytic Rules| . . . . .. ... ... ... 000
[2.4  Craig Interpolation| . . . . . . . . ... ... ... ... ... ..
[2.4.1 'The Single-conclusion Case|. . . . . . . .. ... ... ...
2.42 The Multi-conclusion Casel . . . . . . .. ... ... .. ..
(2.5  Uniform Interpolation| . . . . ... ... ... .. ... ......
[2.5.1 The Single-conclusion Case|. . . . . . . . . ... ... ...
2.5.2 The Multi-conclusion Casel . . . . . .. ... ... ... ..

[3 Proof Complexity of Focussed Calculil
BI Tntroduction] . . . . . .. ... ...

[4.2.1 Substructural logics|. . . . . . . ... ... ...
[4.2.2  Super-basic logics| . . . . . ...
4.3  Frege and extended Frege systems|. . . . . . . .. ... ... ...
44 A descent into the substructural worldl . . . ... ... ... ...
[4.4.1 A brief digression into hard tautologies| . . . . . . . . . ..
[4.4.2  Weak hard tautologies| . . . . . . . ... ... ... ....
4.5 The main theorem| . . . . . . . ... ... ... .. ... ...,

[4.6 The lower bound for sequent calculif . . . . . . .. ... ... ...

[Bibliography|

N

—_
B 00 =1 W

16
20
22
30
35
41
65

71
71
72
73
75
78

84
84
85
85
90
93
99
102
103
107
109

113



1. Introduction

Proof systems play a crucial role in proof theory, from consistency proofs and
proof mining techniques to the characterization of admissible rules. These inves-
tigations are based on some specific proof systems tailored for specific purposes;
an approach which we can call the instrumentalist approach to proof theory.
However, there can be another approach which studies generic proof systems as
the main objects of study as opposed to the technical tools that they always have
been. This dissertation belongs to this realm of study in which we are interested
in generic proof systems in their most general form.

As a first natural step in this area, in the second chapter of this dissertation

we investigate the existence of “nice” proof systems for a given class of logics and
for some natural interpretation for the adjective term “nice”. More precisely, we
approach this problem by proposing what we mean by nice proof systems and
then by finding an invariant property for the logic with such a system. These two
steps together provide a machinery to prove some logical properties for any logic
with a nice proof system and on the negative side, if we have a property that
almost all logics in a certain given class do not enjoy, we can show that almost
all logics in the class do not have a nice proof system.
This line of research in its present format was initiated by Iemhoff, who showed
that if a super-intuitionistic logic has a terminating proof system consisting of
focused rules and focused axioms, it has the uniform interpolation property [23].
In her setting, nice proof systems are focused proof systems; the correspond-
ing class is the class of super-intuitionistic logics; and the invariant is uniform
interpolation. Since only seven super-intuitionistic logics have uniform interpo-
lation, she showed that almost all super-intuitionistic logics do not have such a
proof system. In our second chapter, we will present a second approximation
for the adjective “nice”. Our candidate for natural well-behaved sequent-style
rules is semi-analytic rules, which is a generalization of Iemhoff’s focused rules.
Then we show that if a sufficiently strong sub-structural logic has a sequent-style
proof system only consisting of semi-analytic rules and focused axioms, it has
the Craig interpolation property. As a result, many substructural logics and all
super-intuitionistic logics, except seven of them, do not have a sequent calculus
of the mentioned form. Moreover, we also show that if a sufficiently strong sub-
structural logic has a terminating sequent-style proof system only consisting of
semi-analytic rules and focused axioms, it must have the uniform interpolation
property. Consequently, K4 and S4 do not have a terminating sequent calculus
of the mentioned form. The second chapter is a joint work with Amir Akbar
Tabatabai. It is submitted to a journal and is currently under review.

In the third chapter, we address the complexity analogue of the previous exis-
tence problem, asking whether a given logic has an efficient “nice” proof system.
We show that any calculus consisting only of two natural subclasses of focused
rules is inefficient, meaning that some short statements must have exponentially
long proofs in these systems. This result can be interpreted as the complexity
counterpart of the negative result in the second chapter, ensuring that even in



the cases that Iemhoff’s systems exist, their proof-length will computationally
explode. This chapter is a paper published in International Workshop on Logic,
Language, Information, and Computation, [24].

Finally, in the last chapter of this dissertation, we will change our focus to the
most general form of proof systems as polynomial time computable functions that
are sound and complete with respect to the corresponding logics. Here, the main
interesting proof systems are Frege and extended Frege systems for substructural
logics and the extensions of Visser’s basic logic. In this direction, we will provide
an exponential lower bound on the lengths of proofs in extended Frege systems for
logics as strong as the basic substructural logic FL or Visser’s basic logic BPC and
weaker than some super-intuitionistic infinite branching logic. For Frege systems
for such logics, we can make the result even stronger by providing an exponential
lower bound on the number of proof-lines in the systems. This chapter is currently
available in the preprint format.



2. Semi-analytic Rules and
Interpolation

2.1 Introduction

Proof systems have the main role in any proof theoretic investigation, from
Gentzen’s consistency proof and Kreisel’s proof mining program to the char-
acterizations of the admissible rules of the logical systems and their decidability
problems. In this respect, proof systems are nothing but some technical tools in
the study of their corresponding mathematical theories. They are designed and
used based on their expected applications and not their inherent mathematical
values. They are just the second rank citizens, far from the independent mathe-
matical objects that they could have been.

Fortunately, in the recent years, alongside this instrumentalist approach, an-
other approach has also been emerged; an approach that is more interested in
the general behaviour of the proof systems than their possible technical applica-
tions (for instance, see [22], [23] and [10]). We call this emerging approach, the
universal proof theory;E] a name we hope to be reminiscent of the technical term
universal algebra used for the theory that is supposed to investigate the generic
behaviour of the algebraic structures. This theory is admittedly a hypothetical
theory, but whatever it turns out to be, its agenda may include the following
fundamental problems:

(1) The existence problem to investigate the existence of the different sorts of
interesting proof systems such as the terminating systems, the normalizable
systems, etc.

(7i) The equivalence problem to investigate the natural notions of equivalence
between proof systems. This can be interpreted as an approach to address
the so-called Hilbert’s twenty fourth problem of studying the equivalence of
different mathematical proofs, rigorously.

(#7i) And finally, the characterization problem to investigate the possible charac-
terizations of proof systems via a given equivalence relation as introduced
in (i).

As the first step in this so-called universal proof theory and following the spirit
of [22] and [23], we begin with the most basic problem of the kind, the existence
problem, addressing the existence of the natural sequent style proof systems for a
given propositional and modal logic. The technique is developing a strong rela-
tionship between the existence of some sort of proof systems and some regularity
conditions for the logic that it represents. One loose example of such a rela-
tionship is the relationship between the existence of a terminating calculus for a
logic and its decidability. These relationships are important because they reduce
the existence problem partially or completely to the regularity conditions of the

'We are grateful to Masoud Memarzadeh for this elegant terminological suggestion.



logic that are calculus-independent and probably more amenable to our technical
tools. Again using our loose example, we know that an undecidable logic can not
have a terminating calculus; a fact that solves the existence problem negatively.

This paper is devoted to one of these kinds of relationships and to explain
how, we have to browse the history a little bit, first. The story begins with Pitts’
seminal work, [35], in which he introduced a proof theoretic method to prove
the uniform interpolation property for the propositional intuitionistic logic. His
technique is built on the following two main ideas: First he extended the notion
of uniform interpolation from a logic to its sequent calculus in a way that the
uniform p-interpolants for a sequent are roughly the best left and right p-free
formulas that if we add them to the left or right side of the sequent, they make
the sequent provable. This reduces the task of proving uniform interpolation for
the logic, to the task of finding these new uniform interpolants for all sequents.
For the latter, he assigned two sets of p-free formulas to any sequent using the
structure of the formulas occurred in the sequent itself. To define these sets,
though, he needed the second crucial tool of the game namely the terminating
calculus for IPC, introduced in [I3] by Dyckhoff. The terminating calculus pro-
vides a well-founded order on sequents on which we can define the sets that we
have mentioned before, recursively.

Later, as witnessed in [23], Temhoff recognized that the main point in the first
part of Pitts’ argument is flexible enough to apply on any rule with a certain
general form. This observation then lets her to lift the technique from the intu-
itionistic logic to any extension of the intuitionistic logic presented with a generic
terminating calculus consisting of the usual axioms of the calculus LJ and the
above-mentioned rules that she calls focused axioms and focused rules, respec-
tively. These are the rules that are very natural to consider and they are roughly
the rules with one main formula in their consequence such that the rule respects
both the side of this main formula and the occurrence of atoms in it, i.e. if the
main formula is occurred in the left-side (right-side) of the consequence, all non-
contextual formulas in the premises should also occur in the left-side (right-side)
and any occurrence of any atom in these formulas must also occur in the main
formula. The usual conjunction and disjunction rules are the prototype examples
of these rules while the implication rules are the non-examples since they clearly
do not respect the side of the main formula.

As we explained, the investigations in [23] lead to an exciting relationship be-
tween the existence of a terminating calculus consisting only of the focused axioms
and focused rules for a logic and the uniform interpolation property of the logic.
Iemhoff used this relationship first in a positive manner to prove the uniform inter-
polation for some well-known super-intuitionistic and super-intuitionistic modal
logics including TIPC, CPC, K and KD and their intuitionistic versions. And
then she switched to the negative part to show that no extension of the intu-
itionistic logic can have a terminating calculus consisting of focused axioms and
focused rules unless it has the uniform interpolation property. Since uniform in-
terpolation is a rare property for a logic, it excludes almost all logical systems,
including all super-intuitionistic logics, except the seven logics with the uniform



interpolation property, from having such a terminating calculus.

Now we are ready to explain what we will pursue in this paper. Our approach
is a generalization of the approach in [22] and [23], in the following three aspects:
First we use a much more general class of rules that we will call semi-analytic
rules. These rules can be defined roughly as the focused rules relaxing the side
preserving condition. Therefore, they cover a vast variety of rules including fo-
cused rules, implication rules, non-context sharing rules in substructural logics
and so many others. Secondly, we generalize the focused axioms of [23] to cover
more general forms of axioms. And finally, we lower the base logic from the in-
tuitionistic logic to the basic substructural logic FLe to extend the applicability
of the final result to cover substructural logics as well.

After these generalizations, as in [23], our main result connects the existence
of proof systems consisting of semi-analytic rules and focused axioms to a strong
version of Craig interpolation property called the feasible interpolation and in the
case that the system is also terminating to an even stronger form of uniform in-
terpolation. As it is expected, this connection also has two sorts of applications.
First on the positive side, it says that if we manage to develop a terminating
calculus consisting of semi-analytic rules and focused axioms, there is a uniform
method to establish the uniform interpolation property. The logics with this
property include some substrucutral logics like FLo, FLew, CFLe, CFL,,, and
their K and KD modal extensions and intuitionistic and classical logics and some
of their modal extensions. (For the classical modal case see [7], for the substruc-
tural logics see [2] and for intuitionistic and intutionistic modal logics see [35]
and [23].) Moreover, note that there is a possibility that we manage to develop a
system of the mentioned form that fails to be terminating. In this case the con-
nection is still useful but only to establish the Craig interpolation. The logics in
this category include K4 and S4-type of modal extensions of some substructural
logics including the intutionistic and classical linear logics in which the exponen-
tials play the role of the S4-type modality.

Despite the possible use of the positive applications of the connection, it is
fair to say that developing a uniform method to prove interpolation is not very
useful. The reason is the common knowledge that it is genuinely rare for a logic to
have the interpolation property. To justify this feeling, note that in the substruc-
tural setting, there are a lot of relevant and semilinear logics ([43], [32]) that lack
this property and as we have already seen in the super-intutionistic case, there
is a well-known result by Maksimova [31] stating that among super-intuitionistic
logics, there are only seven specific logics that have Craig or uniform interpolation.

Using this insight, we will turn the relationship between the interpolation and
the existence of proof systems to its negative side to propose the main contri-
bution of this paper. We will use the connection to show that logics without
Craig interpolation do not have a calculus consisting only of semi-analytic rules
and focused axioms and if they have Craig interpolation but fail to have uni-
form interpolation, the proof system if exists will not be terminating. Given the
generality of these rules and axioms, this negative application excludes so many



logics from having a reasonable proof system. To name a few concrete exam-
ples consider the logics L,,, G,,, BL, R and RM¢€ in the substructural world, all
super-intuitionistic logics except IPC, LC, KC, Bd,, Sm, GSc and CPC in the
super-intuitionistic domain and all extensions of S4 except at most thirty seven
of them in the modal case. In the uniform case, there are also some concrete
examples including the logics K4 and all the extensions of S4 except at most six
of them for which our result shows the non-existence of a terminating calculus
consisting only of semi-analytic rules and focused axioms.

2.2 Preliminaries

In this section we will cover some of the preliminaries needed for the following
sections. The definitions are similar to the same concepts in [23] and [32], but
they have been changed whenever it is needed.

First, note that all of the finite objects that we will use here can be represented
by a fixed reasonable binary string code. Therefore, by the length of any object
O including formulas, proofs, etc. we mean the length of this string code and we
will denote it by |O|.

In the following, we define a translation between two arbitrary languages. The
reason for using such a notion is that in the upcoming sections we will consider
logics with a fixed but an arbitrary language. This is a generalization which
makes our results much stronger since their importance is that they are negative

results. Therefore, the broader the range of the logics is, the stronger the results
will be.

Definition 2.2.1. Let us denote pi,...,p, by p, where each p; is an atomic
formula. Let L and L' be two languages. By a translation t : L — L', we mean
an assignment which assigns a formula ¢c(p) € L' to any logical connective
C(p) € L such that any p; has at most one occurrence in ¢c(p). It is possible
to extend a translation from the basic connectives of the language to all of its
formulas in an obvious compositional way. We will denote the translation of a
formula ¢ by @' and the translation of a multiset T', by T'* = {¢' | p € T'}.

Each translation is linearly bounded, i.e., for any translation ¢ there exists a
number ¢ such that [f| < [y
In this paper, we will work with a fixed but arbitrary language £ that is aug-
mented by a translation t : {A,V,—,®,0,1} UL — L in the single-conclusion
cases and by t : {A,V,—, ®,®,0,1} UL — L in multi-conclusion cases, that fixes
all logical connectives in £. For this reason and w.l.o.g, we will assume that the
language already includes the connectives {A,V,—,®,0,1} in single-conclusion
cases and {A,V,—, ®,®,0,1} in multi-conclusion ones. In the case of modal
logics, the language £ will be extended to contain the modal operator [, as well.

Example 2.2.2. The usual language of classical propositional logic is a valid
language in our setting. In this case, there is a canonical translation that sends
fusion, addition, 1 and O to conjunction, disjunction, T and L, respectively. In
this paper, whenever we pick this language, we assume that we are working with
this canonical translation.



2.2.1 Sequent Calculi

We denote atomic formulas by small Roman letters, p, ¢, . ... Formulas are defined
in the usual way from atomic formulas and atomic constants and connectives in
the language, and we denote them by small Greek letters ¢, 1, ... or by capital
Roman letters A, B, .... We denote multisets of formulas by capital Greek letters
I',A,... and we mean the order does not matter but the multiplicity of formulas
is important. However, sometimes we use the bar notation for multisets to make
everything simpler. For instance, by ¢, we mean a multiset consisting of formulas
®1,...,0n. We denote the number of elements (cardinality) of the multiset I by
|IT]|. By TUA or I'; A we mean the multiset containing all the formulas ¢ which
isin I' or in A. By a sequent, we mean an expression of the form I' = A, where
I' and A are finite multisets of formulas in the language. By a single-conclusion
sequent I' = A we mean that the multiset A contains at most one formula, and
we call it multi-conclusion otherwise. In the single-conclusion cases a sequent
I' = A is interpreted as @ ' — A, and if A = () as ' — 0, and in the multi-
conclusion cases it is interpreted as @ I' — @ A, where by ® I' we mean the
formula 71 ® 72 ® ... ® 7, where each 7; € I'; the formula @ A is defined simi-
larly. For a sequent S = (I' = A), by S* we mean the antecedent of the sequent,
which is I', and by S® we mean the succedent of the sequent, which is A. The
multiplication of two sequents S and T is defined as S-T' = (S*UT* = S*UT?).
Meta-language, L, is the language in which we define the sequent calculi. It
consists of infinitely many formula variables QAS,Q/A), ..., the logical connectives
A, V,—,® (and @ in the multi-conclusion cases and O in modal cases), and con-
stants 0,1, L, T. Meta-formulas are defined as usual: all formula variables, atomic
formulas and constants are meta-formulas and if ¢ and 1 are meta-formulas, so is
porp for o € {A,V,—, ®} (and ¢ @ ¢ in multi-conclusion cases and [J¢ in modal
cases). We have also an infinite number of meta-multiset variables, also called
contexts, which are denoted by f, A, .... A meta-sequent is an expression of the
form S = X = Y such that X and Y contain finite number of meta-formulas
and meta-multisets. We will use multiset variables and contexts interchangeably.
The set of variables of a meta-formula ¢, V' (¢), is defined inductively. For any
constant ¢ in the language, V(c) is defined as the empty set. For an atomic
formula p and for a formula variable ¢ define V(p) = p and V(¢) = ¢. For a
logical connective o € {A,V,—, ®,®,\,/} define V(¢ o)) as V(p) UV (). A
meta-formula ¢ is called p-free, for an atomic formula or meta-formula variable
p, when p ¢ V(9).
A substitution o is a map from the union of meta-multisets and meta-formulas in
L to the union of multisets and formulas in £ that works as follows: constants are
mapped to themselves, meta-formulas to formulas, meta-multisets to multisets,
and o commutes with the logical connectives and the modal operator. Therefore,
a(gg)Awill be a formula in £, o(I") will be the multiset of formulas o(%), where
4eTl,and 0(§ =X = Y) will be 0(X) = o(Y).
A rule is an expression of the form

Sy, S,

—~

S

where S , 51, e ,§n are meta-sequents. Meta-sequents above the line are called
premisses and below the line, conclusion. In the case the rule has no premises, it is

8



called an axiom. It is called a left (right) rule if % (S*) contains a meta-formula.
A rule is either a right rule or a left one. An instance of a rule is obtained by
using the substitution map on the rule as follows

o(S1),-+,0(Sn)
a(5)

Note that if there is a side condition on the rule, such as the meta-formulas must
everywhere be atoms, this condition works as a restriction on the substitution o.
A rule is backward applicable to a sequent S, when there is at least one instance
of the rule where S is the conclusion.

By a sequent calculus GG, we mean a finite set of rules. A sequent S is derivable
from a set of sequents I in GG, denoted by I' ¢ S, if there exists a finite tree with
sequents as labels of the nodes such that the label of the root is S, labels of the
leaves are axioms of G or members of I', and in each node the set of the labels
of the children of the node together with the label of the node itself, constitute
an instance of a rule in G. This finite tree is called the proof of S in G which is
sometimes called a tree-like proof to emphasize its tree-like form. If I' = () then
we denote it by G = S and we say S is derivable in G. We will use the same
notation for a sequent calculus and its logic, i.e., the set of provable formulas in

it, e, {6 | GF (= ¢)).

As it is usually a convention in proof theory papers, from now on we will
not mention “meta” in the meta-language and so on and we will omit the =
notation. It will be always clear from the context which form we are working
with. Therefore, for instance by a meta sequent I', ¢ = 1, we mean I is a meta-
multiset, ¢ is a possibly empty multiset of meta-formulas and ¢ is meta-formulas.

Let us recall some of the notions related to sequent calculi and some of the
important systems that we will use throughout the paper. Consider the following
set of rules:

Identity:

Context-free Axioms:

Rules for 0 and 1:
I'=A (1w) I'=A (0w)

Conjunction Rules:

o= A Iy=A I'= ¢, A '=1¢y,A
Forosn N Tonvsa N rsonroa N
Disjunction Rules:
o= A Iy=A I'=o¢,A =1y, A
Toveosa W Tooveas B T54vea BY

9



Fusion Rules:

[ é,9 = A
loyv=A

I'= ¢, A Y=, A
Y=oy, A A

(L®) (R®)

Implication Rules:

I'= ¢, A o= A (L ) o=y, A
X, 0—=v=AA '=¢—Y,A

(R =)

The system consisting of the single-conclusion version of all of these rules is FL¢ ™.
If we also add the single-conclusion version of the following axioms, we will have
the system FLe.

Contextual Axioms:

'=T,A I L=A

In the standard definition of FL. the language does not contain the constants
1 and T and therefore their axioms are not present in the sequent calculus, as
well. However, since the presence of | and T is essential in our discussions in the
future sections, we allow them in the language and their axioms in the sequent
calculus.

In the multi-conclusion case define CFL.~ and CFL. with the same rules as
FL. and FL,, this time in their full multi-conclusion version and add & to the
language and the following rules to the systems:

Rules for @©:

o= A Yo = A
D)X od¢y = A A

I'=¢9 A

I®) T=oav.n

(RO)

The system MALL is defined as CFL, minus the implication rules. Moreover,
if we consider the following rules:

T =9 ; o= A
T =10 g = A

r=A T,)¢lp=A
Tlg=>A T.lg= A

we can define ILL as FL, plus the single-conclusion version of the above rules
and CLL as CFL, plus the above rules, themselves. In both cases, the rule { is
single-conclusion.

We will use later the structural rules given below:

Weakening rules:

= A = A
To=a W T35 & B

Note that in the single-conclusion cases, in the rule (Rw), A must be empty.

Contraction rules:
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Ioop=A ['=A¢¢

o= A (Le) I'= ¢, A (Fe)

The rule (Rc) is only allowed in multi-conclusion systems.

If we consider the sequent calculus FL, and add the weakening rules (con-
traction rules), the resulting system is called FLey (FLee). In a similar manner,
we define CFLy and CFLg.. Finally, adding all the structural rules to FL,, we
obtain the system FLegwe in which the connectives ® and A become equivalent,
ie.,, 9 @Y < ¢ AN will become provable in the system. Moreover, 1 and 0, and
T and 1 will become equivalent in FLgwe. Furthermore, in the system CFLegwe,
we can also prove that @& and V are equivalent. Hence, it is possible to define
FLowe (CFLgywc) even on the restricted language {A, Vv, T, L, —}. This system is
nothing but the usual sequent calculus LJ (LK) for the intuitionistic (classical)
logic.

We will also use the following rule in the future sections:
Context-sharing left implication:

I'=¢ ry=A
o —v=A

Finally, note that I' and A are multisets everywhere, therefore the exchange
rule is built in and hence admissible in our system. Moreover, note that the
calculi defined in this section are written in the given language which can be any
extension of the language of the system itself. For instance, FL, is the calculus
with the mentioned rules on our fixed language that can have more connectives
than {A,V,®,—, T, 1,1,0}.

By a subsequent of a sequent I' = A we mean a sequent IV = A’. We call it
proper if either I" S T or A’ G A.

Definition 2.2.3. A calculus is terminating if for any sequent S, the number of
rules which are backward applicable to S are finite. Moreover, there is a well-

founded order on the sequents such that the order of the following are less than
the order of S':

o the premises of all instance of a rule whose conclusion is S;
o proper subsequents of S, and

o any sequent S" of the form (I', I = A, A), where S is of the form (I',0I1 =
A,OA). Note that ITTU A must be non-empty.

Definition 2.2.4. We will define the following sequent calculus for intuitionistic
logic, G4i, which was first introduced by Dyckhoff in [13].

6=¢ (Id , T,L=A (LL) , T=AT (RT)

'=A I'=
T oo A v 7o (v
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B TRt
F’¢?jv¢ DOZ2 () ri;;% (RV) % (RV)
FF:7>¢¢:—>¢w (R =)

s ) ari s s )
Lé—yypoy=A o0 Dd=y=62¢9 Doy=A 0

LoV —v=A Li(o—Y)—y=A

where p is an atom. Structural rules and the cut rule are admissible in the system
and in each rule A has at most one element. Note that this system is slightly
different than the usual G4i system. The usual definition does not include the
explicit weakening rules and the axioms for T and L. It also has the axiom
U,p = p only for atomic formula p, instead of the axiom (Id) as we assumed.
The system we have introduced is clearly equivalent to the usual one and it is
also terminating with the same Dyckhoff order [13] that we will see in a moment.
The advantage of the new system, though, is that it is more in line with our later
general approach to sequent-style rules.

Define the rank of a propositional formula as follows:

r(p) =r(L) =r(T )
r(go) =r(@)+r(¥)+1 oce{V,—=}
r(oA) =1(9) +r(Y) +

Then a sequent S'is called lower than the sequent 7" if S is the result of replacing
the elements of T" with any number of elements with lower ranks. With this
order, it is not hard to see that the system G4i is terminating. Note that with
this order, for any formula ) and any atom p, the sequent I', ) = A is lower than
the sequent I', p — ¢ = A. We will use this fact in Corollary [2.5.45]

Definition 2.2.5. By a logic L in the language L, we mean a subset of the set of
all L-formulas that is closed under arbitrary substitution and the following rules:

(1) The modus ponens rule: If $ — 1 € L and ¢ € L then i) € L.
(i) The adjunction rule: If ¢ € L and 1) € L then ¢ ANp € L.

Definition 2.2.6. Let L and L’ be two logics such that L;, C L. We say L' is
an extension of L (or L' extends L) if L+ A implies L' = A.

Definition 2.2.7. Let G and H be two sequent calculi such that Lo C Ly. We
say H is an extension of G if all the rules of G are admissible in H, i.e., for
any instance of a rule R of G, if the premises are provable in H then so is its
consequence. Moreover, H is called an aziomatic extension of G (or H extends
G ), if the provable sequents of G are considered as axioms of H, to which H adds
some Tules.
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Definition 2.2.8. Let G be a sequent calculus and L be a logic with the same
language as G’s. We say G is a sequent calculus for the logic L when:

GFT=A dfandonlyif LE(QL — PA).

Note that if the calculus is single-conclusion, by @ A, we mean A if A is a
singleton, and 0 if A is empty. Therefore, in this case we do not need the &
operator.

Theorem 2.2.9. Let L be a logic and G a single-conclusion (multi-conclusion)
sequent calculus for L. Then, for any logic M € {FL. ,FL,IPC} (M €
{CFL,",CFL.}), if we denote the calculus of M, defined previously in this sec-
tion, by GM , we have:

(i) If L extends FLo~ (CFLg™ ), then the cut rule is admissible in G.
(17) If L extends M, then G extends the calculus GM .

Proof. First, observe that for any formulas ¢ and ¢, if L = ¢ and L F v then we
have L F ¢®1)p. The reason is that L extends FL,~ and FL.™ F ¢ — (¢ — ¢®1)).
Therefore, L + ¢ — (¢ — ¢®41). Since L is closed under modus ponens, if L F ¢
and L F 1 then LF ¢ ® 1.

Now let us prove (7). For the single-conclusion case, set @ A as ¢ when A = ¢
and @ A = 0, when A is empty. Assumethat GFT' = A, Aand GFT', A= A’
Hence LF QI - A® (@A) and LE (QI")® A — (P A’) by the soundness of
G. Therefore, by the previous observation we have

LE®T = As (@A) @A (@A)

Since L extends FL,~ (CFL.") and in this logic the previous formula implies
the formula

(®T) @ (@) = (@A) ® (@A)

By modus ponens in L the last formula is also provable in L which implies
GFTI,I"= A, A’ again by the completeness of G.

For (ii), let R be an instance of a rule in the system M and let Sy, ---,
S, and Sy be the premises and the consequence of R, respectively. Define
FIT=A)=[® — @ A]. Then there are three cases to consider:

1. R is an instance of an axiom. Then M proves F(S;). Since L extends
M ,we have L - F'(Sp) which implies G F Sp.

2. R is an instance of the conjunction, the disjunction or the structural rules
(in this case M = IPC). Then it is easy to see that the formula

A F(S)) = F(So)

i=1

is provable in M and hence in L. Now, if G F S; for all 1 < ¢ < n, we have
L+ F(S;) which implies L - A, F'(S;) by the adjunction rule. Since L is closed
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under modus ponens, L - F(Sy) which implies G = Sy by the completeness of G.

3. R is an instance of the rules for 0 and 1, the fusion, the addition or the
implication rule. Then it is easy to see that the formula

n

i=1
is provable in M and hence in L. Now, if G F S; for all 1 < ¢ < n, we have
L + F(S;) which implies L - @, F(S;) by the previous observation. Finally,
since L is closed under modus ponens, L - F(Sy) which implies G F Sy by the
completeness of G. O]

2.2.2 Logical Systems

In this subsection we will recall the Craig interpolation property, the uniform
interpolation property and also some useful substructural logics that we will need
in the rest of the paper.

Definition 2.2.10. We say that a logic L has Craig interpolation property if for
any formulas ¢ and ¢ if L = ¢ — 1, then there exists a formula 6 such that
LF-¢p—=0and L6 — 1 and V(0) C V(o) NV ().

Definition 2.2.11. We say a logic L has the uniform interpolation property if
for any formulas ¢ and any atomic formula p, there are two p-free formulas, the
p-pre-interpolant, Vpp and the p-post-interpolant Ipgp, such that V(Ipp) C V(¢)
and V (¥Ypp) C V(¢) and

(i) L+ Vpo— o,

(é4)
(i5i) L+ ¢ — Ipp, and
(iv)

To recall some of the well known substructural logics and following [32], we
have to introduce the semantical framework, first.

For any p-free formula v if L = — ¢ then L+ ¥ — Vpo,

For any p-free formula v if L ¢ — 1 then L' dpp — .

Definition 2.2.12. By a pointed commutative residuated lattice we mean an alge-
braic structure A = (A, A\,V,®,—,0,1) where A\,V,®,— are binary operations,
and 0,1 are constants such that (A, A\,V) is a lattice with partial order < and
(A, ®,1) is a commutative monoid. We define for all x,y,z € A, @y < z if
and only if v < y — z. For a single pointed commutative residuated lattice A
and a class of pointed commutative residuated lattices K, denote V(A) and V(K)
as the varieties generated by A and K, respectively.

In the following we will borrow the definitions of some logics from [32]. First,
we need the following equational conditions for pointed commutative residuated
lattices.

e (prl) prelinearity : 1 < (x = y) V (y — x)
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dis) distributivity : x A(y vV z) = (z Ay) V (z A 2)

(
(inv) involutivity : —=—z = x
(int) integrality : = <1
(bd) boundedness : 0 < x
e (id) idempotence : x =z ® x
(fp) fixed point negation : 0 =1
(div) divisibility : z ® (zr = y) =y ® (y — )
(can) cancellation : © = (x Q@ y) =y
(

e (rcan) restricted cancellation : 1 = -z V ((z = (x ®y)) — ¥)

e (nc) non-contradiction : x A =z <0

In the following, we have the definitions of some logics that we are interested
in. Note that in all of them, both of the axioms (prl) and (dis) are present, and
hence we just mention the other axioms.

e (UL™) unbounded uninorm logic

e (IUL™) unbounded involutive uninorm logic : (inv)

MTL) monoidal t-norm logic : (int), (bd)

SMTL) strict monoidal t-norm logic : (int), (bd), (nc)

IMTL) involutive monoidal t-norm logic : (int), (bd), (inv)

BL) basic fuzzy logic : (int), (bd), (div)

G) Godel logic : (int), (bd), (id)

L) Lukasiewicz logic : (int), (bd), (div), (inv)

P) product logic : (int), (bd), (div), (rcan)

CH L) cancellative hoop logic : (int), (fp), (div), (can)

UM L~) unbounded uninorm mingle logic : (id)

RM?¢) R-mingle with unit : (id), (inv)

(
(
(
(
(
(
(
(
(
(
(
(
(IUML™) unbounded involutive uninorm mingle logic : (id), (inv), (fp)
o (A) abelian logic : (inv), (p), (can)

Furthermore, we will define the following important logics, as well.
For n > 1 define

Ln:{07n%7 Hal} ) Loo:[07]-]



and the pointed commutative residuated lattices (again for n > 1)
L, = (L,, min,mazr, ®y,, —y,,1,0)

and
G, = (L,, min, max, min, —¢, 1,0)

where 2 ®y y = maz(0,r +y—1),z = y =min(l,1 —r+y),and v =g y is y
if x > y, otherwise 1. Then, for n > 1, L, and G,, are the logics with equivalent
algebraic semantics V(Ly) and V(G,,), respectively. The logics G, and H,, are
the Godel logic and Lukasiewicz logic, as defined before.

R is the logic of a variety consisting of all distributive pointed commutative
residuated lattices with the condition that x ® x < z for all x.

Now consider the following binary functions on the set of integers Z, where A
and V are min and max, respectively, and |z| is the absolute value of z:

z Ay if |z = |y —()Vy ifz<y
t@y="{y if |z| < |y| x%y:{_(x)/\y othe;WiSG
x if ly| < |z|

And finally define the following algebras:
Som={-m,—m+1,--- —1,1,--- m—1m}AV,&®& —1-1) (m>1)
Somi1 = {-m,—-m+1,---  —=1,0,1,--- ,m—1,m},\,V,®,—,0,0) (m >0)

and define RM¢ as the logic of V(S,).

2.3 Semi-analytic Rules

In this section we will introduce a class of rules which we will investigate in the
rest of this paper. We will only consider the rules with exactly one main formula ¢
in the conclusion, i.e., the only active formula in the conclusion, which is different
from the contexts (or multiset variables) which are denoted by I';, II; or A,.

By the notation ((S;,),); we mean first considering the sequents S;, ranging over
r and then ranging over i. For instance, ((I';, bir = Uiy, A;),); is short for the
following set of sequents where 1 <r < m; and 1 <7 < n:

Fl?&ll = 1;117A17 T 7F17(Z_51m1 = 1;1m17A17

Ty, o1 = Ua1, Ag, -+, Do,y oy = Vogny, Ao,

Fna qgnl = /%ana Ana e 7Fn> énmn = l/jnmnv An-
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where each ¢;, is a multiset of meta-formulas ¢? , ..., " or the empty sequence

r? r
and 1, is a multiset of meta-formulas V... ,1/15%’“ or the empty sequence. The
reason for such a complicated notation is that we want to be able to talk about
rules as general as possible. The premises in a rule may be made of sequents with
the same contexts or/and sequents with different contexts. At a closer look, in
the ith horizontal line in the definition above, there are m; sequents with the same
contexts I'; and A; and possibly different sequences of meta-formulas ¢, and
zZm In each sequent I';, gzgir = 1@'7«7 A;, the multiset variable I'; is called the left
context and A; the right context. ((I';, ¢ = A;),); and ((Hj,g/;js = éjs)s>j are
defined similarly. In the former, there are no sequences of meta-formulas in the
succedents of sequents and in the latter, there are no contexts in the succedents

of sequents.

Definition 2.3.13. A rule is called occurrence preserving if the set of variables
of any meta-formula appeared in any of the premises is a subset of the set of
variables of the main formula in the conclusion. For instance for the following
rule

<<Hj>1/;js = éjs>s>j (T, dir = D3N )i
M, Iy T1, L= Ay, A,

the occurrence preserving condition is

Ui,r V((Ezr) U Uj,s V(&]s) U Uj,s V(éjs) g V(¢)

Note that the occurrence preserving condition is defined on the form of the
rule and not on an instance of a rule. Therefore, when we say a variable is
occurred in the premises we mean in @js, éjs or ¢y
In the following we will define semi-analytic rules. Because of the occurrence
preserving condition, we call these rules semi-analytic. This occurrence preserving
condition is a weaker version of the analycity property in the analytic rules, which
demands the formulas in the premises to be subformulas of the formulas in the
consequence. Based on a rule being single-conclusion, multi-conclusion, context-
sharing or a modal rule, the notion of being semi-analytic is defined as follows.

Definition 2.3.14. Let I';,II; and A; be pairwise distinct multiset variables, @Z_)js
and ¢ be multisets of meta-formulas and ¢ be a meta-formula where i < n and
j < m. In the left single-conclusion semi-analytic rule, ||A;]] < 1 and ;4 is
either one meta-formula or empty for each i,j, and s. Also, in the right single-
conclusion semi-analytic rule;, is either one meta-formula or empty for each i
and r. A rule is called semi-analytic if it is occurrence preserving and has one of
the following forms.

o left single-conclusion semi-analytic:

(L s = Ois)shi ({Liy Gir = Didr)i
Hlu'“ 7Hm7F17”' 7Fn7¢:>A17”' 7An

e right single-conclusion semi-analytic:

<<Fi7Q_Sir = ,[7Z_}’L'7’>T’>i
F17 e 7Fn = ¢

17



context-sharing semi-analytic:

<<Fi,%~s = éis)s)i <<Fi7 Q;ir = Ai>r>i
Ty, Dpo= Ay, A,

left multi-conclusion semi-analytic:

<<Fi7(5ir = TZiryAi>r>i
Flv"' 7Fn7¢:>A1a"' 7An

right multi-conclusion semi-analytic:

<<Fi7q_5ir = QZJZ‘MAZ'>T>1'
Fh... ,Pn:>¢,A1,"' 7An

A rule is called modal semi-analytic if it has one of the following forms:

I'=¢ =

Or=os X Tr= 2

with the conditions that whenever the rule (D) is present, the rule (K) must
be present.

Note that in the left single-conclusion semi-analytic rule since the number of
elements of the succedent of the conclusion of the rule must be at most 1, it
means that at most one of A;’s can be non-empty. Whenever it is clear from the
context, we will omit the phrase “multi-conclusion”.

Moreover, consider the following modal rules that we do not consider as semi-
analytic but we will address in our investigations. We assume that whenever the
rule (4D) is present in a system the modal rule (4) must be present, as well and
whenever the rule (RS4) is present in a system, the rule, (LS4), must be present.

Or,l=¢ . O0T=

T = 0o or= 4P
Ol = ¢ o= A
o= ™4 Tog=a L9

where I' and A are both multiset variables and we use the convention that 0 = ().

Example 2.3.15. A generic example of a left semi-analytic rule is the following:

F7¢17¢2:>¢ F70:>7] H7M17M27M3:>A
o= A

where

V(¢17 ¢27 @D» 9’ n, 11, a2, ,u3) g V(Oé)

Note that the premises on the left and in the middle of the example have the same
context I' in the antecedent and have no context in the succedents. Therefore,
there should be only one copy of I' in the antecedent of the conclusion. A generic
example of a context-sharing left semi-analytic rule is:
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I0=n T, u,pu,pus=A
a= A

where

V(ev n, 11, U2, MS) g V(Oz)

Moreover, for a generic example of a right semi-analytic rule we can have

F7¢:>1/} F701762:>77 H7N17ﬂ27z>y
Il = «

where

V(¢7¢791>92777>M17N27 V) g V(Oé)

Here are some remarks. First note that in any left single-conclusion semi-
analytic rule there are two types of premises. In the first type, the succedent of
the sequent includes only a meta-formula and in the second type the succedent of
the sequent includes only a context. This is a crucial point to consider. Any left
semi-analytic rule allows any kinds of combination of sharing/combining contexts
in any type. However, between two types, we can only combine the contexts in
the antecedent. The case in which we can share the contexts of the antecedents of
sequents of the two types is called context-sharing semi-analytic rule. This should
explain why our second example is called context-sharing left semi-analytic while
the first one is not. The reason is the fact that the two types share the same
context of the antecedent in the second rule while in the first one this situation
happens in just one type. The second point is the presence of contexts. This is
very crucial for almost all the arguments in this paper, that any sequent present
in a semi-analytic rule must have multiset variables as left contexts and in the
case of left rules, at least one multiset variable for the right hand-side must be
present.

Example 2.3.16. Now for more concrete examples, note that all the usual con-
junction, disjunction and implication rules for IPC are semi-analytic. The same
also holds for all the rules in substructural logic ¥Le, the weakening and the con-
traction rules and some of the well-known restricted versions of them including
the following rules for exponentials in linear logic:

g log=A T=A
Tlg=A T,lg=A

For a context-sharing semi-analytic rule, consider the following rule in the
Dyckhoff calculus for IPC (see [13]):

Ly —-~vy=0¢—v Iy=A
Lo(p—=)—=y=A

Example 2.3.17. For a concrete non-example consider the cut rule; it is not a
semi-analytic rule because it does not preserve the variable occurrence condition.
Moreover, the following rule in the calculus of KC:

o=y, A
'=¢—vY, A

19



in which A should consist of negation formulas is not a multi-conclusion semi-
analytic rule, simply because the context is not free for all possible substitutions.
The rule of thumb is that any rule in which we have side conditions on the contexts
is not semi-analytic.

Definition 2.3.18. A sequent is called a focused azxiom if it has one of the fol-
lowing forms:

(1) Identity aziom: (¢ = ¢)
(2
(
(

)

) Context-free right aziom: (= &)
3) Context-free left axiom: (f =)
)

)

4) Contextual left aziom: (T, = A)
(5) Contextual right aziom: (I = ¢, A)

where T and A are multiset variables and &, B, ¢ are multisets of meta-formulas
and ¢ is a meta-formul. Moreover, in (2) the variables in any pair of elements in
& are equal, or in other words V(i) = V(v) for any p,v € &. The same condition
also holds for any pair of elements in 3 in (3) or in ¢ in (4) and (5). A sequent
is called context-free focused axiom if it has the form (1), (2) or (3).

Example 2.3.19. [t is easy to see that the axioms given in the preliminaries are
examples of focused axioms. Here are some more examples:

1= , =-0

(b?_'(ﬁ:> ’ :>¢7_'¢
-T=A , I'sA-L

where the first four are context-free while the last two are contextual. As a non-
example consider p, —p,q =. It is not a focused axiom since the set of variables
of p and q (or —p and q) are not equivalent.

2.4 Craig Interpolation

In this section we will investigate the relationship between the semi-analytic rules
and the Craig interpolation property. Apart from its clear use in proving inter-
polation for different logics, it has a very interesting application to show that
some of the natural substructural and super-intuitionistic logics can not have a
calculus consisting only of semi-analytic rules and the focused axioms.

First, let us define the interpolation property for a sequent calculus.

Definition 2.4.20. (essentially Maehara) Let G and H be sequent calculi. G
has H-interpolation if for any sequent S = (3, A = A) if S is provable in G
by a tree-like proof w, then there exists a formula C such that (X = C) and
(A, C = A) are provable in H and V(C) C V(X)NV(AUA), where V(A) is the
set of the atoms of A. We say G has H-feasible interpolation if we also have the
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bound |C| < |x|°W.
Moreover, we say G has strong H-interpolation if for any sequent S = (3, A =
©,A) if S is provable in G by a tree-like proof w, then there exists a formula C
such that (X = C,0) and (A,C = A) are provable in H and V(C) C V(X U
O)NV(AUA). We say G has strong H-feasible interpolation if we also have the
bound |C| < |x|°W.

The following theorem shows that the interpolation property of a sequent
calculus leads to the Craig interpolation of its logic.

Theorem 2.4.21. If a logic L has a complete sequent calculus G with the G-
interpolation property, then L has Craig interpolation.

Proof. Let L + ¢ — 1. Since G is complete for L, we have G = ¢ = 1. Since GG
has the interpolation property, there exists 6 such that GF ¢ = 0, GF 0 = ¢
and V(0) C V(o) N V(¢). Again from the completeness of G, L + ¢ — 6 and
Lt 6 — 1 which completes the proof. O]

The following theorem ensures that any set of focused axioms of a sequent
calculus H, has H-interpolation property. It can also serve as an example to show
how this notion of relative interpolation works.

Theorem 2.4.22. Let G and H be two sequent calculi such that every provable
sequent in G is also provable in H, and let G consist of only focused (context-free
focused) azioms. Then:

(i) If both G and H are single-conclusion and H extends FLe (FLe™ ), G has

H -feasible interpolation.

(13) If both of G and H are multi-conclusion and H extends CFL, (CFL." ),
G has strong H -feasible interpolation.

Proof. To prove (i), note that a sequent S is provable in G if it is one of the
focused axioms. We will check each case separately:

(1) In this case the sequent S is of the form (¢ = ¢). For any partition X
and A that we have (X,A = ¢) in G, we have to find a formula C' such
that (X = C) and (A,C = ¢) are provable in H. There are two cases
to consider. First, if ¥ = {¢} and A = (. For this case define C' to be
¢. Obviously both conditions hold since we have (¢ = ¢) as an axiom.
Second, if ¥ = () and A = {¢} define C' as 1. We must have (= 1) and
(1,6 = ¢) in H. The first one is an axiom of G and hence provable in H,
and the second is the consequence of an instance of the rule (1w) and the
fact that (¢ = ¢) is provable in H.

(2) For the case (= a), consider C' to be 1. Then since both ¥ and A are
empty sequents, we must have (= 1) and (1 = &) in H. The first one is
an axiom of GG and hence provable in H, and the second is the consequence
of an instance of the rule (1w) and the fact that (= @) is provable in H.

(3) For the axiom (S =), there are three cases to consider:
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(i) If 3 C A. Then define C' = 1. It is clear that ¥ = () and hence ¥ = 1.

Moreover, since we have A = 3, by the axiom and the rule (1w) we
will have A, 1 =-.

(i4) If 3 C %, define C' = 0. The reasoning is dual of the argument in (7).

(4ii) If none of the above happens, there are at least one element in 3N %
and fFNA. Define C = @¥. Then ¥ = C by (R®) and A, C' = holds
by the axiom itself and (L®). For the variables, note that if p € V(C),
then p is clearly occurring in ¥. Moreover, since ¥ U A = 3, we know
that p is in one of the members in (. Since there is at least one of
f’s in A and each pair of the elements of 5 have the same variables,
p € V(A) which completes the proof.

(4) If S is of the form T, ¢ = A, there are three cases to consider:

(i) If  C A. Then define C' = T. It is clear that ¥ = T. Moreover, if we
substitute {T} U A — ¢ for the left context in the original axiom, we
have T,A = A.

(i1) If $ C %, define C' = L. The reasoning is similar to (3).

(4ii) If none of the above happens, there are at least one element in ¢ 0%
and ¢ N A. Define C = ®(X N ¢) ® T" where n is the cardinal of
Y — ¥ N ¢. First we have ¥ = C, simply because for any ¢; € £ N ¢,
¢; = ¢; and for any 1 € ¥ — X N ¢ we have ¢» = T, and at the end
we use the rule (R®). Secondly, A,C = A. The reason is that the
part of ¢ which is occurred in ¥ (and now in C') together with the
part of ¢ in A completes ¢. Therefore, the left hand-side of A,C = A
contains ¢ (after suitable partitioning and staring the parts) and hence,
the sequent is the consequence of an instance of the axiom and it is
valid. Finally, for the variables, note that if p € V(C') then p is clearly
occurring in ¥. Moreover, p is in one of the members in ¢. Since there
is at least one of ¢’s in A and each pair of the elements of ¢ have the
same variables, p € V(A) which completes the proof.

(5) If S is of the form (T' = ¢, A) define C'= T. Note that ¥ = T is valid on
the one hand and C, A = ¢, A on the other. The latter is an instance of
the axiom itself and hence valid.

It is easy to check that in each case the length of C' is bounded by the length
of the sequent itself. For instance in case (4)(iii), the length of (X N @) @ T"
is bounded by the length of ¥ which is bounded by the length of (T, ¢) in the
sequent T, ¢ = A. Hence C is polynomially bounded. Proving (i) is similar. [

2.4.1 The Single-conclusion Case

Now we are ready to prove that semi-analytic rules respect the interpolation
property. First, we will consider the single-conclusion case. More precisely:

Theorem 2.4.23. Let G and H be two single-conclusion sequent calculi such

that H is an axiomatic extension of G with single-conclusion semi-analytic rules
or S4 rules and H extends FL.~. Then if G has H-interpolation (H-feasible
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interpolation), so does H. Moreover, for any rule R from the following set of
rules, there exists a corresponding set of rules Sr, presented below, such that if
we add the rule R to H and if we know that all the rules in Sk are admissible in
H, then the same claim holds.

(1) If R is the modal rule 4 or 4D, then Sg consists of the left weakening rule
for bozxed formulas.

(13) If R is a context-sharing semi-analytic rule then Sg consists of the left
weakening, right weakening and left context-sharing implication rules.

Proof. First we prove the interpolation property and then we will investigate the
feasibility case. The proof uses induction on the H-length of 7 (note that by
the H-length we mean counting just the new rules that H adds to the provable
sequents in G that H considers as axioms). For the zero H-length, the proof is
in G and the existence of the interpolation is proved by the assumption. For the
rest, we will consider the last rule used in the proof and there are several cases
to investigate.

First we will prove (4).

o Consider the case where the last rule used in the proof is a left semi-analytic
rule and the main formula, ¢, is in A in the Definition (or informally,
¢ appears in the same sequent as A appears). Hence, the sequent S is
of the form (I, T, II', 11", ¢ = A) and we have to find a formula C' that
satisfies (I",II' = C) and (I",1I",¢,C = A), where ¥ = {I",II'} and
A ={I"", 11", ¢}. Therefore, we must have had the following instance of the
rule

<<H;’ H;'/7d_]j3 = §j5>8>]' <<F;7 F;/v Q_Siv“ = A’L>T>’L
H/, H”, IV, ij d) - A

Using the induction hypothesis for the premises we have
I, = Cj, 1,4y, Cjs = 0,
Iy = Dy T/ ¢w, Dip = A
Using the rules (RA) and (LA) we have
I = ACj H;’,&js,/s\cjs = 0,
I = /T\Dir , T, i, A Dy = A,
For the left sequents, using the rule (R®) we have
I r= ((? /S\ Cjs) ® ((? /T\ D;,)
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And if we substitute the right sequents in the original rule and using the
rule (L®), we conclude

", r”, (®/\st) ® (®/\l)w)7 o= A
7 S

7 T

Therefore, we let C' be (® A Cjs) @ (Q A Dir) and we have proved (I', I =
Jj s i
C) and (I, 11", ¢, C = A).

1 T

To check V(C) C V(X)) NV (AUA), note that an atom is in C' if and only
if it is in one of Cj, or D;,.. If it is in Cj;, by induction hypothesis, it is
either in IT; (which means it is in X), or it is in {II}, Vs, 055} If it is in 1T,
then it is in A and if it is in either zzjs or 6_]-3, since the rule is occurence
preserving, it also appears in ¢ which means it appears in A.

If the atom is in D;,, we reason in the similar way, and it either appears in

I (and hence in ) or it appears in {I', ¢;., A;} and hence in A U A.

o Consider the case where the last rule used in the proof is a left semi-analytic
rule and the main formula, ¢, is this time in X in the Definition [2.4.20]
Hence, the sequent S is again of the form (I, T 11", 11", ¢ = A) and we
have to find a formula C that satisfies (I, I, ¢ = C) and (I, 11", C' = A),
where ¥ = {I",1I', ¢} and A = {I"”,1I"}. W.l.o.g. suppose that for i # 1
we have A; = ) and A; = A. Therefore, we must have had the following
instance of the rule

<<H;7 H;IJ 1/;]8 = éjs>s>j <<F;7 F;,v qgi'r :>>'r>i7él <F/17 F,lla (517" = A>7‘
17, T, 17, = A

Using the induction hypothesis for the premises we have (for i # 1)
I, s, Cjs = 05, I = C,
I, ¢y, Dip = , T/ =D,
Iy, ¢1, = Dy, , IY,Dy = A
Using the rules (LA), (RA), (RV) and (LV), we have (for i # 1)
I, @js,/S\st =0, , I/= /S\Ojs
Ui ADip =, TY = AD;
Faaa_slr:}\r/Dlr : F/1/7\7[D1r=>A

If we substitute the left sequents in the original rule, we get (for i # 1)
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H/7 F/7 /\ Cj87 /\ Dira ¢ = \/ Dlr
First, using the rule (L®) and then (R —) we get

H/7F/7¢:> (%/\Dzr> ® (®/\st> — \/Dlr
i T i s T

On the other hand, using the rules (R®) and (L —) for the right sequents
we have

H”,F//a (%/\DW) X (®/\OJS> — VDIT = A
2 r J S r

It is enough to take C' as (Q A D;r) @ (® A Cjs) — V Dy, to finish the proof
i#EL T j s T
of this case.

To check V(C) C V(E)NV(AUA), note that an atom is in C' if and only if
it is either in one of Cj; or D;, for (i # 1) or in Dy,. By induction hypothesis
if it is in Cjs, it is both in {IT}, ¥y, s} and in I17. If it is in D;, for (i # 1),
then it is both in {I", ¢;,} and in T'. And if it is in Dy, then it is both
in {T"}, $1,} and in {T'/, A}. One can easily check that therefore, the atom
will be both in ¥ = {I",1I', ¢} and in AUA = {TI', 11", A}. Note that in

the reasoning we will need the occurrence preserving property, as well.

Consider the case where the last rule used in the proof is a right semi-
analytic rule. Hence, the sequent S is of the form (I",T" = ¢) and we have
to find a formula C' that satisfies (I = C) and (I",C = ¢), where ¥ =I",
A =T"and A = ¢ . Therefore, we must have had the following instance of
the rule

<<F2a Fg; éir = &ir>r>i
1" = ¢

Using the induction hypothesis we get
I, Cir, Qgir = 'LEir , Il =Cy
Using the rules (LA) and (RA) we have
T ACin &ir = i, T = ACir

Substituting the left sequent in the original rule and then using the rule
(L®), we conclude

I",®(A\Ci) = ¢.

7 T
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On the other hand, using the rule (R®) for the sequents I'/ = A Cj,., we
get I'" = @(A Cjr) which means that the sequent @(A Cj) serves as the

formula C.

To check V(C) C V(X) N V(AU A), note that an atom is in C' if and
only if it is either in one of C;.. Then by induction hypothesis it is both
in {I", ¢ir, i} and in T?. Tt is easy to check that it meets the conditions
needed.

And finally, consider the case where the last rule used in the proof is a
modal rule. We will investigate K and D together first, and second 4 and
4D together, and at last, we will investigate the rule RS4.

Consider the case where the last rule used in the proof is either K or D.
Then, the sequent S is of the form OI', 0" = OA, where ||A|| < 1 and

we have to find a formula C that satisfies OV = C and C,OI' = OA.
Therefore, we must have had the following instance of the rule

T/ = A
Or, 00" = OA

Using the induction hypothesis there exists D such that
I'=sD |, T"D=A

Then, using the rule K for both of them (or if A = (), use the rule D for
(I', D =)), we get

Or=0p , Or,0D = 0A

Let OD be the formula C' and we are done. And since V(D) C V(I") N
V(I UA) we have V(C) C V(OI") n V(O U OA), because the set of
atoms of LII for a multiset II is the same as atoms in II.

Now, consider the case that the last rule used in the proof is 4. Then, the
sequent S is of the form OIY, O = ¢, and we have to find a formula C

that satisfies (I” = C and C,00"” = [¢. Therefore, we must have had
the following instance of the rule

', I, 00,0 = ¢
O, 00 = 0

Using the induction hypothesis there exists D such that
ror=sop , 1ar’, D= ¢
If we use the rule 4 on the left sequent and using the left weakening rule

on the right sequent (adding 0D to the left hand side of the sequent) and
then using the rule 4, we get
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Or=0p , Or,0D =0

If we take C' = D, then the claim follows. Checking the atoms is similar
as before.

For the proof of the case 4D is identical to the proof of the rule 4, if we
ignore ¢ and [l¢ everywhere.

If the last rule used in the proof is the rule RS4, then the sequent S is of
the form OV, I = ¢, and we have to find a formula C' that satisfies
00" = C and C,I"" = O¢. Therefore, we must have had the following
instance of the rule

Or,or" = ¢
Or, 00" = 0o

Using the induction hypothesis there exists D such that
Or=D , OI'",D=¢

On the left sequent, use the rule RS4. On the right sequent, use the rule
LS4 (since the rule LS4 is present in the system, whenever we have RS4)
and then use the rule RS4. We get

O =0p , O0,0D =0

It is easy to see that C' = [JD works in this case.

Now, we will prove part (ii). We have discussed the cases of left and right
semi-analytic and modal rules in the previous part. It only remains to investigate
the case of context-sharing semi-analytic rules.

o Consider the case where the last rule used in the proof is a context-sharing
semi-analytic rule and the main formula, ¢, is in A in the Definition [2.4.20
(or informally, ¢ appears in the same sequent as A appears). Hence, the
sequent S is of the form (I, I, ¢ = A) and we have to find a formula C' that
satisfies (I = C) and (I, ¢,C = A), where ¥ = {I"} and A = {I", ¢}.

Therefore, we must have had the following instance of the rule

<<F;7 F{L',7r(/_}is = éis>s>i <<F;; F;’, Qgir = A1>7‘>2
T, 6= A

Using the induction hypothesis for the premises we have
Uy = Ci T/ 4, Cis = 0i
U= D, , T, Girs Dip = 1\
Using the rules (RA) and (LA) we have
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F; = /\ CZ'S ) F{ilv 1;1'37 /\ Cis = 9_1'3
F; = /\ DiT‘ ) F;,, &im /\Dzr = Az

We want to the make the contexts of the above sequents in the right the
same, so that we can use them in the original rule. Therefore, using the
rule (LA) we have

Iy, Vis, (ACis) N(ADyy) = Ois r7, Dirs (ADi) N (NCis) = A

S T s S

Now, we can substitute them in the original rule and conclude
F/,a <(/\ Dzr) A (/\ Cis))ia ¢ = A
And using the rule (L®) we get

I, @A Dir) AN (A Cis)]s ¢ = A

7 S

On the other hand, considering the sequents (I'; = A Ci5) and (I'; = A D;;)

and using the rule (RA) for every i, we get

I = (/T\ D) N (A Cis)

s

and then using the rule (R®) we have
"= A Dir) A (A Cis)]

and we can see that @[(A D) A (A Cis)] serves as C.

)

To check V(C) C V(3)NV(AUA), note that an atom is in C' if and only
if it is either in one of Cjs or D;.. By induction hypothesis, if it is in Cj,
then it is both in I'; and in {I'/, Vs, 9_13} and if it is in D;,, then it is both
in I, and in {I'/, ¢s, A;}. It is easy to check that it meets the conditions.

Consider the case where the last rule used in the proof is a context-sharing
semi-analytic rule and the main formula, ¢, is this time in X in the Definition
. Hence, the sequent S is of the form (I, I, ¢ = A) and we have
to find a formula C' that satisfies (I",¢ = C) and (I"',C = A), where
Y ={I",¢} and A = {I""}. W.Lo.g. suppose that for i # 1 we have A; = ()
and A; = A. Therefore, we must have had the following instance of the
rule

<<F;v F;/a @Eis = §i8>s>i <<F;> F;/a Q_Sir :>>7“>i7£1 <F/1a Fll/y Q_Slr = A)r
T, 6= A

Using the induction hypothesis for the premises we have (for i # 1)
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F;7 Iﬁisa Cis = éis s F’IL, = Cz's
I ¢, Dir = , TV = D,
Ivl’qgh = Dlr ) IV1/7l)1r = A

Using the rules (LA), (RA), (RV) and (LV), we have (for i # 1)

I}, s, /S\ Cis =0, TV= /S\Cis
I ng‘r,/T\DiT = , V= /T\Dir
= VD TV Dy = A
Fllﬂle,/S\CHs =0, , V= /S\Cls

Now, we want to make the contexts of the sequents in the left the same,
so that we can use them in the original rule. For (i # 1) use the rule
(LA) to make the context {I';, (A Cis) A (A Dy)} and for (i = 1) use the

left weakening rule to make the context {I'}, A Cis}. If we substitute the
updated left sequents in the original rule, we get (for i # 1)

I, <(/s\ Cis) N (/T\ Diy))iz1, /s\ Cis, ¢ = yDlr
First, using the rule (L®) and then (R —) we get

Fla (,b = (%[(/3\ Czs) A (/r\ Dzr)] ® /S\Cls> — \T/Dlr-

On the other hand, using the rule (RA) for every (i # 1) we have I'] =
(ACis) N (A Dy). Together with the sequent I'Y = A Cjs, and using the

rule (R®) we get

[ = (%[(/S\ Ozs> N </r\ Dm«)] & /S\Cls).

We have I', \/ D1, = A. Use the left weakening rule to get I'” \/ Dy, = A.

Now, we can use the rule left sharing implication to get

I_wa (%[(/g\ Czs) A (/7“\ Dzr)] ® é\Cls) — \T/Dlr = A
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We can see that (Q[(ACis) A (A Di)] ® A Cis) — V Dy, serves as C' and
£l s r s r
we are done.

To check V(C) C V(X) N V(AU A), note that an atom is in C' if and only
if it is either in one of Cjs or D;.. By induction hypothesis, if it is in Cj,
then it is both in {I"}, Vis, 9_15} and in I'/ and if it is in D;, for (i # 1), then
it is both in I, ¢y, and in {I’}. If it is in Dy, then it is both in T}, ¢y,
and in {I'}, A}. It is easy to check that it meets the conditions.

It is easy to check that in both cases of (i) and (i7), if G has H-feasible interpola-
tion, then so does H. By the assumption, we know that there exists a number m
(which only depends on the proof system G) such that |C| < |x|™. Now for the
proofs in H we will claim that our previously constructed interpolant C' has the
property |C| < |r|M where M = maxz{m,2} and we will prove it by induction on
the H-length of 7.

If the H-length of the proof is 0, then there is no new rule of H in the proof
7, and since G has H-feasible interpolation, by Definition |C| < |7|™ and hence
|C| < |7|M. For the rest, note that in each of the above cases, the number of the
formulas which appear in C' (we have denoted them by Cjs and D;,) is equal to
the number of premises of the last rule used in the proof. The rest of the symbols
appeared in C are connectives, and the number of them is less than or equal to
Nz, where Ng is the number of the premises of the rule R, which is the last
rule used in the proof. Since the sequent S is the conclusion of a rule in H, the
H-lengths of the proofs of its premises are less than the H-length of 7 and we
can use the induction hypothesis for them. Then |C| < X, ;|Cjs| + 2, | Dir| + Nx.
By induction hypothesis we have |C}s| < |m;s|™ and |D;,| < |7 |, where 75 (or
;) is the proof of the sequent whose interpolant is Cj, (or D;,). But since the
proof is tree-like, we have X; |7 | + X |m | +1 < |7|. It is easy to see that
IC) < 35 4|mj6™ + 2 | min M + Nr < (Zs]m)s] + Zip|min] + DM < |7|M| and the
claim follows. The last inequality uses the fact M > 2 and

Nr < 8j6lmjsl + Zip|mir|

The latter is an easy consequence of the fact that the number of 7;; and 7;,
in total is Nx. O

2.4.2 The Multi-conclusion Case

In this subsection we will generalize the Theorem [2.4.23[ to also cover the multi-
conclusion case.

Theorem 2.4.24. Let G and H be two multi-conclusion sequent calculi such
that H extends CFLe™. Suppose H is an axiomatic extension of G with multi-
conclusion semi-analytic rules or S4 rules and if we also add the modal rule 4 or
4D in H, the left weakening rule for boxed formulas is admissible in H. Then if
G has strong H-interpolation (strong H-feasible interpolation), so does H.

Proof. The proof is similar to the proof of Theorem [2.4.23] and again it uses
induction on the H-length of w. For the zero H-length, the proof is in G and
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the existence of the interpolation is proved by the assumption. For the rest,
we will consider the last rule used in the proof and there are several cases to
investigate. Throughout the proof we use the convention A = A;,---, A, for
different sequents A and different numbers £, for simplicity.

o Consider the case where the last rule used in the proof is a left multi-
conclusion semi-analytic rule and the main formula, ¢, is in A in the Defini-
tion [2.4.20] Hence, the sequent S is of the form (I", I, ¢ = A’, A”) and we
have to find a formula C' that satisfies (I" = C,A’) and (I'", ¢,C = A").

Therefore, we must have had the following instance of the rule

<<F;7 F?? 92_52‘7’ = QZim A;; A;,>r>z
F/’F//7¢ — A/,AH

Using the induction hypothesis for the premises we have for every ¢ and r
= Gy, Ay, T7, Qgim Ci = %Eir, A7
Using the rule (RA) and (LA) we have for every i
I = /T\Cira A T dar, /r\ Cin = Vin, A}
Using the rule (R®) for the left sequents we get
"= Q® /T\ Ciry A

and, if we substitute the right sequents in the original rule, and then using
the rule (L®), we get

F//a ¢7 ® /\ Cir = A”

Hence, we take C' as @ A C;,. and we are done.
T T

To check V(C) CV(IMUA)NV{T"U{¢}} UA”), note that an atom is
in C'if and only if it is in one of C;,.’s. Then, by induction hypothesis, it is
in (I U A}) and in {T, s, s, A”}. Tt can be easily seen that the claim
holds; the only thing to remember is that if the atom is in either ¢, or in
1y, since the rule is occurrence preserving, it also appears in ¢.

o Consider the case where the last rule used in the proof is a left multi-
conclusion semi-analytic rule and the main formula, ¢, is in 3 in the Defini-
tion . Hence, the sequent S is again of the form (IV, I, ¢ = A’ A”)
and we have to find a formula C' that satisfies (I, ¢ = C, A’) and (I, C' =
A"). Therefore, we must have had the following instance of the rule

(L0 TY, iy = i, A, AL,
D76 = AL AT
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Using the induction hypothesis for the premises we have for every ¢ and r
Iy, Q_Sz'r = @/_)ir, Cir, A}, T7,Cyp = AY
Using the rules (RV) and (LV), we have for every i
Fé,fz_%r = ";ira\r/cimA; ) F;/,\T/Cir = Af
If we substitute the left sequents in the original rule, we get
I ¢ = \T/CZ-T,A’

and, using the rule (R®) we get

I ¢ = @\/CZ-T,A’
On the other hand, using the rule (L@®) for the right sequents we have

I, & \T/ Cyr = A"
It is enough to take C' as y Cj, to finish the proof of this case.

To check V(C) CV{I"U{p}} UA)NV(I”UA”), note that an atom is
in C' if and only if it is in one of C;,.’s. Then, by induction hypothesis, it is
in {T", ¢, Yir, A} and in (I U A”). Tt can be easily seen that the claim
holds; the only thing to remember is that if the atom is in either ¢;, or in
1y, since the rule is occurrence preserving, it also appears in ¢.

Consider the case where the last rule used in the proof is a modal multi-
conclusion one. The case where it is the rule D or 4D is similar to the proof
of the same cases in the Theorem [2.4.23] Let the last rule used in the proof
be the rule K. Then, S is of the form OI”,OI" = [¢. Therefore, there
can be two cases based on the partition of the right side of the sequent. In
the first one, we have to show that there exists C' such that IV = C and
OO0, C = O¢ hold. In the second one, we have to show that there exists
C' such that O = C,0¢ and OI'”, C' = hold. Since the proof of the first
case is similar to the proof in Theorem [2.4.23] we will investigate the second
case. Hence, we must have had the following instance of the rule

I'1" = ¢
Or,0r" = 0é

Using the induction hypothesis for the premise, there exists D such that we
have

"= D¢ , DI"=
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Using the rule (L —) together with the axiom (= 0) on the one hand and
on the other, using the rule (Ow) and (R —) we have

I"'-D=,¢p , I'"=-D
Use the rule K to derive
aor,0-bp=0¢ , O"=0-D
And we can derive
Or = -0-D,0¢ , -0O-D,0O01" =

which means we have to take C' = =[J—=D. The atom check is easy.

Now, consider the case where the last rule used in the proof is the rule 4.
Then S is of the form OIY, O = [¢ and there are the exact two cases
as above, in the case of the rule K, and again since the second case is new
(the proof of the other one is similar to the proof in Theorem , we
will investigate that one. Hence, we have to show that there exists C' such
that OV = C,0¢ and O, C' = hold. Therefore we must have had the

following instance of the rule

T, 00, 0r = ¢
O, 00" = Oé

Using the induction hypothesis for the premise, there exists D such that we
have

'O = D,¢ , D,T/.0O0"=

Using the rule (L —) together with the axiom (= 0) on the one hand and
on the other, using the rule (Ow) and (R —) we have

O, -D=¢ , IO = -D

Use the left weakening rule for the left sequent (to add O—D to the left side
of the sequent) and then apply the rule 4 to get

or,0-D=0¢ , 0OI"=0O-D
And we can derive
O’ = -0-D,0¢ , -0-D,00" =
If we take C' = =[0-D, we are done. And it is easy to check the condition
for atoms.
In the case of the rule (RS4), we have exactly the same cases as in the rule

K:
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Or'=c , Or’c=0d¢
and
Or=cde , Or,cC=

Only the second case is new (the proof for the first one is the same as the
proof of the same case in theorem [2.4.23)). The proof of the second case is
the same as the case for the rule K in the above, and C' = —=[-D works
here, as well.

The cases where the last rule in the proof is a right multi-conclusion semi-analytic
one is similar and we do not investigate them here. The proof for the feasibility
part is easy and similar to the proof in the Theorem [2.4.23] O

Therefore, combining the Theorems [2.4.22] [2.4.23| and [2.4.24] we will have:

Theorem 2.4.25. (i) For any calculus H which is an FLe-extension (FLe™ -
extension) single-conclusion calculus consisting of semi-analytic rules and
focused axioms (context-free focused axioms), H has H-feasible interpola-
tion.

(13) For any IPC-extension single-conclusion calculus H consisting of semi-
analytic rules, context-sharing semi-analytic rules and focused azxioms, H
has H -feasible interpolation.

(1ii) For any CFLe-extension (CFL,™ -extension) multi-conclusion H consisting
of semi-analytic rules and focused axioms (context-free focused axioms), H
has H -feasible interpolation.

Combining the Theorem [2.4.25] Theorem [2.2.9/ and Theorem [2.4.21] we have:

Corollary 2.4.26. (i) IfFL. C L, (FL,~ C L) and L has a single-conclusion
calculus consisting of semi-analytic rules and focused axioms (context-free
focused azioms), then L has Craig interpolation.

(1) If IPC C L and L has a single-conclusion sequent calculus consisting of
semi-analytic rules, context-sharing semi-analytic rules and focused axioms,
then L has Craig interpolation.

(17i) If CFLe C L, (CFL,~ C L) and L has a multi-conclusion sequent calculus
consisting of semi-analytic rules and focused axioms (context-free focused
azioms), then L has Craig interpolation.

The following are the applications of the main corollary of this section i.e.,
Corollary [2.4.26| To begin, let us consider the positive application:

Corollary 2.4.27. The logics FLe, FLgc, FLew, CFL., CFL¢,,, CFL,., ILL,
CLL, IPC, CPC and their K, KD and S4 versions have the Craig interpolation
property. The same also goes for K4 and K4D extensions of IPC and CPC.

Proof. Note that the usual cut-free sequent calculus for all of these logics consists
of semi-analytic rules and focused axioms. Therefore, by the Corollary [2.4.26| we
can prove the Craig interpolation property for all of them. O]
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For the negative applications, we use the results in [16], [32] and [43] to ensure
that the following logics do not have Craig interpolation. Then we will use the
Corollary to prove that these logics do not have a semi-analytic calculus
consisting only of the focused axioms and semi-analytic rules.

Corollary 2.4.28. None of the logics R, UL, IUL~, MTL, SMTL, IMTL,
BL, L, L, forn >3, P, CHL and A have a single-conclusion sequent calculus
consisting only of single-conclusion semi-analytic rules and context-free focused
azrioms.

Corollary 2.4.29. None of the logics IUL~, IMTL, Ly, L, forn > 3 and
A have a multi-conclusion sequent calculus consisting only of multi-conclusion
semi-analytic rules and context-free focused axioms.

Corollary 2.4.30. Ezcept G, G3 and CPC, none of the consistent logics which
are BL-extensions have a single-conclusion sequent calculus consisting only of
single-conclusion semi-analytic rules and context-free focused axioms.

Corollary 2.4.31. The only I MT L-extension with a calculus consisting of single-
conclusion (multi-conclusion) semi-analytic rules and context-free focused axioms,

is CPC.

Corollary 2.4.32. Ezcept RM*®, IUML~, CPC, RMs , RM; , CPCNIUML™,
RMiNIUML™, and CPC N RMs, none of the consistent extensions of RM*®
have a single-conclusion (multi-conclusion) sequent calculus consisting only of
single-conclusion (multi-conclusion) semi-analytic rules and contezt-free focused
axioms. This category includes:

(1) RME forn >5,
(i1) RMs,, N RMs, ., forn>m >1 withn > 2.,
(i19) RMS,, NIUML™ form > 3.

Corollary 2.4.33. Fzcept IPC, LC, KC, Bd,, Sm, GSc and CPC, none of
the consistent super-intuitionistic logics have a single-conclusion sequent calcu-
lus consisting only of single-conclusion semi-analytic rules, context-sharing semi-
analytic rules and focused axioms.

Corollary 2.4.34. Except at most thirty seven logics, none of the consistent ex-
tensions of S4 have a single-conclusion (multi-conclusion) sequent calculus con-
sisting only of single-conclusion (multi-conclusion) semi-analytic rules, context-
sharing semi-analytic rules, the modal rules K, D, 4, 4D, RS4 and focused az-
ioms.

2.5 Uniform Interpolation

In this section we will generalize the investigations of [23] to also cover the sub-
structural setting and semi-analytic rules. We will show that any extension of
a sequent calculus by semi-analytic rules preserves uniform interpolation if the
resulted system turns out to be terminating. Our method here is similar to the
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method used in [23].

As a first step, let us generalize the notion of uniform interpolation from
logics to sequent calculi. The following definition offers three versions of such a
generalization, each of which suitable for different forms of rules.

Definition 2.5.35. Let G and H be two sequent calculi. G has H-uniform in-
terpolation if for any sequent S and T where T = () and any atom p, there exist
p-free formulas 1(S) and J(T') such that V(I(S)) C V(S*US*) and V(J(T)) C
V(T*) and

(1) S-(I(S) =) is derivable in H.

(13) For any p-free multiset T, if S - (I' =) is derivable in G then I' = I(S) is
derivable in H.

(2ii) T - (= J(T)) is derivable in H.

(iv) For any p-free multisets I and A, if T - (I' = A) is derivable in G then
J(T),T' = A is derivable in H.

Similarly, we say G has weak H-uniform interpolation if instead of (ii) we have

(i) For any p-free multiset T, if S-(I' =) is derivable in G then J(S),I = I(S)
is derivable in H where S = (S* =).

We say G has strong H-uniform interpolation if instead of (ii) we have

(13") For any p-free multisets I' and A, if S - (I' = A) is derivable in G then
I'= I(5),A is derivable in H.

Note that in the case of the strong uniform interpolation, T® can be non-empty,
and we have multi-conclusion rules.

We call I1(S) a left p-interpolant (weak p-interpolant, strong p-interpolant)
of S and J(T) a right p-interpolant (weak right p-interpolant, strong right p-
interpolant) of T in G relative to H. The system H has unifrom interpolation
property (weak unifrom interpolation property, strong unifrom interpolation prop-
erty) if it has H-uniform interpolation (weak H-uniform interpolation, strong
H -uniform interpolation).

Theorem 2.5.36. If G is a sequent calculus with (weak/strong) uniform interpo-
lation and complete for a logic L extending (FLe/CFL,) FL,, L has the uniform
interpolation property.

Proof. First note that since G is complete for L, L - ¢ — ¢ it G F ¢ = 1. Hence
we can rewrite the definition of the uniform interpolation using the sequent system
G. Now pick S = (= A). By uniform interpolation property of G, there is a
p-free formula I(S) such that S - (I(S) =) and for any p-free ¥ if S - (X =),
then 3 = I(S). It is clear that I(S) works as the p-pre-interpolant of A, because
firstly 7(S) = A and secondly if B = A then B = I(S) for any p-free B. The
same argument also works for the p-post-interpolant. In the case of weak uniform
interpolation, first note that by definition if 7" = (=) then (= J(T')). Secondly,
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note that since G is complete for L, the calculus should admit the cut rule by
Theorem [2.2.9, Now we claim that I(S) works again. The reason now is that

if B = A for a p-free B, then J(S),B = I(S). Since S = T and we have the
cut rule, B = I(S). The case for strong uniform interpolation is similar to the

interpolation case. O

In the following theorem, we will check the uniform interpolation property for
a set of focused axioms. It can also be considered as an example to show how
this notion works in practice.

Theorem 2.5.37. Let G and H be two sequent calculi such that every provable
sequent in G is also provable in H and G consists only of finite focused axioms.
Then:

(1) If G and H are single-conclusion and H extends FL,, then G has H -uniform
interpolation.

(i) If G and H are single-conclusion and H extends FLo and has the left weak-
ening rule, then G has weak H-uniform interpolation.

(i13) If G and H are multi-conclusion and H extends CFLe, then G has strong
H -uniform interpolation.

Proof. To prove part (i) of the theorem, we have to find 7(S) and J(T") for given
sequents S = (X = A) and T' = (II =) such that the four conditions in the Defini-
tion 2.5.35| hold. We will denote our I(.S) and J(T') by VpS and IpT’, respectively.

First, we will prove (i) and we will investigate the case JpT, first. For that
purpose, define dpT" as the following

(QIL) @ T]AOA L

where II, is the subset of II consisting of all p-free formulas and by & II,, we mean
M ®- - ® ¢y, where {¢y,---, ¢} = II,. Note that T appears in the first conjunct
only when II —II,, is non-empty. Moreover, 0 only appears as a conjunct when 7'
is of the form axiom 3 (which is 6 =) and =TI, and L only appears as a con-
junction when T is of the form of axiom 4 (which is ¥, ¢ = A) and we have ¢ C II.

First, we have to show that II = dpT holds in H. Note that II is of the
form II, U (I — II,). By definition, for every v € II, we have ¢ = 1 and hence
using the rule (R®) we have I, = @II, holds in H (note that since H extends
FL., it has the rule (R®)). On the other hand, using the axiom for T we have
IT —II, = T and then using the rule (R®) we have I, II — II, = (QIL,) ® T,
which is IT = (®1I,) ® T.

The formula 0 appears as a conjunct when T is of the form axiom 3 and

3 = II, which means that in this case II = is an instance of axiom 3 and it holds
in H. Hence, using the rule (Ow) we have II = 0.
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~ The formula | appears as a conjunct when T is of the form axiom 4 and
¢ CII. Hence, Il = 1 is an instance of axiom 4 when we let A to be L.

Now, we have to show that if for p-free sequents C and D if I, C:’ = D is
provable in G, then dpT', C' = D is provable in H. Therefore, I, C' = D is of the
form of one of the focused axioms and we have five cases to consider:

(1)

If II,C = D is of the form of the axiom ¢ = ¢. Then, since D = ¢, it
means that ¢ is p-free. There are two cases; first, if II = ¢ and C' = 0, then
®II, = ¢ and since IT — II,, = (), we do not have T in the conjunct. Hence,
I = ¢ and using the rule (LA) we have 3pT = D. Second, if II = () and
C = ¢, then ®II, = 1 and since IT — I, = (), then T does not appear in
the first conjunct in the definition of IpT. Hence, since C' = D is equal to
¢ = ¢ and this is of the form of the axiom 1, using the rule (1w) we have
1,6 = ¢ and using (LA) we have IpT,C = D

If II,C' = D is of the form of the axiom = @. Then, since D = @&, it means
that @ is p-free and II = C' = (). Hence, like the above case @ IT, = 1 and
we do not have T in the definition, either. Again, using the rule (1w) we
have 1 = @ and by (LA) we have IpT = a.

If II,C = D is of the form of the axiom (3 =). Then there are two cases;
first if 5 = II, then we must have 0 as one of the conjuncts in the definition
of 3pT. We have C = D = () and 0 = is an axiom in H and using the rule
(LA) we have IpT =. Second, if IT C 3, since we have = II,C and C is
p-free, and we have this condition that for any two formulas in 5 they have
the same variables, we have II is p-free, as well, which means every formula
in I is p-free and II = II,, and T does not appear in the definition of 3pT'".
Hence, using the rule (L®) on II, C =, we have ® 11, C' = and by the rule
(LA) we have 3pT,C =.

If II,C = D is of the form of the axiom I',¢ = A, then there are two
cases; first if ¢ C II, then by definition of 3pT’, L is one of the conjuncts.
Therefore, since L, C' = D is an instance of an axiom in H, using the rule
(LA) we have 3pT,C' = D is derivable in H. Second, if ¢ ¢ II, then at
least one of the elements in ¢ is in C' and hence it is p-free. Therefore, by
the condition that for any two formulas in ¢ they have the same variables,
o is p-free. Hence, there can not be any element of ¢ present in IT — 11, and
hence ¢ C Hp,C’ and then ¢ C 11, C, T. Therefore, we have 1L, C =D
because it is of the form of the axiom T', ¢ = A of G and hence it is provable
in H. Therefore, using the axiom (L®) we have (Q11,) ® T,C = D and
by (LA), 3pT,C = D. (Note that it is possible that I — II, is empty. It is
easy to show that in this case the claim also holds. It is enough to drop T
in the last part of the proof.)

Consider the case where II,C' = D is of the form of the axiom I' = ¢, A.

Then, since ¢ C D, we have IpT,C = D is an instance of the same axiom
I' = ¢, A when we substitute ' by 3pT, C.
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Now, we will investigate the case VpS for S of the form ¥ = A. Define VpS as
the following

(R, = LIVIREB-I)VvevivT

where in the first disjunct, ¥, means the p-free part of X, the second disjunct
appears whenever there exists an instance of an axiom of the form (3) in G where
Y C B, A =0 and § is p-free. The third disjunct appears if ¥ = @ and A = ¢
where ¢ is p-free. The fourth disjunct appears if ¥ = A equals to one of the
instances of the axiom (1), (2), or (3) in G. And finally, the fifth disjunct appears
when ¢ C ¥ for an instance of ¢ in axiom (4) in G or ¢ C A for an instance of ¢
in axiom (5) in G.

First we have to show that X,VpS = A. For this purpose, we have to prove
that for any possible disjunct X, we have ¥, X = A. For the first disjunct note
that ¥, = ® X, and ¥ — 3,, L = A. Hence, £, (®X, = L) = A using the rule
(— L).

For the second disjucnt, we have ¥ C 3 and A = @. Therefore

Z,@(B—Z) = A

by the axiom (3) itself. For the third disjunct, note that ¥ = () and A = ¢ where
¢ is p-free. Hence ¥, ¢ = A by axiom (1). For the fourth disjunct, note that
Y = A is an axiom itself and hence X, 1 = A. Finally, for the fifth disjunct, note
that ¥ = A is an instance of the axioms (4) or (5) which means if we also add T
to the left hand-side of the sequent, it remains provable.

Now we have to prove that if ¥,C = A in G then C = VpS in H. For this
purpose, we will check all possible axiomatic forms for ¥, C' = A.

(1) If ¥,C = A is an instance of the axiom (1), there are two possible cases.
First if ¥ = ) and C = ¢ and A = ¢. Then ¢ will be p-free and hence ¢
appears in VpS as a disjunct. Since C = ¢, we have C' = VpS. For the
second case, if ¥ = ¢ and C = ) then ¥ = A is an instance of the axiom
(1) which means that 1 is a disjunct in ¥pS. Since (= 1) and C = ) we
have C' = VpS.

(2) If ,C = A is an instance of the axiom (2). Then ¥ = C =0 and A = a.
Therefore, 1 is a disjunct in VpS and since C' = () we have C' = VpS.

(3) If ¥,C = A is an instance of the axiom (3). Then there are two cases to

consider. First if ¥ = 3. Then C = ) and A = §. By definition, 1 is

a disjunct in VpS and again like the previous cases C = VpS. Second if

> C 3. Then FNC is non-empty. Pick ¢» € FNC. 9 is p-free, since any pair

of the elements in 5 have the same variables, 3 is p-free. Now by definition,
®(B — %) is a disjunct in VpS. Since C' = f — X, we have C' = VpS.

(4) If ,C = A is an instance of the axiom (4). Similar to the previous case,
there are two cases. If ¢ C X, then by definition T is a disjunct in VpS and
there is nothing to prove. In the second case, at least one the elements of
¢ is in C and hence p-free. Since any pair of the elements in ¢ have the
same variables, ¢ is p-free. We can partition 3, C' to X, cC,(2-% p)- Since
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every element of (X — X,) has p, and ¢ is p-free, the whole ¢ should belong
to %, C. Therefore, by the axiom (4) itself, ¥, C = | which implies
C = (®X, — 1). By definition (® ¥,) — L is a disjunct in VpS and
hence C' = VpS.

(5) If ,C = A is an instance of the axiom (5). Then ¢ C A. By definition T
is a disjunct in VpS and therefore, there is nothing to prove.

For (ii), note that using the part (i) we have formulas IpT" and VpS for any
sequents S and T (T = (}) with the conditions of H-uniform interpolation. The
conditions for the weak H-uniform interpolation is the same except for the sec-
ond part of the left weak p-interpolant which demands that if ¥,C = A, then
IpS, C = VpS. If we use the same uniform interpolants, we satisfy all the condi-
tions of weak H-uniform interpolation. The reason is that except the mentioned
condition, all of the others are the same as the conditions for H-interpolation and
for the other condition, we can argue as follows: By ¥, C' = A, we have C' = VpS
and by the left weakening rule we will have 3pS, C' = VpS.

For (iii), first note that proving the existence of the right interpolants is
enough. It is sufficient to define VpS = —dpS and using the assumption that
CFL, is admissible in H to reduce the conditions of VpS to dpS. Now define
IpS for any S = (X = A) as:

(R @TIAA(L® (@A) A0A L

where by ® X, we mean ¢y ® --- ® ,, where {¢q,--- ¢} = X, and @A, is
defined similarly. Note that in [((® ¥X,) ® T] the formula T appears iff ¥ # X,
and L appears in the second conjunct iff A # A,. The third conjunct appears
if ¥ = A is an instance of an axiom of the forms (1), (2) and (3) in G and the
fourth conjunct appears if ¥ = A is an instance of an axiom of the forms (4), (5)

in G.

First, we have to show that ¥ = dpS, A. For that purpose, we have to check
that for any conjunct X we have ¥ = X, A. For the first conjunct, if ¥ # 3,
then note that ¥, = @ ¥, and X — X, = T, A therefore

Y= () © TLA

If ¥ = ¥, then there is no need for T and the claim is clear by ¥ = @ XJ,. For
the second conjunct, if A # A, note that @A, = A, and 3, L = A — A, hence

5L (@A) = A

hence
Y= [H(Lae (@A) A

If A = A,, similar to the case before, there is no need for L.

The cases for the third and the fourth conjuncts are similar to the similar
cases in the proof of (i).

Now we want to prove that if ,C = A, D in G, then 3pS,C = D in H. For
this purpose, we will check all the cases one by one:
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(1) If ,C = A, D is an instance of the axiom (1), we have four cases to check.

oIf(bGC’andgéeD,thenE_:/}:@andC':_Dz_qﬁ. Hence
@ >, = 1. Therefore, since 1,C = D we have IpS,C = D.

e If p € C and ¢ ¢ D then Y = and A = ¢. Therefore, ¢ is p-free
and hence A, = ¢. Since D = () and A = ¢, we have ,—¢,C = D.
Therefore, (6 A,),C = D.

o If ¢ C and ¢ € D. This case is similar to the previous case.

eIfp¢ Cand ¢ ¢ D then ™ = A = ¢ and C = D = ). Hence, by
definition, we have 0 as a conjunct in dpS. Since 0 =, we will have
dpS,C = D.

(2) If ©,C = A, D is an instance of the axiom (2). Then ¥ = C = (). There
are two cases to consider. If A = a. Then by definition 0 appears in JpS.
Since D = ) and (0 =) we have C,3pS = D. If A C &, then D N & is non
empty. Therefore, there exists a p-free formula in @. Since the variables
of any pair in & are equal, & is p-free. Therefore, A C & is p-free, hence
A=A, (and L does not appear in the second conjunct). Since (:> A, D)
we have (= @ A, D) therefore (=(@ A,) = D) which implies (IpS = D)

(3) If 2,C = A, D is an instance of the axiom (3). This case is similar to the
previous case (2).

(4) If ©,C = A, D is an instance of the axiom (4). There are two cases to
consider. If ¢ C 3. Then by definition L is a conjunct in IpS and therefore
there is nothing to prove. For the second case, if ¢ ¢ 3, then »NC is non-
empty. Hence, ¢ has a p-free element. Since the Varlables of any pair in ¢
are equal, ¢ is p-free. Since ¢ C o, C,o— ¥, and ¢ is p-free, we should have
¢ C %,,C. Therefore, if ¥ # ¥,, by the axiom (4) itself, T Zp,C’ = D.
Since (®¥,) ® T is a conjunct in IpS, we will have IpS, C = D. Note
that if ¥ = 3, then we will use X, C = D instead of T ) 2, C = D.

(5) If 2,C = A, D is an instance of the axiom (5). This case is similar to the
previous case 4.

2.5.1 The Single-conclusion Case

In this section, we assume that for any sequent S = I' = A, the nimber of ele-
ments of A is at most one. We will show how the single-conclusion semi-analytic
and context-sharing semi-analytic rules preserve the uniform interpolation prop-
erty. For this purpose, we will investigate these two kinds of rules separately.
First we will study the semi-analytic rules and then we will show in the pres-
ence of weakening and context-sharing implication rules, we can also handle the
context-sharing semi-analytic rules.
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Semi-analytic Case

Let us begin right away with the following theorem which is one of the main
theorems of this paper.

Theorem 2.5.38. Let G and H be two single-conclusion sequent calculi and H
extends FLe. If H is a terminating sequent calculus axiomatically extending G
with only single-conclusion semi-analytic rules, then if G has H-uniform inter-
polation property, then so does H.

Proof. For any sequent U and V where V* = () and any atom p, we define two
p-free formulas, denoted by VpU and dpV and we will prove that they meet the
conditions for the left and the right p-interpolants of U and V', respectively. We
define them simultaneously and the definition uses recursion on the rank of se-
quents which is specified by the terminating condition of the sequent calculus H.

If V' is the empty sequent we define dpV as 1 and otherwise, we define IpV'
as the following

(AQIpSINAIR AT (@ AvpSir) =V IpSul)AEFV)A A(ZEpV).

par i LR j s i#1 T

In the first conjunct, the conjunction is over all non-trivial partitions of V =
Sy- --- -85, and 7 ranges over the number of S;’s; in this case 1 < i < n. In the
second conjunct, the first big conjunction is over all left semi-analytic rules that
are backward applicable to V' in H. Since H is terminating, there are finitely
many of such rules. The premises of the rule are ((Tjs)s);, ((Sir)r)iz1 and (Si,)
and the conclusion is V', where T}, = (Hj,qz‘js = H_js) and Sy = (Ty, bir = A)
which means that S;.’s are those who have context in the right side of the se-
quents (4,;) in the premises of the left semi-analytic rule. (Note that picking
the block (Si,) is arbitrary and we include all conjuncts related to any choice of
(S1,).) The conjunct OJpV" appears in the definition whenever V' is of the form
(I =) and we consider V' to be (I' = ). And finally, since G has the H-uniform
interpolation property, by definition there exists J (V') as right p-interpolant of V.
We choose one such J(V') and denote it as 3%pV and include it in the definition.

If U is the empty sequent define VpU as 0. Otherwise, define VpU as the
following

(V(Q3pSi = ¥pSi)) v (V| ®/\Vp ® (@ A\ YpSi)])

par i£1 j i

VIV (Q A VpSir)) v (OVpU') V (VEpU).
RR i T
In the first disjunct, the big disjunction is over all partitions of U = S; - --- - .S,
such that for each i # 1 we have Sf = () and S; # U. (Note that in this case,
if S* = () it may be possible that for one i # 1 we have S; = U. Then the first
disjunct of the definition must be dpU — VpS; where VpS; = 0. But this does not
make any problem, since the definition of IpU is prior to the definition of VpU.)
In the second disjunct, the big disjunction is over all left semi-analytic rules that
are backward applicable to U in H. Since H is terminating, there are finitely
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many of such rules. The premises of the rule are ((Tjs)s); and ((S;),); and the
conclusion is U. In the third disjunct, the big disjunction is over all right semi-
analytic rules backward applicable to U in H. The premise of the rule is ((S;,););
and the conclusion is U. The fourth disjunct is on all semi-analytic modal rules
with the result U and the premise U’. And finally, since G has the H-uniform
interpolation property, by definition there exists I(U) as left p-interpolant of U.
We choose one such I(U) and denote it as V¥pU and include it in the definition.

To prove the theorem we use induction on the order of the sequents and we
prove both cases VpU and dpV simultaneously. First note that both VpU and
dpV are p-free by construction and since in all the rules the variables in the
premises also occurs in the consequence, we have V(VpU) C V(U*) UV (U®) and
V(3pV) C V(V*). Secondly, we have to show that:

(1) V- (= dpV) is derivable in H.
(77) U - (VpU =) is derivable in H.

We show them using induction on the order of the sequents U and V. When
proving (i), we assume that (i) holds for sequents whose succedents are empty
and with order less than the order of V' and (iz) holds for any sequent with or-
der less than the order of V. We have the same condition for U when proving (iz).

To prove (i), note that if V' is the empty sequent, then by definition IpV =1
and hence (i) holds. For the rest, we have to show that V' - (= X) is derivable in
H for any X that is one of the conjuncts in the definition of JpV. Then, using
the rule (RA) it follows that V' - (= JpV). Since V is of the form I" =, we have
to show I' = X is derivable in H.

o In the case that the conjunct is ( A @ IpS;), we have to show that for any
par i

non-trivial partition Sy - --- - S, of V' we have I' = @ dpS; is derivable in
H. Since the order of each S; is less than the order of V' and S} = (I'; =)

for 1 <17 < n where U I'; = I', we can use the induction hypothesis and we
have I'; = IpS;. Usmg the right rule for (®) we have I'y, --- , T, = @ IpS;
which is T' = ® 3pS.. Z

o For the second conjunct in the definition of dpV’, we have to check that for
every left semi-analytic rule we have

(& A VPTj:) @ (K /\ ¥pSin) — \/ ISi]).

i#EL T

is derivable in H. Therefore, V' is the conclusion of a left semi-analytic
rule such that the premises are ((T}s)s);, ((Si)r)i and (Si,), and hence the
order of all of them are less than the order of V. We can easily see that the
claim holds since by induction hypothesis we can add VpTj, and VpS;, to
the left side of the sequents T}js and S, for i # 1. And again by induction
hypothesis we can add dpS;, to the right side of the sequents S;,.. Then
using the rules LA, L® and RV the claim follows. What we have said so
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far can be seen precisely in the following:

Note that ((T}s)s); is of the form ((Hj,zzjs = §j3>5>]- and ((S;,)); is of the

form ((I';, s =),); and V is of the form
My, - M, Ty, Dyd =
Using induction hypothesis we have for every 1 < 7 < m
(I, ¥p T, 0 = Opn), -+, (1L, VT, js = ),

for every 1 < ¢ < n we have

(L's, VpSix, it =), (T4, VpSir, i =),
and for ¢ = 1 we have

(I'y, b1 = IpSi), -+, (T, b1 = IpSiy), - -
Hence, using the rule (LA), for every 1 < j < m we have

(115, /S\Vijsa%Eﬂ = 01), 7(Hj7é\VP7}sa@st = 0js),
and for every 1 < ¢ < n we have
(I, /T\\V/psir, i1 =), (I, /T\Vpsz‘r, i =),

and using the rule (RV), for i = 1 we have

(I'y, 97)11 = \/Hpsh), T 7(F17§£1r = \/3P51r) T

Substituting all these three in the original left semi-analytic rule (we can do
this, since in the original rule, there are contexts, A;’s in the right hand side
of the sequents S/, s), we conclude for IT =11y, --- [II,, and ' =Ty, --- | T,

H7 F7 ¢’ </\ VpT’js>j7 </\ VPSir>i761 = \/ 3pslr

where we have

</\ vpT‘js>] = /\valsa e 7/\va7718

and

</\ Vps’ir>i7&1 = /\VPSQT7 T /\vaTLT'
Now, using the rule (L®) we have

ILT, ¢, (® A VoTis) @ (Q A\ VpSi) = \/ IS,

i#1 T r

And finally, using the rule R — we conclude

ILT, ¢ = (@ AVpT) @ (Q A VpSi) = \ IpSi).

i#l T T
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o Consider the conjunct (J3pT”. In this case, T" must have been of the form
(Or =) and T of the form (I =-). By definition, the order of 7" is less than
the order of T'. Hence, by induction hypothesis we have 7" - (= JpT”) or in
other words I' = dpT’. Now, we use the rule K and we have (OI' = O3pT”
which means T - (= O3pT").

o The last case is 3pV. We have to show V(= 3pV) is provable in H which
is the case since GG has H-uniform interpolation property and by Definition
2.5.3b| part (i7i) there exists p-free formula J such that V- (= J) is derivable
in H. We chose one such J and call it 3%pV, hence V - (= 3%V) in H by
definition.

To prove (i7), note that if U is the empty sequent, then by definition VpU = 0
and hence (i7) holds. For the rest, we have to show that U - (X =) is derivable
in H for any X that is one of the disjuncts in the definition of VpU. Then, using
the rule (LV) it follows that U - (VpU =). Since U is of the form I"' = A, we have
to show that I'; X = A is derivable in H.

o In the case that the disjunct is (V (@ IpS; — VpSi)) we have to prove that
par iZ1

for any partitions of U = Sy - -+ - S, such that S§ = () for each i # 1 and
S1 # U, we have U - ((Q IpS; — VpSy) =). First, consider the case that
i#1

none of S;’s are equal to U (or in other words, S* # (}); then the order of

each S; is less than the order of S and we can use the induction hypothesis.

Since for ¢ # 1 the succedent of each S; is empty, we have S; = (I'; =) and

(I'; = IpS;) and using the rule R® we have (I'y,--- , T, = § IpsS;). And
i#1

for S; = I'y = A we have I'1,VpS; = A. Hence using the rule L — we
conclude

Iy, 0 @3S = VpsSi = A

i#1

and the claim follows.
In the case that U = (), it is possible that for ¢ # 1, one of S;’s is equal to
U. In this case what appears in the definition of VpU is dpU — VpS; which
is equivalent to IpU — 0. But, we can do this, since we defined JpU prior
to the definition of VpU and we have proved U - (= JpU) prior to the case
that we are checking now.

o In the case that the disjunct is (V [(® A VpTjs) @ (Q AVpSir)]), we have
LR j s i T
to prove that for any left semi-analytic rule that is backward applicable to
U in H we have U - (Q AVpTjs) ® (® AVpSi) =). The premises of the
j s i1 T

rule are ((Tjs)s); and ((Sir)r); and the conclusion is U. Since the orders
of all T}s’s and S;,’s are less than the order of U we can use the induction
hypothesis and have T}, - (VpTjs =) and S;. - (VpSi» =). Using the rule
(LA) for context sharing sequents (when j is fixed and i is fixed we have
context sharing sequents) and then using the rule (L®) for non context
sharing sequents (when s and r are fixed and we are ranging over j and i)
and then applying the same left rule we can prove the claim. The proof is
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similar to the second case of (i) and precisely it goes as the following: Using
induction hypothesis we have for every 1 < 7 < m

(1L, YpTy, 0 = O0), -+ 5 (1, VpTys, by = 0j5), - -
and for every 1 <17 < n we have
(s, ¥pSit, pir = Ai), -+, (Di, VSir, i = ), - -
Hence, using the rule (LA), for every 1 < j < m we have
(115, /S\Vijs»%Z_’jl = 01), »(ijé\VPﬂsa@/?js = 0js),
and for every 1 <17 < n we have
(I, /\Vpsim Qgil = AN;), -, (I, /\Vpsm ng'r = Nj), -
Substituting these two in the original left semi-analytic rule, we conclude
ILT, ¢, </S\Vijs>j, </T\ VpSir)i = A,
and using the rule (L®) we have

LT, 6, (@ AViTi) @ (@ A\ VpSi) = A.

In the case that the disjunt is (V (® AVpS;,)), we have to prove that for
RR i T

any right semi-analytic rule backward applicable to U in H, we have U -
(@ AVpSi =). In this case the premises of the rule are ((S),);, where

Siy = (I, ¢ir = ;) and the conclusion is U = (I'y,--- ,T,, = ¢). Since
the order of each S;, is less than the order of S, we can use the induction
hypothesis and for every 1 < i < n we have

(T3, VpSi, &1 = Vi), -+, (D4, VDS, b = iy, - -+
Using the rule LA we have
(s, /T\Vpsir, b = 7;1'1), e (T, /T\Vpsm bir = &ir); e
and substituting it in the original right rule, we conclude
L, </T\Vp5¢r>z‘ = ¢,
and using the rule (L®) we have

QA VpSi = 6.
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o For the case that the disjunct is OOVpU’ we have that U is the conclusion
of a semi-analytic modal rule and the premise is U’. Hence, U is of the
form (O = OA) and U’ is of the form (I' = A). Since the order of U’ is
less than the order of U, we can use the induction hypothesis and we have
(I, VpU’ = A). Now, using the rule K we can conclude (O, OVpU’ = OA)
which is equivalent to U - (OVpU' =).

o And finally, for the case that the disjunct is Y¢pU we have to show that
U - (V9pU =) holds in H, which does since G has H-uniform interpolation
property and by Definition part (i) there exists p-free formula I such
that U - (I =) is derivable in H. We choose one such I and call it V¢pU
and hence we have U - (VpU =) in H by definition.

So far we have proved (i) and (i7). We want to show that H has H-uniform
interpolation. Therefore, based on the Definition [2.5.35] we have to prove the
following, as well:

(¢ii) For any p-free multisets C and D, if V - (C' = D) is derivable in G then
IpV,C = D is derivable in H, where C' = C},--- ,Cy and |D| < 1.

(iv) For any p-free multiset 7C_', if U - (C' =) is derivable in G then C' = VpU is
derivable in H, where C' = C, -, C}.

Recall that V' is of the form (I' =) and U is of the form (I' = A). We will
prove (i7i) and (iv) simultaneously using induction on the length of the proof
and induction on the order of U and V. More precisely, first by induction on the
order of U and V and then inside it, by induction on n, we will show:

e For any p-free multisets C' and D, if V - gé = D) has a proof in G with
length less than or equal to n, then JpV,C' = D is derivable in H.

e For any p-free multiset C_’_, if U - (C =) has a proof in G with length less
than or equal to n, then C' = VpU is derivable in H.

Where by the length we mean counting just the new rules that H adds to G.

First note that for the empty sequent and for (iiz), we have to show that if
C = D is valid in G, then C,1 = D is valid in H, which is trivial by the rule
(1w). Similarly, for (iv), if C' = is valid in G, then C' = 0 is valid in H, which is
trivial by the rule (Ow).

For the base of the other induction, note that if n = 0, for (i) it means
that I',C' = D is valid in G. By Definition part (iv), 3%V, C = D and
hence IpV,C = D is provable in H. For iv), it means that T', C = A is valid
in G. Therefore, again by Definition , C = V°pU and hence C' = VpU is
provable in H.

For n # 0, to prove (#ii), we have to consider the following cases:

o The case that the last rule used in the proof of V' - (C = D) is a left semi-
analytic rule and ¢ € C' (which means that the main formula of the rule,
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¢, is one of Cy’s). Therefore, V - (C' = D) = (ILT, X,Y,¢ = A) is the
conclusion of a left semi-analytic rule and V' is of the form (II,I' =) and
C = (X,Y, ) and we want to prove (IpV, X,Y, ¢ = A). Hence, we must
have had the following instance of the rule

<<Hja Xjar‘/_}js = e_js>s>j <<Fz7 }71'7 Q_Sir = Az>r>z
ILT,X,Y, 0= A

where UII; = II, UT'; = T, UXJ' =X, Uf/; =Y and UA; = A. Consider
J 1 J 4 A
Tjs = (II; =) and S;, = (I'; =). Since T},’s do not depend on the suffix
s, we have Tj; = --- = T}, and we denote it by 7;. And, since S;,’s do not
depend on r, we have S;; = --- = 5;,. and we denote it by S;. Therefore,
Ty, , T, 51, -+ ,95, is a partition of V. First, consider the case that it
is a non-trivial partition. Then the order of all of them are less than the
order of V and since the rule is semi-analytic and ¢ is p-free then @js, éjs
and ¢;, are also p-free. Hence, we can use the induction hypothesis to get:

HPTjﬂzjsa)_(j = éjs ) ElpSivqgimz =AY

If we let {3pT;, X;} and {3pS;, Yi} be the contexts in the original left semi-
analytic rule, we have the following
<<3pT‘j7'&j57Xj = e_js>s>j <<3pSz7§£zraﬁ = A2>r>z
ElpTla U 7E|me7 Elpsla U 73psn7X7Y7¢ = A

Using the rule (L®) we have

(Q@3IT) ® (@3S, X, Y, 6= A.
J i
Therefore using the rule (LA), we have (IpV,C = D).

It1y,---,71,,5, ---,95, is a trivial partition of V', it means that one of
them equals V' and all the others are empty sequents. W.l.o.g. suppose
T, =V = (£ =) and the others are empty. Then we must have had the
following instance of the rule:

Therefore, V - (15, X; = 0},) for every j and s are premises of V- (C' = D),
and hence the length of their trees are smaller than the length of the proof
tree of V - (C' = D), and since the rule is semi-analytic and ¢ is p-free
then %s and éjs are also p-free. Hence, for all of them we can use the
induction hypothesis (induction on the length of the proof), and we have
IV, ;. X; = 0j,. Substituting {IpV, X;}, {X;}, {V;} and {A} as the
contexts of the premises in the original left rule we have
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(Vs X; = 050)s); ((Dir Yo = Ai)y)i
ap‘/? X? }77 ¢ j A

which is (3pV,C = D).

Consider the case where the last rule used in the proof of V' (C=D)isa
left semi-analytic rule and ¢ ¢ C. Therefore,

V- (C=D)=1LT,X,Y,¢ = A)

is the conclusion of a left semi-analytic rule and V' is of the form (IL, T, ¢ =)
and C' = (X,Y) and we want to prove (IpV, X, Y = A). Hence, we must
have had the following instance of the rule, which we denote by (})

<<Hj7Xj,¢js = 9j3>s>j <<Fz‘,37i; (Eir :>>r>i7é1 (Fl,Yh (Elr = A>r
I,I,X,Y,6 = A

where UII; =II, Ul =, UX; = X and UY; = Y.
7 1 7 7

Since, X ;s and Y;’s are in the context positions in the original rule, we can
consider the same substition of meta-sequents and meta-formulas as above
in the original rule, except that we do not take Xj’s and Y;’s as contexts.
More precisely, we reach the following instance of the original rule:

(M, s = 0i0)s); (i dir =)ebien (T1, 01, = A),
ILT, o= A

If we let Tjs = (11,95 = 0;5) and S;, = (I, ¢s =) for i # 1 and Sy, =
(T'y,¢1, = A), we can claim that this rule is back ward applicable to V
and Tj,’s and S;,’s are the premises of the rule. Hence, their orders are
less than the order of V' and we can use the induction hypothesis for them.
Note that we have V - (C' = D) is provable in H and from (1) we have that
Tjs - (Xj =) and for i # 1, S;. - (Y; =) and Sy, - (Y1 = A) are also provable
in H. Using the induction hypothesis we get

(X; = VpTy) , (Y;=YpSi)ian , (Y4,3pSi = A)

Note that we were allowed to use the induction hypothesis because for ¢ # 1
we have A; = 0 and A is p-free and Tj,’s and S;,’s meet the conditions of
(#74) and (4v) in the induction step. Now, using the rules (RA) and (LV)
we have

(Xj = /S\VPTJS) ) (Yfl = {n\vpsﬂ")l;ﬁl ) ({/1’ \7“/ Elpslr = A)

Denote (AVpTjs) as A; and (AVpS;,) as B; (for i # 1) and (\/ IpSh,) as C.
We have
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(X; = Aj); e (Y; = Bi)in

X =®4 Yo, Y= @B
j i1
— R® _
X7Yv277Yn:>(®A])®(®BZ> }/1,0:>A
j i1
— = L —
XV, (®@4;)®(® Bi) - C=A
7 i#1

Note that (® A;) ® (® B;) — C is defined as the second conjunct in the
j i#1 B
definition of IpV and hence using the rule (LA) we have (IpV,C = A).

Consider the case when the last rule used in the proof of V - (C' = D) is
a right semi-analytic rule. Therefore, V - (C' = D) = (I,C = ¢) is the
conclusion of a right semi-analytic rule and V' is of the form (I" =) and
D = ¢ and we want to prove (IpV,C = ¢). Hence, we must have had the
following instance of the rule

<<F'L> éiu (Eir = 2Eir>r>i
IC=¢

where UF =I" and UC = C. Denote (T; =) as S;. Then we have that

S, Sn is a partltlon of V. First consider the case where it is a non-
trivial partition of V. Therefore, the order of any 5; is less than the order
of V' and since the rule is semi-analytic and ¢ is p-free then ¥y, and qgir are
also p-free, we can use the induction hypothesis on the order, and get

pS;, Ci, dir = Vi
Now, substituting {3pS;, C;} as the context in the original rule, we get
IS, S, Crye o, Co =
then using the rule (L®) we have

and since @ JpS; appears as the first conjunct in the definition of JpV/,

using the rule (LA) we have (IpV,C = ¢).

It remains to investigate the case where Sy,--- , S, is a trivial partition of
V. W.lo.g. suppose S; = V and all the others are the empty sequents.
Hence, we must have had the following instance of the rule

<F, él? ler = 77217’>7‘ << éia qgir = 7sz'7‘>7‘>1‘7£1
IC=¢

We have, for all 7, V - (Cy, ¢1, = 1y,) are the premises of V - (C' = ¢).
Hence the length of tree proofs of all of them are less than the length of
proof of V' (C' = ¢) and since the rule is semi-analytic and ¢ is p-free then
Y1, and ¢y, are also p-free, we can use the induction hypothesis (induction
on the length of proof) and get IpV, Cy, d1, = 1y, Substituting {IpV, C;}
as the context in the original semi-analytic rule we get
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<E|pvv C_’17 QBIT = 1;17“>r << é@'a Q_ﬁir = &ir>r>i7$1
WV.C = ¢

which is what we wanted.

o And the final case is when the last rule used in the proof of V - (C' = D) is
a semi-analytic modal rule. Therefore, V - (C' = D) = (O, 0C" = OA) is
the conclusion of a semi-analytic modal rule and V' is of the form (OI' =)
and C' = 0OC" and D = OA), where ||JA|| < 1and V' = (I' =). We want
to prove (IpV, C = D). We must have had the following instance of the
rule

I,C'= A
Or,0C" = OA

Since the order of V"’ is less than the order of V', and C' and A are p-free,
we can use the induction hypothesis and get

IV, C" = A

Using the rule K or D (depending on the cardinality of (JA) we have
O3pV’,0C" = OA and since we have O3pV” as one of the conjuncts in
the definition of IpV', we conclude JpV, C' = D using the rule (LA).

Now, we have to prove (iv). Similar to the proof of part (iii), there are several
cases to consider.

o Consider the case where the last rule in the proof of U - (C' =) is a left
semi-analytic rule and ¢ € C. Therefore, U - (C' =) = (ILT, X,Y, ¢ = A)
is the conclusion of a left semi-analytic rule and U is of the form II,T"' = A
and C' = X,Y, ¢ and we want to prove X,Y, ¢ = VpU. Hence, we must
have had the following instance of the rule:

(0, X;, 155 = 0j5)s); (L, Vi, bir = D))
ILD, X, Y, ¢p= A

where UIL; = I, UT; =T, UX; = X, UY; = Y and UA; = A. Consider
i [ i [ 7

T;s = (II; =), S, =Ty = Ay, and for ¢ # 1 let S;, = (I'; =). Since Tj4’s
do not depend on the suffix s, we have Tj; = --- = T};; and we denote it by
T;. And, since S;’s do not depend on r for ¢ # 1, we have Sy = --- = 5,
and we denote it by S; and with the same line of reasoning we denote Sy,
by Si. Therefore, Ty, --- ,T,,, 51, -, 5, is a partition of U. First, consider
the case that S; does not equal U. Then the order of all of them are less
than the order of U (or in some cases that the others can be equal to U,
the length of their proof in the premises is lower) and since the rule is semi-
analytic and ¢ is p-free then @s, éjs and ¢;, are also p-free, we can use the
induction hypothesis to get (for i # 1):

Elpirjaqzjjsan = éjs 9 ElpSiaQ_SimY/i = ) Q_Slraifl = vpSlr
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If we let {3pT}, X;} and {3pS;,Y;} and {Y;} and {VpS),} be the contexts
in the original left semi-analytic rule, we have the following

<<E|pT‘j>zEjsan = éjs)s)j <<3p527¢;zr7}7; :>>7“>i7él <Q_51ra}71 = vpslr>r

ElpTla T 7E|me> Elps27 e 7E|pSn7 X> ?7 ¢ = VPsl
Using the rule (L®) we have

(X 3IT) @ (R IpSi), X, Y, ¢ = VpSh.
J i#1

Therefore using the rule (R —), we have

XY, ¢ = (QIT;) @ (K 3IpsSi) = VpSi.
j i£1

Since the right side of the sequent is a disjunct in the definition of VpU,
using the rule (RV) we have C, ¢ = VpU.

In the case that Ty,--- ,T,,, S1,---, S, is a trivial partition of U, it means
that either S; = U or U® = () and one of the others is equal to U. The latter
case is investigated in the previous case, so it only remains to consider the
first one.

If Sy =U =T = A, then all the others are the empty sequents. Then we
must have had the following instance of the rule:

<<¢]37 (9 > > <Q_5i7‘7 }71 :>>r>z;£1 <F7 ¢1r7 }_/1 = A)r

(
IX,Y,p=A

Therefore, U - (¢1,,Y; =) for every r are premises of U - (C' =), and hence
the length of their trees are smaller than the length of the proof tree of
U - (C =) and since the rule is semi-analytic and ¢ is p-free then ¢y, are
also p-free, which means that for all of them we can use the induction
hypothesis (induction on the length of the proof), and we have (¢y,,Y; =
VpU). Substituting {VpU}, {X;} and {Y;} as the contexts of the premises
in the original left rule and letting all the other contexts in the original left
rule to be empty we have

(Vjs, X; = 0j0)s);  ((Pir,
XY

Y; =), Vi1 (¢17, Y1 = VpU),
, ¢ = VpU

which is what we wanted.

Consider the case where the last rule in the proof of U-(C =) is a left semi-
analytic rule and ¢ ¢ C. Therefore, U - (C =) = (II,T, X,Y, ¢ = A) is
the conclusion of a left semi-analytic rule and U is of the form I, ', p = A
and C' = X,Y and we want to prove X,Y = VpU. Hence, we must have
had the following instance of the rule:

({00, X s = O5s)s); (T
I

) Vi b = Ad) )i
TIT.X, Y, 0= A

(1)
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where UII; =1II, UI'; =T, U)_(j =X, UY;=Y and UA,; = A.
J i J i i

Since, X 's and Y;’s are in the context positions in the original rule, we
can COIlSldel" the same substitution of meta-sequents and meta-formulas as
above in the original rule, except that we do not take X s and Y;’s in the
contexts. More precisely, we reach the following instance of the original
rule:

<<Hj72;js = éj3>8> <<F17 Qgir = Az>r>z
ILT, o= A

If we let Tj5 = (I1;, @Ejs = éjs) and S;, = (T, ¢ = A;), we can claim that
this rule is backward applicable to U and T},’s and S;,’s are the premises of
the rule. Hence, their orders are less than the order of U and we can use the
induction hypothesis for them. Note that we have U - (C' =) is provable in
H and from (}) we have that T}, - (X; =) and S;, - (Y; =) are also provable
in H. Using the induction hypothesis we get

Xj =Wl Yi= S,
Using the rule (RA) we get
X; = AVTjs  Yi= AVpSi
and using the rule (R®) we get

XY = @AW @ (@ AV9Si).

Since the right side of the sequent is appeared as the second disjunct in the
definition of VpU, using the rule (RV) we have C' = VpU.

Consider the case where the last rule in the proof of U - (C =) is a right
semi-analytic rule. Therefore, U - (C' =) = (I, C = ¢) is the conclusion of
a right semi-analytic rule and U is of the form I' = ¢ and we want to prove
C' = VpU. Hence, we must have had the following instance of the rule:

r = ¢l7‘>1">2

()

where UI'; =T and UC; = C.

With the similar reasoning as in the previous case, since C;’s are in the
context positions in the original rule, we can consider the same substitution
of meta-sequents and meta-formulas as above in the original rule, except
that we do not take C;’s in the contexts. More precisely, we reach the
following instance of the original rule:

<<Fzy éir = lzir>r>i
I'=9¢
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If we let S; = (T, ¢ = ir) we can claim that this rule is backward
applicable to U and S;,’s are the premises of the rule. Hence, their orders
are less than the order of U and hence we can use the induction hypothesis
for them. Using the induction hypothesis we get for every ¢ and r,

C; = VpS;,.
Using the rule (RA) we get C; = A VpS;, and then using the rule (R®) we
get C; = & AVpS;,. And since th; right side of the sequent is appeared as
one of the ldi;juncts in the definition of ¥pU, using the rule (RV) we have
C = VpU.

o And the final case is when the last rule used in the proof of U - (C' =) is a
semi-analytic modal rule. Therefore, U - (C' =) = (O, 0C" = TA) is the
conclusion of a semi-analytic modal rule and U is of the form (O = OA)
and C' = OC", where ||[JA|| < 1 and U’ = (I' = A). We want to prove
(C = VpU). We must have had the following instance of the rule

L,C'= A
Or,0c" = OA

Since the order of U’ is less than the order of U and C’ is p-free, we can use
the induction hypothesis and get

C' = VpU'

Using the rule K or D (depending on the cardinality of (JA) we have
UC" = OVpU’ and since we have [VpU' as one of the disjuncts in the
definition of VpU, we conclude C' = VpU using the rule (RV).

]

Theorem 2.5.39. Any terminating single-conclusion sequent calculus H that
extends FLe and consists of focused axioms and single-conclusion semi-analytic
rules, has H-uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.37| and The-
orem [2.5.38 ]

Corollary 2.5.40. IfFL. C L and L has a terminating single-conclusion sequent
calculus consisting of focused axioms and single-conclusion semi-analytic rules,
then L has uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.39| and The-
orem [2.9.36l 0

In the following application, we will use the Corollary [2.5.40| to generalize the
result of [2] to also cover the modal cases:

Corollary 2.5.41. The logics FLe, FLew and their K and KD wversions have
uniform interpolation.

Proof. Since all the rules of the usual calculi of these logics are semi-analytic
and their axioms are focused and since in the absence of the contraction rule the
calculi are clearly terminating, by Corollary [2.5.40, we can prove the claim. [
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Context-Sharing Semi-analytic Case

In this subsection we will modify the investigations of the last subsection to also
cover the context-sharing semi-analytic rules.

Theorem 2.5.42. Let G and H be two single-conclusion sequent calculi with the
property that the right and left weakening rules and the context-sharing (L —)
rule are admissible in H and H extends FLe. Then if H is a terminating sequent
calculus axiomatically extending G with single-conclusion semi-analytic rules and
context-sharing semi-analytic rules and G has weak H -uniform interpolation prop-
erty, so does H.

Proof. The proof is similar to the proof of Theorem [2.5.38] For any sequent U
and V where V* = () and any atom p, we define two p-free formulas, denoted by
VpU and dpV and we will prove that they meet the conditions in the definition
of weak H-uniform interpolation. We define them simultaneously and the defini-
tion uses recursion on the rank of sequents which is specified by the terminating
condition of the sequent calculus H.

If V' is the empty sequent we define dpV" as 1 and otherwise, we define IpV’
as the following:

A [QUAEPSi = YpSi) A (ANGPTs — YpTi)))

LRcs i#1 T S
®((/\ E|pTls — vals) — \/ Elpslr)]

AN (@ NAGEPSi = pSi) @ (Q NEpLjs = ¥pTh) = \/ IpShiy)

LRes ¢ T

AN\ @ 3pS:) A (OFpV') A (V).
par i

where for any sequent R, by R we mean R® =. In the first conjunct (the first
line), the first big conjunction is over all context-sharing semi-analytic rules that
are backward applicable to V in H. Since H is terminating, there are finitely
many of such rules. The premises of the rule are ((Tjs)s)i, ((Sir)r)iz1 and (Sy,)
and the conclusion is V, where Tj, = (I';, 10, = 0;) and Si = (Ty, s = A)
which means that S;.’s are those who have context in the right side of the se-
quents (A;) in the premises of the context-sharing semi-analytic rule. (Note that
picking the block (S},) between the S;. blocks is arbitrary and for any choice of
(S1,), we add one conjuct to the definition.)

In the second conjunct (the second line), the first big conjunction is over all left
semi-analytic rules that are backward applicable to V' in H. Since H is terminat-
ing, there are finitely many of such rules. The premises of the rule are ((Tjs)s);,
((Sir)r)iz1 and (Sy,) and the conclusion is V, where Tj; = (Hj,i/_}js = éjs) and
Sy = (T4, bir = A;) which means that S;.’s are those who have context in the
right side of the sequents (A;) in the premises of the left semi-analytic rule.
(Again note that picking the block (Sj,) between the S;,. blocks is arbitrary and
for any choice of (Sj,), we add one conjuct to the definition.)
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In the third conjunct (first one in the third line), the conjunction is over all
non-trivial partitions of V=57 - --- -5, and i ranges over the number of S;’s,
in this case 1 <17 < n.

The conjunct CJdpV’ appears in the definition whenever V' is of the form
(- =) and we consider V' to be (I' =). And finally, since G has weak H-
uniform interpolation property, by definition there exist J(V') as weak right p-
interpolant of V. We choose one such J(V) and denote it as 3pV and include
it in the definition.

If U is the empty sequent define VpU as 0. Otherwise, define VpU as the
following;:

V (QIAGPSi — ¥pSi) A \EpTis — VpTis)])

LRes @ T

vV (Q®AEpSi = ¥pSin)] @ [@Q AGpTLss — VpT;)])

LRes i T

VIV (Q AEpSi = ¥pSir)))
RR i T
v\ (Q@pS;) — ¥pSi) v (OEpU’ — ¥pU")) Vv (VEpU).
par i#1
In the first conjunct (the first line), the first big conjunction is over all context
sharing semi-analytic rules that are backward applicable to V' in H. Since H

is terminating, there are finitely many of such rules. The premises of the rule
are ((Tis)s)i, ((Sir)r); and the conclusion is V', where T;y = (T';,¢;s = 6;5) and

Sir = (Li; dir = Ay).

In the second conjunct (the second line), the first big conjunction is over
all left semi-analytic rules that are backward applicable to V in H. Since H
is terminating, there are finitely many of such rules. The premises of the rule
are ((Ts)s)j, ({Sir),)s and the conclusion is V', where T}, = (II;,v;, = 0;,) and

Sir = (Fi7¢ir = Ai)-

In the third disjunct (the third line), the big disjunction is over all right semi-
analytic rules backward applicable to U in H. The premise of the rule is ((S;,),);
and the conclusion is U.

In the fourth disjunct, the big disjunction is over all partitions of U =
Sy -+ -8, such that for each i # 1 we have S = () and S; # U. (Note
that in this case, if S* = ) it may be possible that for one i # 1 we have S; = U.
Then the first disjunct of the definition must be IpU — VpS; where VpS; = 0.
But this does not make any problem, since the definition of dpU is prior to the
definition of VpU'.)

The fifth disjunct is on all semi-analytic modal rules with the result U and
the premise U’. And finally, since G has weak H-uniform interpolation property,
by definition there exist I(U) as left weak p-interpolant of U. We choose one such
I(U) and denote it as V¥pU and include it in the definition.
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To prove the theorem we use induction on the order of the sequents to prove
both cases VpU and dpV simultaneously. First note that both VpU and dpV are
p-free by construction and since in all the rules the variables in the premises also
occurs in the consequence, we have V(VpU) C V(U*) U V(U®) and V(IpV) C
V(V). Secondly, we have to show that:

(i) V- (= 3JpV) is derivable in H.
(17) U - (¥pU =) is derivable in H.

The proof is similar to the proof of the Theorem [2.5.38] Therefore, we will prove
two cases, one for (i) and one for (ii), where there is a notable difference.

o In proving (i), we have to show that V- (= X) is derivable in H for any X
that is one of the conjuncts in the definition of dpV. Then, using the rule
(RA) it follows that V' - (= IpV). Since V is of the form I" =, we have to
show that I' = X is derivable in H.

Consider the case where X is the first conjunct in the definition of JpV.
In this case, we have to prove that for any context-sharing semi-analytic
rules that is backward applicable to V' in H, we have V - (= Y) in H,
where X = Apz.. Y. Therefore, V is the conclusion of a context-sharing
semi-analytic rule and is of the form (I', ¢ =) such that the premises are
((Tis)s)i and ((Si)r)i, where Tis is of the form (Fi,zﬁis = éis) and S;, is

of the form (T';, ¢; =) and we have {I'y,--- ,I',} = ['. Therefore, their
orders are less than the order of V. Moreover, since T;s = (7% =) and

Sir = (T =) and they are subsequents of T} and S;,, their orders are less
than or equal to the orders of T}, and .S;,. Hence, we can use the induction
hypothesis for all of them.

Using the induction hypothesis for T, Tis, S and Si,«, for ¢ # 1, we have
the following

i, is, V0T = 0is Ty tys = 3pTis,
i, ¢ir, V0Sir = Ti, by = 3pSir.
And using the induction hypothesis for Si,, 715 and Ty, we have
Ty ¢ = Sy, Do, VpTi, = 61, Dy, = 3T,

Now, using the left context-sharing implication rule, we have

Ty, is, T — VpTis = 054

Ti, G Elpgir — VpSi =

IS EIpTls — VpTy,s = Oy,

Now, first using the rules (LA) and (RV), we have
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Fi7 1;187 /\(Elp,—fzs - vpﬂs) = eis ) Fia Qgim /\(Hpgzr — vazr) =

S T

Fla @lea /\(Elpfls — vals) = 9_13 ) Fla Q_Slr = \/ Elpslr-

For simplicity, denote (Elpj}s — VpTis) as A;s and (Elpgw — VpS;.) as B;,.
If we use the rule (LA) again, and the rule left weakening only for Sj,, and
not changing the rule for 77,, we have

Ty, Yis, (ANAis NN\ Bi) = s » Ti dir, (ANAis NN\ Byy) =

Flﬂ/_ﬁs; NAis = éls , I, <51r>/\1415 =V IpSi,.

Now, it is easy to see that the contexts are sharing and we can substitute the

above sequents in the original rule. More precisely, in the original context-

sharing semi-analytic rule consider (I';, (A A;s AA By)) as the context of the
S T

premises (as I';’s in definition of a context-sharing semi-analytic rule [2.3.14))
for i # 1 and consider (I'y, A\ Ajs) as the context of the premises for i = 1 (as
S

I'y’s in definition of a context-sharing semi-analytic rule [2.3.14)). Therefore,
after substituting the above sequents in the original context-sharing semi-
analytic rule, we conclude

Iy, /\A137 TR (/\ Ais N /\Bir)iyéla ¢ = \/Elpslr

And finally, using the rule L& and R — we get
T, 6= (Q(A Ais A N\ Bir) @ (A Ars) = \/ IpS1)

il s T
and this is what we wanted.

To prove (it), we have to show that U - (X =) is derivable in H for any X
that is one of the disjuncts in the definition of VpU. Then, using the rule
(LV) it follows that U - (VpU =). Since U is of the form (I' = A), we have
to show that (I', X = A) is derivable in H.

In the case that the disjunt is:

V (QIAGPS: — ¥pSi) A NBpTi — YpTi)]),

LRes T

we have to prove that for any context-sharing semi-analytic rule that is
backward applicable to U in H we have

U - (QIA\GpSir — ¥pSir) A NEpTis — VpTis)] =).

7 T

The proof goes exactly as in the previous case (in proof of (i) for context-
sharing semi-analytic rules), except that this time the succedents of S;.’s
and U are not empty and A;’s and A appear in their positions everywhere.
And, we do not separate the cases T}, and Sy, and we proceed with the proof
considering the induction hypothesis for every ¢, in a uniform manner.
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Note that these two cases were the cases for the only rule that is not consid-
ered in the proof of For the proof of (i) for the other conjuncts and (i7)
for the other disjuncts, we proceed with the proof of the corresponding cases
as in the proof of , this time substituting (EIijS — VpTjs) for VpTjs and
(IpSir — VpSy,) for VpSy, wherever it is needed. One can easily see that the proof
essentially goes as before, considering this minor change.

Secondly, we have to prove the following, as well.

(73i) For any p-free multisets I' and A, if 7" - (I' = A) is derivable in G then
J(T),I' = A is derivable in H.

(iv) For any p-free multiset T, if S-(I' =) is derivable in G then J(S),T" = I(S)
is derivable in H.

Again, since the spirit of the proof is the same as the proof of Theorem [2.5.38]
we will prove two cases for the context-sharing semi-analytic rule, which were not
present in the Theorem We will prove (iii) and (iv) simultaneously using
induction on the length of the proof and induction on the order of U and V as in

the Theorem 2.5.38

o To prove (iii), consider the case where the last rule used in the proof of
V - (C = D) is a context-sharing semi-analytic rule and ¢ ¢ C. Therefore,
V-(C = D)= (I,C,¢ = A) is the conclusion of a context-sharing semi-
analytic rule and V is of the form (I', # =) and we want to prove (IpV, C' =
A). Hence, we must have had the following instance of the rule

(I, éi,&is = e_is>s>'i (I, Ci, éir =) )it (I'y, 017 ler = A),
I,C,p=A

where UII; = I, UI'; =T and UC; = C.
J ? 7

Since, C;’s are in the context positions in the original rule, we can consider
the same substition of meta-sequents and meta-formulas as above in the
original rule, except that we do not take C,’s as contexts. More precisely,
we reach the following instance of the original rule:

(I, T;is = éis>s>i ((I's, ng‘r :>>'r>z';é1 (I'y, €Z§1r = A),
o= A

If we let Ty, = (T, %5 = 0i5) and Sy = (T, s =) for i # 1 and Sy, =
(Fl,q_ﬁlr = A), we can claim that this rule is backward applicable to V
and T;,’s and S;,.’s are the premises of the rule. Hence, their orders are
less than the order of V' and we can use the induction hypothesis for them.
Furthermore, since T}, = (T =) and S;, = (S& =), their orders are smaller
than or equal to the orders of T;, and S;, and we can use the induction
hypothesis for them, as well. Using the induction hypothesis (informally
speaking, for the first two premises, use the induction hypothesis of V, and

for the last premise use the induction hypothesis of 3) we get
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(éia Elpﬂs = va‘zs) ) (élv Elpgzr = va'Lr)'L;él ) (éla ElpSlr = A)

Now, first using the rules (R —) and then using the rule (RA) and (LV)
we have

(C; = NGpTis — YpT}))
(éi = /\(Elpgir — vair))i;ﬁl
(017 \/ Elpslr = A)

Denote (AVpTjs) as A; and (A VpS;-) as B; (for i # 1) and (\V 3pSy,) as D.
We have for i # 1

and for i = 1 we have
Ci=4, , C,D=A.

Now, and using the rule (RA) for i # 1 we get C; = A; A B;. Together with
C; = A; and using the rule (R®) we get

Cy,Cy, - ,Cr = ®(Ai/\Bi) ® Ay

Consider the sequent C;, D = A and use the left weakening rule to get
él,ég,"' ,én,D:>A.
Now, use the rule left context-sharing implication to reach

(]

And, we are done.

For the proof of (iv), consider the case where the last rule in the proof of
U - (C =) is a context-sharing semi-analytic rule and ¢ € C. Therefore,

U-(C=)=T,X,0=A

is the conclusion of a context-sharing semi-analytic rule and U is of the form
I'= A and C = X, ¢ and we want to prove dpU, X, ¢ = VpU. Hence, we
must have had the following instance of the rule:

<<FZ7 Xh @Eis = éis)s)z
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where UT'; = T, U)_(j = X, and UA; = A. Consider Ty = (I'y =),

J 7

Sir = (I'y = Ay), and for ¢ # 1 let S; = (I'; =). Since T}5’s do not depend
on the suffix s, we have T;; = --- = T, and we denote it by T;. And, since
Si’s do not depend on r for i # 1, we have Sy; = - -+ = S, and we denote it
by S; and with the same line of reasoning we denote Sy, by S;. Therefore,
Sy, -+, Sy, is a partition of U. First, consider the case that S; # U. Then
the order of all of them are less than the order of U (or in some cases that
one of the others equals to U, the length of the proof is shorter) and since
the rule is context sharing semi-analytic and ¢ is p-free then 1/_12‘3 and Q_bir are
also p-free, we can use the induction hypothesis to get (for i # 1):

Elpﬂaz/;isaxijéis ) 3p5i7<13w7)2i:> ) 3p§17€2_51r,)_(1:>v]951

Note that for every i # 1 we have T; = S; and for ¢ = 1 we have T} = S,
and we can rewrite the above sequents according to this new information.
Hence, if we let {3pT;, X;} and {¥pS;} be the contexts in the original left
semi-analytic rule, we have the following

<<E|pT1'7 152-5,)@ = é’is>s>i <<E|pTia émxi :>>r>i;é1 <3pT17 ém Xl = VP51>7~
apTh e 73an7X7 (b = vaI

Using first the rule (L®) and second the rule R — we get

ElpTl? Xa ¢ = ® Elpﬂ — VPsl
i#1
Since Ts,--- ,T,,5 is a partition of U, the right hand side of the above
sequent is appeared as one of the disjuncts in the definition of VpU. And

since T} = U, we have o
dpU, C = VpU

and we are done.

We have to investigate the case when S; = U, as well. However, the line of
reasoning is as above and as in the case of VpU, and ¢ € C' in the proof of
the Theorem [2.5.38] The important thing is that in the case where S; = U,
with similar reasoning as above, at the end we get IpS;, C = VpS; which
solves the problem. Note that this case is one of the main reasons that we
have changed uniform interpolation to weak uniform interpolation.

And finally, to prove (iii) and (iv) for the other cases, use similar reasoning as in
the proof of Theorem [2.5.38| this time substituting (Ip7};s — VpTjs) for VpT}, and

(Elpgir — VpS;;) for VpS;, wherever it is needed, then the proof easily follows. [

Theorem 2.5.43. Any terminating single-conclusion sequent calculus H that
extends IPC and consists of focused axioms, single-conclusion semi-analytic and
context-sharing semi-analytic rules, has weak H-uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.37 and the
Theorem 2.5.42] O
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Corollary 2.5.44. If IPC C L and L has a terminating single-conclusion se-
quent calculus consisting of focused axioms, single-conclusion semi-analytic rules
and context-sharing semi-analytic rules, then L has uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.43] and the
Theorem 2.5.36 O

Corollary 2.5.45. [35] The logic IPC has uniform interpolation.

Proof. Use G4i, the Dyckhoff terminating calculus for IPC, introduced in the
Preliminaries section. Using the Theorem [2.5.36 it is enough to show that this
system has weak G4i-uniform interpolation. For this matter, note that all the
rules in this calculus, except the rules (Ly —) and (L; —) are semi-analytic,
while (L, —) is context-sharing semi-analytic and all the axioms are focused.
Therefore, the system has only one rule beyond our context-sharing semi-analytic
machinery, namely (L; —). However, note that the proof for the Theorem
is pretty modular which addresses any rule separately by adding its correspond-
ing disjunct or conjunct in the recursive definition of VpS and dpS, respectively.
Therefore, to prove the claim it is enough to add other disjunct and conjunct
terms to also address the rule (L; —). This is what we will implement in the
following;:

For VpS add the following terms as disjuncts to the definition of VpS as defined
in the proof of the Theorem [2.5.42;

V1 pS For any atom ¢ # p if ¢ € S* add ¢ — (3pS’ — VpS') where S' is S after
eliminating one occurrence of g in 5.

V2,pS For any atom q # p if ¢ — ¢ € S* for some formula ¢ add (Elpg’ —
VpS’') A q where S’ is S after replacing one occurrence of ¢ — v by ¥ in S°.

And for 9pS add the following terms as conjuncts:

JL.pS For any atom ¢ # p if ¢ € S add ¢ A IpS” where S’ is S after eliminating
one occurrence of ¢ in S®.

32,pS For any atom ¢ # p if ¢ — ¢ € S* for some formula ¢ add ¢ — IpS’ where
S’ is S after replacing one occurrence of ¢ — v by 1 in S°.

The first thing to check is that based on the well-founded order on the sequents
used for the system G4i, the sequent S’ in all cases is below the sequent S and
hence the recursive step is well-defined. This is clear because in two cases S’ is
a proper subsequent of S and in two other cases, we are replacing a formula of
the form ¢ — 1 by 1 which has lower rank according to the rank function we
introduced in the Preliminaries. Secondly, note that the number of disjuncts or
conjuncts that we are adding are clearly finite and hence VpS and dpS are well-
defined as formulas. Finally, note that we are only using ¢ # p in the terms and
hence VpS and pS remain p-free. Moreover, since in all cases V(S’) C V/(S),
by induction on the Dyckhoff’s order we have V(¥pS) C V(S%) U V(S*) and
V(IpS) C V(5?).
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Now we have to check that adding these terms respects the properties that
we have discussed in the proof of the Theorem [2.5.42] First, let us check that
adding the disjuncts V.,pS and V2,pS to VpS respects the property (ii) namely
G4it S - (VpS =). We have two cases to check:

For V!,pS, let us assume that S = (I',q = A). Then it is enough to prove
that I',¢,q — (IpS" — ¥pS’) = A where &' = (T' = A). Using the rule (L; —),
it is enough to prove the sequent I, ¢, (EIpS" — VpS’) = A. But note that by
the TH, we have I' = 3pS’ and I',¥pS” = A. Therefore, by applying (L —) and
weakening by ¢ (both admissible in G4i) we have T, ¢, (3pS’ — VpS') = A.

For V2,pS, let us assume that S = (I',q = ¢y = A). Then S’ = (I',¢ = A)
and we want to prove that T',q — v, (3pS’ — ¥pS’) A ¢ = A. Again using the
rule (L; —) itself, it is enough to prove I, q, 1, (3pS’ — ¥pS') = A. By IH we
have I',1) = 3pS’ and T, 4, V¥pS’ = A. By (L —) and weakening by ¢ (both
admissible in G4i), we can prove I, ¢, ¥, (IpS’ — ¥pS’) = A.

Now we will show that adding the conjuncts 3!,pS and 3%,pS to IpS respects
the property (i) namely G4iF S - (= 3pS) for any S such that S* = ().

For 3,pS, let us assume that S = (I', ¢ =>). Then it is enough to prove that
I',q = g A 3pS" where S" = (I" =). By the IH, we have I' = JpS’ and hence we
have what we wanted by (AR) and weakening by q.

For 32,pS let us assume that S = (I',q — ¢ =). Then S’ = (I',¢ =) and we
want to prove that I',qg — ¥ = ¢ — IpS’. Using the rule (— R), it is enough to
prove I', ¢, ¢ — ¢ = IpS’. By (L —) itself, it is enough to prove T, ¢,1 = IpS’.
But by IH we have I', ¢ = 3pS’ which implies what we wanted.

Now we are ready to check the other conditions, meaning:

(iii) For any p-free multisets C' and D, if S - (C' = D) is derivable in G4i then
IpS, C' = D is derivable in G4i for any S that S* = ().

(iv) For any p-free multiset C, if S-(C' =) is derivable in G4i then 3pS,C' = V¥pS
is derivable in G4i.

First let us prove (iv). It is enough to address the case that the last rule in
the proof of §'- (C' =) is the rule (L; —). There are four cases to consider:

e Both ¢ and ¢ — v are in C. This case is similar to the left semi-analytic
case in the proof of the Theorem [2.5.42f where the main formula is in C.

e Both g and ¢ — 1 are not in C'. This case is similar to the left semi-analytic
case in the proof of the Theorem [2.5.42| where the main formula is not in

C.

e g —1cCandq¢C. Since ¢ — ¢ is in C, it is p-free and hence ¢ # p
and 1 is p-free. We have

63



' g, =A
I'gq =9y =A

Define I = T' — C and C" = C — {q — ¢¥}. Therefore, S = (I",q = A).
Define S” = (I" = A). Since both ¢ and v are p-free and S’ is a proper
subsequent of S and hence lower than S in the Dyckhoff’s order, by IH,
3pS’, C",q, ¢ = V¥pS'. By (L, =) we have 3pS’, C", q,q — 1) = ¥pS’ Hence,
C',q — V¥ = q— (IpS’ — ¥pS'). Since the right hand-side is a disjunct in
VpS, we have ¢ — ¢, ' = VpS and by weakening IpS, g — ¢, C" = VpS.

e ¢~ ¢ CandqeC. Since g € C, it is not p itself. Again, we have

I'qg,v = A
I'gq =9y =A

Define I = I' — C and C" = C — {q}. Therefore, S = (I",q — ¢ = A).
Define 8" = (I",v = A). Since ¢ is p-free and S’ is lower than S in
the Dyckhoff’s order, by IH, 3pS’,C’,q = VpS’. Hence, C',q¢ = (IpS' —
VpS’)Aq. Since the right hand-side is a disjunct in VpS, we have ', q = VpS
and by weakening 3pS, ¢, C" = VpS. .

For (éi7), again there are four cases:

e Both ¢ and ¢ — 1 are in C. This case is similar to the left semi-analytic
case in the proof of the Theorem [2.5.42 where the main formula is in C.

e Both g and ¢ — 1 are not in C. This case is similar to the left semi-analytic
case in the proof of the Theorem [2.5.42] where the main formula is not in

C.

e g~ cCandqé¢C. Since ¢ — 1 is in C, it is p-free and hence ¢ # p
and 1 is p-free. We have

I'q,p=D
Iq,q ¢ =D

Define I' = T' — C and ¢’ = C — {q¢ — ¢}. Therefore, S = (I",q =).
Define S’ = (I" =-). Since both ¢ and 1) are p-free and S’ is a proper
subsequent of S and hence lower than S in the Dyckhoff’s order, by IH,
IpS’,C", q,v» = D. By (L, —) we have IpS’,C",q,q — ¢ = D Hence,
(ApS’ A q),C",q — 1 = D. Since (IpS’ A q) is a conjuct in IpS, we have
IS, q — 1, C" = D.

e g1 ¢ C and ¢ € C. Since ¢ € C, it is not p itself. again, we have

I,q,9=D
I,q,q ¢ =D

Define I' = I' = C and ¢’ = C — {q}. Therefore, S = (I',q — 1 =).
Define S’ = (I",¢ =). Since ¢ is p-free and S is lower than S in the
Dyckhoff’s order, by IH, 3pS’,C",q = D. Hence by (L, —), we have
C'.q — 3IpS’,q = D. Since ¢ — IpS’ is a conjunct in IpS, we have
IpS,C",q = D.

]
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2.5.2 The Multi-conclusion Case

Finally we will move to the multi-conclusion case to handle the more general form
of semi-analytic rules.

Theorem 2.5.46. Let G and H be two multi-conclusion sequent calculi and H
extends CFLe. Then if H is a terminating sequent calculus axiomatically ex-
tending G with multi-conclusion semi-analytic rules and G has strong H-uniform
interpolation property, so does H.

Proof. For a given sequent S = (I' = A) and an atom p, we define a p-free
formula, denoted by VpS and we will prove that it meets the conditions for the
strong left and right p-interpolants of S, respectively.

If S is the empty sequent define VpS as 0. Otherwise, define VpS as

V(R AVpSi) v\ (@ VpS:) v (OpS') v (=O0-¥pS”") v (VpS)

R par ¢

where the first disjunction is over all multi-conclusion semi-analytic rules back-
ward applicable to S in H, which means the result is S and the premises are
Sir. Since H is terminating, there are finitely many of such rules. The second
disjunction is over all non-trivial partitions of S. The third disjunction is over all
semi-analytic modal rules with the result S and the premise S’. Moreover, If S
is of the form I' =, then we consider S” to be I' = and —[0-VpS” must be ap-
peared in the definition of ¥pS. And finally V“pS is the strong left p-interpolant
of a sequent S in G relative to H.

We define the strong right p-interpolant of S as —VpS and we denote it by

dpS. Note that if we prove VpS is the strong left p-interpolant, it is easy to show
that dpS meets the conditions for the strong right p-interpolant. The reason is
the following: First we have to show that I' = A, 9pS is provable in H. But we
have I', VpS = A is provable in H and using the rule (Ow), we have I', VpS = A, 0
which means I' = A, =VpS is provable in H.
Secondly, we have to show that if for p-free multisets ¥ and A, if I', ¥ = A, A is
derivable in G, then dpS, Y = A is derivable in H. However, we have ¥ = A, VpS
is derivable in H and using the axiom 0 = we can use the rule (L —) to get
¥, =VpS = Ain H.

Now, let us prove that VpS meets all of the conditions of a strong left p-
interpolant. The proof is similar to the proofs of the Theorems [2.5.38 and [2.5.42]
To prove the theorem we use induction on the order of the sequents. First note
that VpS is p-free by construction and since in all the rules the variables in the
premises also occurs in the consequence, we have V(VpS) C V(S%) U V(S*).
Secondly, we have to show that:

(i) S-(VpS =) is provable in H.

We have to show that I'; X = A is derivable in H for every disjunct X in the
definition of VpS.
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o In the case that the disjunct is V(® A VpS;,), we have to show that for any
R i r

multi-conclusion semi-analytic rule R with the premises S;. we have

(2

where S is of the form (I'y,--- , I, = Ay, -+ | A,) and S;, is of the form
(T, bir = Uiy, A;). Note that since S).s are the premises of the rule, the
order of all of them are less than the order of S and we can use the induction
hypothesis for them. We have for every ¢ and r

i, Gir, VDSt = tip, A
Using the rule (LA) we have for every 4

Ty, i, /\Vpsz'r = tir, A

Using I';, A VpS;. as the left context in the original rule (we can do this,

since A VpS;. does not depend on r and it only ranges over i), we have
Pla e 7Fn7 </\Vpszr>za ¢ = Al? e 7An

and then using the rule (L®), we have

Fl?"' >Fn7<®/\vpszr)a¢ = Ala"' 7An~

o In the case that the disjunct is \/ @ VpS;, we have to show that for any

par
non-trivial partition Sy,---,S, of S we haveS - (@ VpS; =) is derivable
in H. Since the order of each S; is less than the Z)rder of S, we can use
the induction hypothesis for them and get (I';, VpS; = A;). Using the rule
(L) we get I'y,--- [y, (B VYPSi) = Ay, -+, Ay

o The proof of case that the disjunct is [OVpS’ is exactly the same as the
similar case in the proof of the Theorem [2.5.38|

o In the case that the disjunct is =[(J=VpS”, the sequent S must have been
of the form (OI' =) and S” is of the form (I" =). Since the order of
S” is less than the order of S, we can use the induction hypothesis and get
(I',VpS” =) is derivable in H. Using the rule (Ow) and then the rule (R —)
we have (I' = —VpS”). Using the rule (K) we have (OI' = O-VpS”) and
together with the axiom (0 =) we can use the rule (L —) and we have
(Ar, -0-VpS” =) is derivable in H.

o The case for V¢pS, holds trivially by definition.
Second, we have to show that

(ii) For any p-free multisets C and D, if S-(C = D) is derivable in G then
C = VpS, D is derivable in H.
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We will prove it using induction on the length of the proof and induction on the
order of S. More precisely, first by induction on the order of S and then inside
it, by induction on n, we will show:

e For any p-free multisets C' and D, if S - (C' = D) has a proof in G with
length less than or equal to n, then C' = VpS, D is derivable in H.

First note that for the empty sequent, we have to show that if C = D is valid in
G, then C' = 0, D is valid in H, which is trivial by the rule (Ow).

For the base of the other induction, note that if n = 0, it means that
I'C = D,A is valid in G. Therefore, by Definition [2.5.35] C' = v&pS, D and
hence C' = VpS, D is valid in H.

For n # 0 we have to consider the following cases:

o Consider the case that the last rule used in the proof of S - (C' = D) is a
left multi-conclusion semi-analytic rule and ¢ € C' (which means that the
main formula of the rule, ¢, is one of Cy’s). Therefore, S - (C = D) =
(I, X,¢ = D, A) is the conclusion of the rule and S is of the form (I' = A)
and C' = (X, $) and we want to prove (X, ¢ = VpS, D). Hence, we must
have had the following instance of the rule:

<<an Xi: Qgir = QZim Dia A7,>7'>z
I X,6=D,A

where UF =T, UX X, UD D and UA A. Consider S;,. = (I'; =

Ay). Smce Sir’s do not depend on the sufﬁx r, all of them are equal and we
denote it by S;. Therefore, Sy,--- .S, is a partition of S. First, consider
that it is a non-trivial partition of S. Then the order of all of them are less
than the order of S and since the rule is semi-analytic and ¢ is p-free then
& and 1);, are also p-free, we can use the induction hypothesis to get for
every ¢ and r:
Xi, bir = Vir, Di, VDS,

If we let X; and Di, VpS; be the contexts in the left side and right side in
the original rule, respectively, we have the following

Xa(b = D7VPSb T 7van
Using the rule (R®) we have
X,¢ = D,PVpS;

Since the right side of the sequent is a disjunct in the definition of VpU,
using the rule (RV) we have C, ¢ = V¥pS, D.

In the case that Sy,---,.5, is a trivial partition of S, it means that one of
them equals S. W.l.o.g. suppose S; = S and all of the others are the empty
sequents. Then we must have had the following instance of the rule:
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<<<13mXi = 1@'7«, Di>r>i;ﬁ1 (I, Ggh«, X, = 1217«, Bl; A),
¢, X =D,A

Therefore, S - (¢, X1 = ¢1,, Dy) for every r are premises of S - (C' = D),
and hence the length of their trees are smaller than the length of the proof
tree of S - (C' = D) and since the rule is semi-analytic and ¢ is p-free then
é1, and ¢y, are also p-free, which means that for all of them we can use the
induction hypothesis (induction on the length of the proof), and we have
(¢1r, X1 = VpS, 11, D1). Substituting {X;} and {¥pS, D} as the contexts
of the premises in the original rule we have

<<§giraXi = ,17Z_}ir7Di>T>i;£1 <Q_SlT’aX1 :>VP57 77Z_J17"aljl>r
X, 6= VpS,D

which is what we wanted.

Consider the case where the last rule in the proof of S - (C = D) is a left
multi-conclusion semi-analytic rule and ¢ ¢ C. Therefore, S - (C' = D) =
(I',C,¢ = D, A) is the conclusion of the rule and S is of the form I', ¢ = A
and we want to prove C' = VpS, D. Hence, we must have had the following
instance of the rule:

<<Fl7 éi? (Z_siT = 1;1'7"7 Di7 Az>r>z
IC,¢=D,A

where UFlZF, Uéz:é, UDZ:Dand UAz:A

Since, C;’s and Dj;’s are in the context positions in the original rule, we
can consider the same substitution of meta-sequents and meta-formulas as
above in the original rule, except that we do not take C;’s and D;’s in the
contexts. More precisely, we reach the following instance of the original
rule:

<<F'L: éir = 7/_}1'7“7 Az>r>z
o= A

If we let S = (T'y, i = ir, A\;), We can claim that this rule is backward
applicable to S and S;,’s are the premises of the rule. Hence, their orders
are less than the order of S and we can use the induction hypothesis for
them. Using the induction hypothesis we get for every ¢ and r

C; = YpSir, D;
Using the rule (RA) we get for every i
C; = /\Vpsir, D;

and using the rule (R®) we get

Since the right side of the sequent is appeared as one of the disjuncts in the
definition of VpS, using the rule (RV) we have C' = VpS, D.
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o Consider the case when the last rule used in the proof of S - (C = D) is a
semi-analytic modal rule. Therefore, S - (C' = D) = (O, OC" = OD') is
the conclusion of a semi-analytic modal rule. Hence, there are two cases to
consider.

The first one is the case where S is of the form (OI' =) and C' = OC"
and D = OD’, where ||[OD/|| < 1 and S” = (I' =). We want to prove
(C = VpS, D). We must have had the following instance of the rule

I,C'= D
Or,0c" = 0D’

Since the order of S” is less than the order of S and C" and D’ are p-free,
we can use the induction hypothesis and get

C' = VpS”, D
Using the axiom (0 =) and the rule (L —) we have
C', ~pS" = D’
Now, using the rule K or D (depending on the cardinality of D) we have
Oc", 0-vpS” = 0D’
and using the rule (Ow) and (R —) we get
OC" = -0O-vpsS”, 0D’
since we have —[0-VpS” as one of the disjuncts in the definition of VpS, we

conclude C' = VpS, D using the rule (RV).

The second case is when S is of the form OI' = OD', where D' is a p-free
formula and S’ is of the form I' = D. We want to prove C' = VpS. Then
we must have had the following instance of the rule

r,C'= D
Or,0cC" — 0D’

Since C’ is in the context position of the original rule, we can consider the
same substitution of meta-sequents as above in the original rule, except that
we do not take C' in the context. More precisely, we reach the following
instance of the original rule:

= D
0r = gdp’

Therefore, this rule is backward applicable to S and the order of the premise,
S’, is less than the order of S and we can use the induction hypothesis
for that to reach C' = VpS’. Then we can use the rule K and we get
OC" = OVpS’, which is a disjunct in the definition of VpS and we have
C = VpsS.
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o The case for the right multi-conclusion semi-analytic rules is similar to the
cases for the left ones disccused in this proof, and the proof of other two
cases are similar to the proof of the same cases in the Theorem [2.5.38]

O

Theorem 2.5.47. Any terminating multi-conclusion sequent calculus H that ex-
tends CFLe and consists of focused axioms and multi-conclusion semi-analytic
rules, has strong H-uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.37| and The-
orem [2.5.46l ]

Corollary 2.5.48. If CFL. C L and L has a terminating multi-conclusion se-
quent calculus consisting of focused axioms and multi-conclusion semi-analytic
rules, then L has uniform interpolation.

Proof. The proof is a result of the combination of the Theorem [2.5.47| and The-
orem [2.5.36l O

Using the Theorem [2.5.48 we can extend the results of [2] and [7] to:

Corollary 2.5.49. The logics CFL., CFL¢y and CPC and their K and KD
modal versions have uniform interpolation property.

Proof. For CFLg, CFL,,, since all the rules of the usual calculus of these logics
are semi-analytic and their axioms are focused and since in the absence of the
contraction rule the calculus is clearly terminating, by Theorem [2.5.48 we can
prove the claim. For CPC use the contraction-free calculus for which the proof
goes as the other cases. O]

In the negative side we use the negative results in [7], [16] and [17] to ensure
that the following logics do not have uniform interpolation. Then we will use the
Theorems [2.5.40}, [2.5.44] and [2.5.48[ to the non-existence of terminating calculus
consisting only of semi-analytic and context-sharing semi-analytic rules together
with focused axioms.

Corollary 2.5.50. The logic K4 does not have a terminating single-conclusion
(multi-conclusion) sequent calculus consisting only of single conclusion (multi-
conclusion) semi-analytic and context-sharing semi-analytic rules plus some fo-
cused azxioms.

Corollary 2.5.51. Ezcept the logics IPC, LC, KC, Bds, Sm, GSc and CPC,
none of the super-intutionistic logics have a terminating single-conclusion se-
quent calculus consisting only of single conclusion semi-analytic rules and context-
sharing semi-analytic rules plus some focused axioms.

Corollary 2.5.52. Ezxcept at most six logics, none of the extensions of S4 have a
terminating single-conclusion (multi-conclusion) sequent calculus consisting only
of single conclusion (multi-conclusion) semi-analytic rules and context-sharing
semi-analytic rules plus some focused axioms.
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3. Proof Complexity of Focussed
Calculi

3.1 Introduction

In the field of proof theory, proof systems, as the main players of the game, deserve
to be considered as the objects of the study themselves. Regarding this matter,
there are various problems to attack. One of them is investigating whether some
special kinds of proof systems exist and if they do, what properties they or their
corresponding logics posses, including the Craig or uniform interpolation of the
corresponding logic, or the complexity of proofs in the given proof system.

These problems have been studied by many researchers (for instance [10], [22]
and [23]). In [22] and [23], Iemhoff inspected the relationship between a specific
kind of proof system and the uniform interpolation property of the logic that the
proof system captures. She introduced the so-called focused rules and axioms,
and studied the sequent calculi only consisting of these rules and axioms, which
she named focused calculi. Roughly speaking, a focused axiom is just a modest
generalization of the axioms of the classical sequent-style proof system, LK. A
focused rule is a rule where only one side of its sequents, either left or right, is
active in all the premises and in the conclusion and also all the variables in its
premises occur in its conclusion. For instance, the usual conjunction and disjunc-
tion rules in LK, are focused, while the cut rule is not. After her formalization
of the focused rules and focused axioms, she provided a method to prove that
a super-intuitionistic logic enjoys the uniform interpolation property if it has a
terminating focused proof system. Since there are only seven super-intuitionistic
logics with the uniform interpolation property, she finally excluded almost all the
super-intuitionistic logics (except at most seven of them) from having a focused
proof system.

Inspired by Temhoff’s work, [I] proposed a generalization of focused rules,
called semi-analytic rules, to cover a wider range of proof systems for a wider
range of logics. Stated informally, in a semi-analytic rule, the side condition is
relaxed and the formulas can appear freely in any side of the sequents in the
premises and the conclusion. Temhoff’s results in [22] and [23] are then strength-
ened to also hold for these rules. It implies that many substructural logics and
almost all super-intuitionistic logics (except at most seven of them) do not have
a sequent style proof system only consisting of semi-analytic rules and focused
axioms.

This paper is a sequel of [I] in its extension of the negative results of [22] and
[23] to the remaining cases in which the interpolation property exists. For this
purpose, we change our focus from the existence of a proof system of some kind
to its efficiency to show an exponential lower bound for the focused proof systems
of a certain sort. Beside the clear impacts in the study of focused rules, these
lower bounds can also be considered as the basic steps in a universal approach
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to the proof complexity of the propositional proof systems. In such an approach,
we are interested in investigating the proof lengths of a given sequence of tau-
tologies in a generically given proof system with a certain form of axioms and
rules. The method we use here is the well-known technique in proof complexity
called the feasible interpolation. It reduces a problem in proof complexity to a
problem in circuit complexity by extracting a Boolean circuit for an interpolant
from a given proof for an implication, where the size of the circuit is polynomi-
ally bounded by the size of the proof. The feasible interpolation property for
various classical calculi has been studied by Krajicek[27], Pudlédk[36], and Pudlak
and Sgall[40]. For the intuitionistic calculus, the feasible interpolation theorem
was proved by Pudldk in [39] based on the feasible witnessing of the disjunc-
tion property developed in [§]. Buss and Pudldk in [9] and Buss and Mints
in [§] studied the connection between intuitionistic propositional proof lengths
and Boolean circuits. In [2I], Hrubes showed the connection is tighter in the
sense that the circuit in question in [9] and [8] is monotone. Here we will use
the technique of [21] as we will explain in a moment. For more information on
feasible interpolation and its role in proof complexity, the reader is refered to [3§].

In this paper, we will prove two lower bounds, one for the classical logic and
the other for super-intuitionistic logics. For the first one, we will define a nat-
ural subclass of the focused rules, which we will call polarity preserving focused,
PPF, rules. Then, we show that there are CPC-tautologies with exponential
proof lengths in any proof system only consisting of PPF rules and focused ax-
ioms, which we call PPF calculi, while they have polynomial proof lengths in LK.
This shows an exponential speed-up of the Frege-style proof system for classical
logic with respect to any PPF calculus. To prove the similar exponential lower
bound for intuitionistically valid formulas, we first define monotonicity preserving
focused, MPF, rules and subsequently MPF calculi. Then, we will use the men-
tioned lower bound technique developed by Hrubes in [20] and [2I] to obtain an
exponential lower bound for the lengths of proofs of particular IPC-tautologies
in MPF calculi, while they have polynomial length proofs in LK.

3.2 Preliminaries

In this section, we will present some definitions and notions that will be needed
in the rest of the paper.

Note that any finite object O that we use here, such as a formula or a proof,
can be represented by a fixed suitable binary string and by |O] we mean the
length of the string representing the object.

In this paper, we work with the usual propositional language {A,V,—, —
, L, T}. By IPC and CPC we mean intuitionistic and classical propositional
logics, respectively. By meta-language, we mean the language in which we define
the sequent calculi. A meta-formula is defined inductively; an atom and a for-
mula symbol are meta-formulas and we can construct new meta formulas using
the existing ones and the connectives of the language. A meta-multiset is a set
of meta-formulas and meta-multiset variables. By V' (A), we mean the atoms and
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meta-formula variables of the meta-formula A.

By a sequent I' = A, we mean an expression where [' and A are multisets and
it is interpreted as AI' — V A. A meta-sequent is essentially a sequent defined
by meta-multisets. A rule is an expression of the form:

Tla"' 7Tn
T

where T;’s and T' are meta-sequents. A sequent calculus is a set of rules.

By monotone LK, mLK, we mean the sequent calculus consisting of the ax-
ioms of LK, the structural rules (exchange, weakening, contraction), and its usual
conjunction and disjunction rules.

A calculus G is sound for logic L, if G =T = A implies LEF AT — VA. It is
called complete if L = AT — \V A implies G+ I" = A and feasibly complete if the
length of the tree-like proof is polynomially bounded by the sequent, i.e., there
exists a tree-like proof m of I' = A in G such that |7| < |I' = A9, We say that
logic M is an extension of logic L, if L - A implies M = A. We say a calculus
H is an extension of a calculus G, if for any rule of G, if all the premises are
provable in H, then the consequence is also provable in H. Moreover, H is called
an aziomatic extension of G, when all the provable sequents of GG are considered
as axioms of H, and H can add some rules to them.

A logic L is called sub-classical if CPC extends L. In the same way, a calculus
G is called sub-classical if LK extends G.

A logic L (calculus G) has the Craig interpolation property when for any
formula ¢ — v (sequent I' = A), if L+ ¢ — ¢ (G T = A) then there exists a
formula 6 such that V(0) C V() NV (y) (V(O) CV(I)NV(A))and L+ ¢ — 0
and L6 - ¢ (GFT = 6and G+ 6 = A). The calculus G has feasible
interpolation if for any tree-like proof m of I' = A, there exists an interpolant
such that 0| < |7|°W).

3.3 Focused Calculi

In this section we will give the definitions of the focused axioms, rules and calculi,
which are the building blocks of the rest of the paper.

Definition 3.3.1. A rule is called focused (a left focused rule, L, or a right
focused rule, R) if it has one of the following forms:

(L, Q_Sir = Ag) i)y I (T = Q_Sira Aq) )iy
F17"'7Fn7¢:>A17"'7An Pla"'vrn:>¢7A17"'7An

R

where I';’s and A;’s are meta-multiset variables, QEW is a multi-set of formulas,
and U;, V(¢ir) € V(¢). By the notation ((-));, we mean the sequents first range
over 1 <r <m; and then over 1 <i <mn.
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Example 3.3.2. The usual conjunction and disjunction rules in LK are focused.
On the other hand, the implication rules:

I'= ¢, A o= A o=y, A
X, 0= =AA '=¢—vY, A

are not focused, simply because both sides of the sequents are active.

Definition 3.3.3. A sequent is called a focused axiom if it is of the following
form:

(1) Identity axiom: (¢ = ¢)

(2) Contest-free right aziom: (= &)
(3) Context-free left axiom: (f =)

(4) Contextual left aziom: (T, = A)
(5) Contextual right aziom: (T = ¢, A)

where I' and A are meta-multiset variables and in 2 — 5, the set of the variables
of any two elements of a, B and ¢ must be the same.

Example 3.3.4. [t is easy to see that the azioms of LK, (¢ = ¢), ([' = T,A)
and (I'; L = A) are focused. Here are some more examples which are not in LK:

o9 = , = ¢0
F,ﬂT=>A , F:>A,—|J_

First let us investigate the power of focused rules and focused axioms. The
natural question to ask is whether it is possible to have a calculus consisting only
of these rules and axioms, that is complete for some given logic. For CPC the
answer is yes, and the following theorem can be considered as a witness of the
power and naturalness of focused axioms and rules.

Theorem 3.3.5. CPC has a sequent calculus consisting only of focused rules
and focused azxioms.

Proof. Consider a sequent calculus containing the usual axioms of CPC and the
following axioms:

Axioms:

o= ¢ ¢, ¢ = = ¢, ¢

The usual left and right rules for disjunction and conjunction and the following
rules for implication:
F:>_‘¢71/J7A F17ﬁ¢:>Al F2a¢:>A2
I'=¢—¢,A [, Te,0 = ¢ = Ay, Ay
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And finally, for any combination =V, =A, and == we have the corresponding
right and left rules, using De Morgan’s laws. For instance, we have

I'= -9, A
= =(@Ay)

It is easy to check that all the rules of this sequent calculus are focused and the
system is sound and complete for CPC. The proof of the completeness part is
based on the observation that if I',T” = A, A’ is provable in the usual calculus
for classical logic, then I', =A = —I", A’ is provable in the new calculus. The
proof is an easy application of induction on the length of the usual LK proof of
L= A A m

A R=A

So far, we have seen some definitions and a sequent calculus consisting only
of focused axioms and rules. Now, it is time to examine how effective such a
characterization can be. For this purpose, from now on we will restrict our inves-
tigations to two natural sub-classes of focused rules, polarity preserving focused,
PPF rules, and monotonicity preserving focused, MPF rules.

Definition 3.3.6. Let P be a set of meta-formula variables or atomic constants.
A meta-formula 1) is called P-monotone if for any ¢ € P, all occurrences of ¢
in Y are positive, i.e., ¢ does not occur in the scope of negations or in the an-
tecedents of implications. A multiset I' of meta-formulas is called P-monotone if
all of its elements are P-monotone.

A meta-formula is called monotone if it is constructed by conjunctions and dis-
junctions on meta-formula variables, atomic constants and variable-free formulas.

Remark 3.3.7. Note that since any variable-free formula is classically equivalent
to T or L, then any monotone formula in our sense is classically equivalent to the
usual monotone formulas i.e., the formulas constructed from atomic formulas by
applying conjunctions and disjunctions. Therefore, from now on, in the classical
settings, we always assume that a monotone formula has the mentioned simpler
form.

Definition 3.3.8. A focused rule is called polarity preserving, PPF, if it preserves
P-monotonicity backwardly for any P, i.e., if the antecedent of the consequence
is P-monotone, then the antecedents of all the premises are also P-monotone.
It is monotonicity preserving, MPF, if it is focused and preserves monotonicity
backwardly, in the same way.

Example 3.3.9. All analytic focused rules in the language of CPC, the focused
rules in which any formula in the premises is a subformula of a formula in the
consequence, are both PPF and MPF.

3.3.1 The Classical Case

Let us first see a relationship between focused calculi and the Craig interpolation
property.

Theorem 3.3.10. Let G be a sequent calculus extending mLK and only con-
sisting of focused rules and focused axioms. Then, G has feasible interpolation

property. Moreover, if the rules are also PPF and I' is P-monotone, then I' = A
has a feasible P-monotone interpolant.
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Proof. We need to prove that to any provable sequent I' = A, we can assign a
formula C' such that G- T' = Cand GF C = A and V(C) CV(I')NV(A). Use
induction on the length of the proof 7 of the sequent I' = Ain G. If ' = Ais a
focused axiom, it is easy to see that in different cases of the focused axioms, the
interpolant C' is either ¢ or L or T. We check the case 4 of the focused axioms.
The rest are similar. In this case, we have to find C such that T',¢ = C and
C = A. We claim that C' = | works here. Note that in the focused axioms,
since I and A are meta-multiset variables, we can substitute anything for them.
Hence, we have I', ¢ = L, since it is an instance of the axiom 4 when A is substi-
tuted by L. And 1 = A is an instance of the axiom L in mLK which is weaker
than the system GG by assumption.

For the rules, suppose the last rule used in the proof 7 is the following left
focused rule:
(Ti, ir = Di)r)i
Fl?'” 7Fn7¢:>A17'” 7An

Then, by induction, there are formulas C}, such that I';, ngiT = ;. and C;, = A,
Using the right and left disjunction rules we have T';, QE” =V, C; and V, C =
A;. By the left disjunction rule we have V;V, C; = Ay, ---,A,. And if we
substitute the sequents Ty, ¢, = V, Ci in the original left focused rule we get
Iy, T, 0=V, Cir,- -+, V, Cp and then using the right disjunction rule we

get Fla"' 7FTL7¢:> \/z \/7" Ci?“‘

Note that for any ¢ and r, by induction we have V(C;,.) C V(I';U{ ¢ )NV (A;).
Using this and the fact that for focused rules U;, V(¢i;) C V(¢), we can eas-
ily show that V(V;V,Ciy) C V(I' U {¢}) N V(A), where I' = T'y,--- T, and
A=Ay, ,A,. Therefore, we have shown that \/; V, C;,. is the interpolant.

The case for a right focused rule is dual to the previous case.

The proof for the upper bound for the length of the interpolant goes as fol-
lows. We claim that our previously constructed interpolant C' has the property
|C| < |7]* and we will prove it by induction on 7.

For the axioms, as we have seen, the interpolant is either ¢ (in the case that
the sequent is of the form of the first axiom (¢ = ¢)) or L or T (in other cases).
In these cases, we have |C] < |x|.

For the left focused rules, we have shown that C' =V, V, C;.. Let Nx be the
number of the premises of the rule R, which is the last rule used in the proof. We
have that the number of the formulas which appear in C' | i.e. Cj,, is equal to Ng.
The rest of the symbols appeared in C' are connectives, and the number of them
is again equal to Ngr. Since the sequent I' = A is the conclusion of a rule in G,
the lengths of the proofs of its premises are less than the length of 7 and we can
use the induction hypothesis for them. Then |C] < ¥, ,|C;| + Ng. By induction
hypothesis we have |C;.| < |m;|?, where m;,. is the proof of the sequent whose
interpolant is Cj.. But since the proof is tree-like, we have ;. |m;.| < |«|. It is
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easy to see that [C| < ;. |m; . |* + Nr < iy |mipe P4+ 50| mir| < (Sirlmin])? < |72,
and the claim follows. We have usesd the fact that Ngx < X, |m;,|. The latter is
an easy consequence of the fact that the number of 7;, in total is Ng.

Finally, for P-monotonicity note that since I' is P-monotone and all the rules
are PPF, all the antecedents in the proof must be P-monotone, as well. Therefore,
the interpolants of the axioms are P-monotone. Because, for the axioms, except
for the axiom ¢ = ¢, the interpolants are variable-free and hence P-monotone.
And for the identity axiom ¢ = ¢, the interpolant is ¢ itself which is also P-
monotone. Finally, since the interpolants are constructed by the interpolants of
the axioms via disjunctions and conjunctions, the interpolant for I' = A is also
P-monotone. O

The following theorem is our first example of the mentioned ineffectiveness
of the combination of focused axioms and PPF rules. It shows that none of the
combinations of focused axioms and PPF rules can simulate the cut rule in a
feasible way.

Corollary 3.3.11. There is no calculus G consisting of only focused axioms and
PPF rules, sound and feasibly complete for CPC. More precisely, if G is a
complete calculus for CPC, then there exists a sequence of CPC-valid sequents
On = U, with polynomially short tree-like proofs in the Hilbert-style system or
equivalently in LK + Cut such that ||¢, = ,||q, the length of the shortest tree-
like G-proof of ¢, = 1, is exponential in n. Therefore, the PPF rules together
with focused axioms are either incomplete or feasibly incomplete for CPC.

Proof. Assume that G is a calculus for CPC consisting of PPF rules and focused
axioms. In the following, we bring the definitions for clique and coloring formulas
from [28]. Note that we use [n] to denote {1,2,--- ,n}. Let Clique(p,q) be the
proposition asserting that ¢ is a clique of size at least k on a graph with vertices
[n]. There are (Z) atoms p;; where p;; = 1 if and only if there is an edge between

nodes {i,j} € (g) There are also k.n atoms q,; where their intended meaning

is to describe a mapping from [k] to [n]. Clique®(p,q) is the conjunction of the
following clauses:

i \/ze[n} Qui, all u < ka

® “Gui V qu;, all w € [k] and i # j € [n],

® Gy V ¢y, all u # v € [k] and i € [n],

® —qui V ¢y V pij, all u # v € [k] and {i,j} € (g)

The proposition Color!"(p, ) asserts that 7 is an m-coloring of the same graph
represented by p and also uses m.m atoms r;,, where ¢ € [n] and a € [m].
Colori™(p,T) is the conjunction of the following clauses:

® Voacpm Tia, all 7 € [n],
o i, V oy, all a # b € [m] and i € [n],

o iy V i, V Ty, all a € [m] and {i,5} € (Z:)
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Note that by the formalization of the Clique formula, every occurrence of p in
Clique® (p, q) is positive (which means it is monotone in p). We know that for
m < k, the formula ~Cliquek (p, ) vV —-Color™(p, ) is a tautology in classical logic
which implies that

Cliquel(p, ) = —Color(p,T)
is CPC-valid.

First observe that by the Craig interpolation theorem for CPC and the fact
that the antecedent is monotone in p, there exists a monotone interpolant I(p)
such that

Cliquek(p, q) = 1(p) = —Color™(p, )

which means that if the graph H represented by p has a k-clique then I(p) = 1
and if H has an m-coloring then I(p) = 0. In other words, if I(p) # 0 then H
does not have an m-coloring and if I(p) # 1 then H does not have a k-clique. By
the result in [3], every such monotone interpolant I must have exponential length
in n for suitable polynomially bounded choices for k and m.

Secondly, define ¢,(p,q) = CliqueX(p,q) and v, (p,7) = =Color™(p,7). We
will show that this family of sequents, ¢,(p,q) = ¥, (p,7), serve as the CPC-
valid sequents mentioned in the theorem. The idea is simple. First note that the
fact that the sequent

Cliquet (p, q) = =Color™(p,7)

has a tree-like proof of the size n®1) in the classical Hilbert-style proof system

or equivalently LK 4 Cut is a folklore well-known fact in the proof complexity
community. Now pick 7, as the shortest tree-like proof of the sequent in G.
Note that the antecedent of our sequent, Cliquef(p,q), is p-monotone. Hence,
by Lemma [3.3.10] the interpolant for the sequent ¢,(p,q) = ¥ (p,7) will be p-
monotone, as well. And since p are the only common variables and hence the only
variables in the interpolant, the interpolant is monotone. However, G' captures
CPC. Therefore, the whole process provides a classical monotone interpolant for
the sequent

Cliquek(p, q) = =Color(p,T)

which we will call C,,. By Lemma [3.3.10] we have |C,| < |m,|>. However, any
such C,, should be exponentially long in n as we explained before. Therefore, the
shortest proof m, for our sequent is exponentially long. n

3.3.2 The Intuitionistic Case

It is also possible to lower down the previous exponential lower bound to the level
of the IPC-valid sequents. For that purpose we need a new form of interpolation
and its preservation theorem.

Definition 3.3.12. A sequent is called a strongly focused axiom if it has one of
the following forms:

(1) o= 0
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where in (2) and (5), @ and ¢ have no variable and T' and A are meta-multiset
variables.

Example 3.3.13. For the strongly focused axioms, note that all the axioms of
LK are strongly focused. An example of a focused axiom which is not strongly
focused is (= ¢, ). Since otherwise it would have been an instance of either 2
or 5, which is not possible. The reason is that ¢ can have a variable which must
not appear in the right side of the sequent.

Definition 3.3.14. Let G and H be two sequent calculi. G has H-monotone
feasible interpolation with the exponent m > 1 if for any k and any sequent
S = (%= A, ,Ay) if S is provable in G by a tree-like proof ™ and for any
1 <3<k, A;j#0, then there exist formulas |C;| < |n|™ for 1 < j <k such that
(X = Ch,--+,Cy) and (C; = A;) are provable in H and V(C;) CV(X)NV(A;),
where V(A) is the set of the atoms of A. Moreover, if ¥ is monotone, then
C; is also monotone for all 1 < 5 < k. We call C;’s, the interpolants of the
partition Ay,--- , Ay of the succedent of the sequent S. The system G has H-
monotone feasible interpolation if it has H-monotone feasible interpolation with
some exponent m > 1.

Theorem 3.3.15. Let G and H be two sequent calculi such that G is a set of
strongly focused axioms, H extends mLK and any sequent in G is provable in H.
Then G has H-monotone feasible interpolation with the exponent one.

Proof. We will consider the strongly focused axioms one by one:

(1) In this case the sequent S is of the form (¢ = ¢). Therefore, A; = ¢. Pick
C1 = ¢. It is easy to see that this C; works and since ¢ is monotone, (' is
also monotone.

(2) For the case (= @), consider C; to be V A;. We can easily see that these
C;’s work, using the left and right disjunction rules. For the variables, since
V(a) =0, we have V(C;) C V(0) NV (A;). And for the monotonicity, since
V(Cj) = 0, then C; is monotone.

(3) The case (3 =) does not happen.

(4) If S is of the form T',¢ = A define C; = L. First note that we have
I,¢6= L,1,---, L where in the right hand-side we have & many _L’s. The
reason is that this sequent is an instance of the axiom (4) itself. Moreover,
for every j we have L = A; since it is an instance of the axiom 1. And

again V(C;) = 0.
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(5) If S is of the form (I' = ¢, A) define C; = \/(A; N ¢). It is easy to see that
this C; works. Because, C; = A, is an instance of an axiom. We also have
I' = Cy,---,Ch, since in the right hand-side we will have the formula ¢
(together with some other formulas which we will treat as the context) and
it will become an instance of the same axiom. Note that since V(¢) = 0,
there is nothing to check for the variables. For the monotonicity, note that

V(C;) = 0, therefore C; is monotone.
Note that in all cases and for all 1 < j <k, |C;| < |n]. O

The next theorem shows that MPF rules preserve the monotone feasible in-
terpolation property. We will use this theorem later in the lower bound result
that we have promised before.

Theorem 3.3.16. (monotone feasible interpolation) Let G and H be two sequent
calculi such that H extends mLK and axiomatically extends G by MPF rules.
Then if G has H-monotone feasible interpolation property, so does H.

Proof. To prove the theorem, we will prove the following claim:

Claim. Let G and H be two sequent calculi such that H extends mLK and
axiomatically extends G by MPF rules and G has H-monotone feasible interpo-
lation with the exponent m. Then for any H-provable sequent I' = A and any
non-trivial partition of A as Ay, ---, Ay (non-trivial means that none of the A;’s
are empty), there exist the required interpolants C; as in the Definition
such that ,|C;| < |7|* where M =m + 1.

The proof uses induction on the H-length of w (the number of the rules of H
in the proof 7). First we will explain how to construct C;’s. Then we will prove
the bound for the given construction.

If the H-length of 7 is zero, it means that the proof is in G. Hence the claim
is clear by the assumption. There are two cases to consider based on the last rule
of the proof.

o If the last rule used in the proof is a right focused one, then it is of the
following form:

(I = ng‘r, Ai)r)i
I'= ¢, A

where I' = T'y,--- ', and A = Ay,--- JA,. And, again Ay, --- Ay are
given such that they are non-empty and U;?:l A = AU {¢}. Wlog.
suppose ¢ € A; and we denote Ay — {¢} by A}. Consider the case that all
of the Ay; = A; N A; and ¢, U A}, are non-empty where A}, = A; N A}. By
induction hypothesis for the premises, there exist formulas D;.q,--- , D;q
such that for every i, r and j # 1

Dipy = ¢ir, Ny, Dy = Aij , Ti= Dy, Ding
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Again, note that if some of A;;’s or ¢ir, N}, are empty, we can eliminate
them from the partition to have a non-trivial partition and hence to apply
the TH. Then in these cases, we can simply pick D;,; as L. Now using the
rules (RV), (LV), (RA) and (LA), we get for every i and j # 1

A D1 = &ir,/\él s VDirj = Nij , I'i = ADjp1,\V Diya, -+ -,V Diyi,

Note that in the right sequent, we first use (RV) to get
'y = D1,V Divo, - -,V Dipg, and then we can use the rule (RA). Now, we

can substit&te the left ;equents in the original rule to get
/T\Dirl = ¢, A}
and using the rule (LA) we have
/i\ /T\ Diry = ¢, A}

We denote A A Dy1 by C1. Using the rule (LV) for the sequents \/ Dy.; =
A;; we get Z

\'/\T/Dirj = Aj

and we denote V'V D;,; by C; for j # 1. We can see that first using the
rule (RV) and after that using the rule (RA) we get

Fz}/\/\Dirl>vair27"' 7vairk
which is
I'=<~Cy,--,C

It only remains to check the variables. If a variable is in C;, then it is
in one of Dy ’s. By induction hypothesis we have V(D;1) C V(I'1) N
V({6 }UAL}) € VIDNV{{BIUALE and V(Dyy) € VTNV (Ay) C
V(I') N V(A;), since the rule is occurrence preserving, and this is what we
wanted.

o The case of the left focused rule is similar to the case for right.

For the monotonicity part, since the extending rules are MPF, it is easy to
prove that if the antecedent of the consequence is monotone, then all the an-
tecedents, everywhere in the proof up to the sequents in G, are also monotone.
Since G has H-monotone feasible interpolation property, the interpolants in the
base case are monotone. Finally, since the conjunctions and disjunctions do not
change monotonicity, our constructed interpolants are also monotone.
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For the upper bound part, use a similar proof to the corresponding part in

Lemma , this time using the induction on 7 to show that ¥;|C;| < |x|M.
For the axioms note |C;| < |r|™ for 1 < j < k by the assumption that G has
H-monotone feasible interpolation with the exponent m. Since the partition is
non-trivial k& < [S| < ||, hence X5_,|Cj| < kfm|™ < |m[™ ! = |x|M.
For the rules, define X as the set of all (i,7,j)’s where D,,; is L coming from
handling the empty cases. It is clear that X has at most Ni elements, the num-
ber of the premises of the rule R. We have ¥;|C;| < X, jy¢x |Dirj| + | X[+ Ng <
Sir|mir M + 2Nz < (Zir|mir] + 1M < |w|™. The second inequality holds using the
induction hypothesis and the third inequality holds because Nr < ¥;.|m;| and
M > 2.

Finally, the theorem is a clear consequence of the Claim. It is enough to apply
the Claim to provide the formulas C; such that 3;|C;| < |r|* which implies
G5 < |m ™. O

Lemma 3.3.17. [2]] Let A(p,71) and B(q,r2) be propositional formulas and p,
q, 71 and ro be mutually disjoint. Let p=pi,--+ ,pn and ¢ = q1, - , Q. Assume
that A is monotone in p or B is monotone in q and A(p,r1) V B(—p,r3) is a
classical tautology. Then

i1 (pi V @) = 7—A(p,71), 7 B(q, 72)
is IPC-valid.
Proof. For the details, the reader is referred to [21]. O

Theorem 3.3.18. Let G and H be two sequent calculi such that H is sub-
classical, extends mLK, aziomatically extends G by MPF rules and G has H -
monotone feasible interpolation property. Then there exists a family of IPC-valid
sequents ¢, = 1, with the length of ¢,, = ¥, bounded by a polynomial in n such
that either there exists some n such that H ¥ ¢, = 1y, or||¢n = Uu||a, the short-
est tree-like H-proof of ¢,, = 1, is exponential in n. Therefore, the MPF rules
together with strongly focused axioms are either incomplete or feasibly incomplete

for IPC.

Proof. The proof is similar and also inspired by the lower bound proof given in

[21]. Similar to the proof of Theorem [3.3.11] consider the CPC-valid sequent
Cliquek (p,72) = =Color™(p, )
which is equivalent to
= ~Cliquek (p, 75), ~Color™(p, 1)

Then, using the Lemma if we rewrite ~Clique® (p,7>) as B(—p,7>) and
—Color™(p,r1) as A(p,71), we can easily see that A is monotone in p and the
formula A(p,r1) V B(—p,r2) is a classical tautology. Hence, we can transfer the
CPC-valid sequent

= —Cliquek(p,72), ~Color;(p, )
to a sequent of the form

Ni(pi V q;) = =—A(p, 1), —B(q,72)
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valid in IPC. Now, let

¢n(]5, 67) = wn(]i 7"_1), 971((_?7 7:2)
be this sequent. We will show that this family of sequents

qbn(ﬁv Cj) = Q/Jn(]i 7:1)7 en(ci TQ)

serve as the IPC-valid sequents mentioned in the theorem.

If for some n we have H ¥ ¢, = ,,0,, then the claim follows. Therefore,
suppose that for every n we have H + ¢, = 1,,0,. Let m, be the shortest
tree-like proof of the sequent ¢, = 1,0, in H. By Theorem [3.3.16] for every
n, there exist monotone formulas C,(p) and D,,(q) such that |C,| < |7,|°") and
|D,| < |m,|°M) and the followings are provable in H: (¢, = Cy, D,), (Cp, = 1),
(D, = 0,). Since H captures a sub-classical logic we have (¢, = C,,D,),
(Cn = ), (D, = 6,) in CPC. Since (¢, = C,,D,) is valid in classical
logic, we have C,(p) V D, (—p) = 1. On the other hand, since A, is classically
equivalent to 1, we know that C,(p) = 1 implies A(p,7;) = 1. Similarly, we
have that D, (q) = 1 implies B(q,72) = 1. We Claim that C,(p) interpolates
—B(—p,72) = A(p,71). One direction is proved. For the other direction, note
that if B(—p,72) = 0 then D,(—p) = 0 and since C,(p) V D,(—p) = 1 we have
Cn(p) = 1. Hence the monotone formula C,, interpolates =B (—p,72) = A(p, 1)
or equivalently the sequent

Cliquek (p,72) = =Color™(p, )

However, in the proof of the Theorem |3.3.11] we mentioned that any such mono-
tone interpolant must have exponential length. Together with the fact that
1C.(p)] < |ma|W), we can conclude that ||¢, = ¥, 0,]|x is exponential in n
which implies the claim. O

Corollary 3.3.19. There is no calculus consisting only of strongly focused axioms
and MPF rules, sound and feasibly complete for super-intuitionistic logics.

Proof. This is an obvious consequence of Theorem [3.3.16] Theorem [3.3.15| and
Theorem |3.3.18 . The only point that we have to explain is that if a calculus G
consisting only of strongly focused axioms and MPF rules is sound and complete
for a super-intuitionistic logic, then G extends mLK. The reason is that G is
complete for a super-intuitionistic logic and any calculus complete even for IPC
extends mLK. O]
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4. Proof Complexity of
Substructural Calculi

4.1 Introduction

Propositional proof complexity, as a new independent field, was established pre-
dominantly to address the fundamental unsolved problems in computational com-
plexity. Starting steps in this systematic study were taken by Cook and Reckhow.
In their seminal paper [I1], they defined a propositional proof system, PPS, as a
polynomial-time computable function whose range is the set of all classical propo-
sitional tautologies. Then, they defined a polynomially bounded proof system as
a PPS having a short proof for any tautology, i.e., a proof whose length is poly-
nomially bounded by the length of the tautology itself. They proved that the
existence of a polynomially-bounded proof system for the classical logic is equiv-
alent to NP = coNP. Accordingly, if for any PPS there are super-polynomial
lower bounds on the lengths of proofs, as a result NP will be different from coNP
and consequently, P will be different from NP. Since these are considered to be
major open problems in computational complexity, providing super-polynomial
lower bounds for all PPS’s gained momentum in the field of proof complexity
of classical proof systems. Thus far, exponential lower bounds on proof lengths
have been established in many different propositional proof systems, including
resolution [I8], cutting planes [37], and bounded-depth Frege systems [34]. For
more on the lengths of proofs, see [28].

Aside from the extensive study of some well-known classical proof systems,
recently there have been some investigations into the complexity of proofs in non-
classical logics on account of their various applications, their power in express-
ibility and their essential role in computer science. Therefore, it is important to
fully understand the inherent complexity of proofs in non-classical logics, consid-
ering specially the impact that lower bounds on lengths of proofs will have on the
performance of the proof search algorithms. Moreover, from the computational
complexity perspective, the study of complexity of proofs in non-classical logics
is associated with another major computational complexity problem, namely the
NP vs. PSPACE problem. Various results have been acheived in this area, for
instance exponential lower bounds for the intuitionistic and modal logics [21],
and for modal and intuitionistic Frege and extended Frege systems [25]. A com-
prehensive overview of results concerning proof complexity of non-classical logics
can be found in [6].

In the realm of non-classical logics, substructural ones are logics originally
defined by the systems where some or all of the usual structural rules are absent.
These logics include relevant logics, linear logic, fuzzy logics, and many-valued
logics. However, the field is more ambitious than any limited investigation of
possible effects of the structural rules. The purpose of the study of substruc-
tural logics is to uniformly investigate the non-classical logics that originated
from different motivations. Complexity-theoretically, several substructural logics
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are PSPACE-complete, for instance the multiplicative-additive fragment of linear
logic, MALL [30], and full Lambek calculus, FL [26]. Check also the PSPACE-
hardness for a wide range of substructural logics and PSPACE-completeness for
a class of extensions of FL in [19]. Some complexity results about the decision
problem of some fragments of Visser’s basic propositional logic, BPC, and formal
propositional logic, FPL are also studied in [42].

In this paper, we will study the proof complexity of proof systems for sub-
structural logics and basic logic, and hence a wide-range class of proof systems.
More precisely, we will start with an arbitrary proof system P at least as strong
as FL (or BPC) and polynomially simulated by an extended Frege system for
some super-intuitionistic infinite branching logic L, denoted by L — EF. For such
a P, we will provide a sequence of hard P-tautologies, namely a sequence of P-
provable formulas {A,}7°, with length polynomial in n such that their shortest
P-proofs are exponentially long in n. Our method is using a sequence of intu-
itionistic tautologies for which we know there exists an exponential lower bound
on the length of their proofs in any L — EF, where L is infinite branching. Since
these formulas are not necessarily provable in P, the essential step is their modifi-
cation so that they become provable in FL (or BPC) and hence in P, while they
remain hard for L — EF. Finally, since L — EF is shown to be polynomially as
strong as P, the length of any P-proofs of the P-tautologies must be exponential
in n. Furthermore, using the same FL-tautologies, one can infer an exponential
lower bound also for proof systems polynomially simulated by CFL_, , where the

ew’
superscript “—” means the sequent calculus does not have the cut rule.

4.2 Preliminaries

In this section we provide some background and also some new notions needed
in the future sections. Throughout the paper we mainly work with substructural
logics and we follow [I4] as the canonical source for the study of the theory of
such logics. Nevertheless, to make the paper as self-contained as possible, we
include all necessary background information.

4.2.1 Substructural logics

Consider the propositional language {A,V,®, T, 1,1,0,/,\,—}. The logical con-
nective ® is called fusion and the connectives / and \ are called left and right
residuals, respectively. Throughout the paper, small Roman letters, p,q, ..., are
reserved for propositional variables, Greek small letters ¢, ¥, ..., and Roman
capital letters A, B, ..., are meta-variables for formulas and Greek capital letters
I, ¥, ..., are meta-variables for (possibly empty) finite sequences of formulas,
separated by commas (unless specified otherwise).

Consider the following set of rules over sequents of the form I' = A. The
meta-variable I' is called the antecedent of the sequent and A its succedent. All
the rules are presented in the form of schemes. Therefore, an instance of a rule
is obtained by substituting formulas for lower case letters and finite (possibly
empty) sequences of formulas for upper case letters.
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Initial sequents:
=0 I'=AT,A

Structural rules:

Weakening rules:

LYX=A

DN (Lw)

Contraction rules:

g oY= A
[e,¥=A

(Le)

Exchange rules:

D665 = A
[ugs= A (L9

The cut rule:

I'= ¢, A

L= A

=1

I'=A 0,9, A

S0, = A

)

ST,00= A A

The logical rules:

rXx=A

riy=a (v

T 6= A

I'=AA
I'=A0A

Ly Y=A

(cut)

(Ow)

T onv oo A LM

I'= A ¢, A

Lony, Y= A
I'= Ay, A

(LA2)

I'=AoANY A

o, Y= A

[y = A

(RA)

Fovy XY= A

I'= A0, A

I'= A0, A

(LV)

F=Aove A V)

Lov.S=A o

= A ¢V A
= A ¢, A

(RVs)

Y= A Y A

Loy, YX=A

[Y= Aoy, A

The non-commutative implications rules:

'=¢ Ly, X=A o=
LY/, 1,5 = A (/) F'=y/¢ (/)
I'=¢ Ly, Y= A o,' =
ILT, o\, 2= A (Z\) = o\ (7\)
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The commutative implication rules:

I'= ¢, A Iy, Y= A (L —) o=y, A
Lo — ¢, Y= AA F'=s¢—v9, A

(R —)

Using these rules, we define two families of sequent-style systems in the fol-
lowing. By a single-conclusion sequent we mean the succedent of the sequent is
empty or there is at most one formula. Otherwise, we call it multi-conclusion. Let
(e), (¢), (i), (0), and (w) = (i+o0) stand for exchange, contraction, left-weakening,
right-weakening and weakening, respectively:

Single-conclusion. By a single-conclusion version of any of the the aforemen-
tioned rules, we mean one of its instances where both the premisses and the
conclusion sequents are single-conclusion. Notice that the rules (Rc) and (Re) do
not have a single-conclusion instance. The meta-variables A and A are schematic
variables to be replaced by the empty set or a single formula so that all the
sequents remain single-conclusion. For instance, in the rule (Rw) both A and
A must be empty. We will use the convention that ® more strongly than \
and /. The interpretation of any single-conclusion sequent I' = ¢ is defined as
I(I' = ¢) = QT \ ¢ and for the sequent (I' =) as I(I' =) = Q' \ 0, where by
XL forI'=,...,7% wemean 71 ® ... ®Y,, and for I' = (), we have Q I' = 1.
Set L% = {A,V,®,\,/,1,0}. For any S C {e,i,0,c}, define FLg over the lan-
guage L% as the system consisting of the single-conclusion version of the previous
rules except for: the commutative implication rules, the structural rules out of
the set S, and the initial sequents for | and T. Define FL, over the language
L8 U{L} as FL with the initial sequent for L. Figure [£.2.1 which is adapted
from [14], shows the relationship between these sequent calculi. Moreover, define
the system weak Lambek, denoted by WL, over the language {1, L, A,V,®,\}
similar to FL, excluding the following rules: (L/),(R/), and (L\). Some other
useful calculi are introduced in Table [£.1} For a sequent calculus S and a set of
sequents I by the notation S 4+ I" we mean the sequent calculus obtained from
adding the elements of I' as initial sequents to S. By the notation ¢ < 1 we
mean both ¢ = ¢ and ¢ = ¢. The formula ¢" is defined inductively. ¢! is ¢
and by ¢"*!, we mean ¢ ® ¢".

Table 4.1: Some sequent calculi with their definitions.

Logic Definition
RL FL+ (0 1)
CyFL FL+ (¢\ 0« 0/0)
DFL FL+ (oA VO) = (pANY)V(pND))
P,FL FL + (¢" < ¢"™)
psBL FLy, +{(0 A ¢ = 6@ (6\ 1)), (0 Y & (/) © 9)}
DRL RL+ (oA VEO)= (pANY)V(dAD))
IRL RL + (¢ = 1)
CRL RL+ (p@¢ & ¢ ® )
GBH RL+{(0AY < ¢@(9\¥)),(0AY & (¥/9) @)}
Br RL+ (0 AN < oR1)
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Multi-conclusion. In the absence of the exchange rules, there are many pos-
sible ways to define the multi-conclusion rules for fusion and implications and
the systems are in some respects more difficult than the commutative case. In
this paper, we only consider the commutative case and hence we will use the
language {A, V,®, —, 0,1}, assuming only one implication. The interpretation of
any sequent I' = A is defined as I(I' = A) = @' — =(® —A), where —¢ is an
abbreviation for ¢ — 0.

Let S C {e,i,0,c} such that e € S. By CFLg, we mean the system consisting of
the multi-conclusion version of the previous rules except for: the structural rules
out of the set S, the non-commutative implication rules, and the initial sequent
for 1. By CFLg, we mean CFLg without the cut rule.

For a sequent calculus S, proofs and provability of formulas are defined in the
usual way, and by its logic, S, we mean the set of provable formulas in it, i.e., all
formulas ¢ such that (= ¢) is provable in S.

Remark 4.2.1. Note that if e € S, it is easy to show that in the system FLg the
two connectives /¢ and ¢\ are provably equivalent and we can denote them by
the usual connective ¢ — 1. Moreover, it is also possible to axiomatize the system
FLg over the language L® — {/,\} U{—}, using all the rules in FLg, replacing
the non-commutative implication rules with the commutative ones. Similarly, in
the sequent calculus Flecw, the formulas ¢ ® ¥ and ¢ A 1 become equivalent
and 0 and 1 will be equivalent to 1L and T, respectively. Hence, it is possible to
aziomatize Fleew over the language L = {A\,V,—, T, L}, using all the initial
sequents and rules for the corresponding connectives. This is nothing but the
usual system LJ, for the intuitionistic logic, IPC. A similar type of argument
also applies on CFLg when e € S and for CFLeew = LK, where LK is the
sequent calculus for the classical logic, CPC. Finally, it is worth mentioning that
the logic CFLe is essentially equivalent to the multiplicative additive linear logic,
MALL, introduced by Girard [15] and the logic FLe is known as its intuitionistic
version, called IMALL. CFLe, is sometimes called the monoidal logic and CFLec
is essentially equivalent to the relevant logic R without the distributive law. For
more details, see [Tj].

The sequent calculi FLg and CFLg enjoy cut elimination. This fact has been
shown independently by several authors. For instance, see [15], [29], and [33].

Definition 4.2.2. We say a formula ¢ is provable from a set of formulas I' in
the logic FL and we write it as I' Fg. ¢ when the sequent = ¢ is provable in
the sequent calculus FL by adding all = ~ for v € T' as initial sequents, i.e.,
{= v}ier FrL= ¢. When I is the empty set we sometimes write FL = ¢ for
FrL @

We will use a similar convention that for S a logic or a proof system or a
sequent calculus, Fg ¢ and S F ¢ are used interchangeably.
If the sequent ¢1,...,¢, = 1 is provable in the sequent calculus FL, then we
have {¢1,...,dn} FrL ©. However, the converse, which is the deduction theorem,
does not hold. In fact, unlike the classical and intuitionistic logics, most other
substructural logics, including FL, do not have a deduction theorem. We will see
in Theorem that only a restricted version of the deduction theorem (called
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FLcw = FLeew = LJ

SN

FLew FLCI — FLeCl eco
W FLel co FLec

Figure 4.1: Basic substructural calculi

parametrized local deduction theorem) holds for kg . However, note that by def-
inition for a formula ¢ we have g ¢ if and only if = ¢ is provable in the sequent
calculus FL.

So far, we have defined some basic substructural logics with their sequent
calculi. Now, it is a good point to introduce a substructural logic in a general
sense. From now on, when no confusion occurs, we will write the fusion ¢ ® ¢ as

Y.

Definition 4.2.3. Let L be a set of LP-formulas. L is a substructural logic (over
FL) if it is closed under substitution and satisfies the following conditions:

(1) L includes all formulas in FL,
(13) if ¢, € L, then ¢ N € L,
(1ii) if ¢, \ ¥ €L, then ¢ €L,

v)

() if ¢ € L and ¢ is an arbitrary formula, then 1 \ ¢, o /1 € L.

For a set of formulas T'U {¢}, define T' b ¢ as T UL kgL ¢. We have F ¢ is
equivalent to ¢ € L.

When L is the logic FL, then g defined above will be the same as the one

defined in Definition [4.2.2] Therefore, there will be no ambiguity. As a corollary
of Theorem [I4, 2.16], it is shown that the above definition can be replaced by
the following: a substructural logic over FL is a set of formulas closed under both
substitution and Fg.
It is easy to see that for any subset S of {e, i, 0, c}, the logic FLs is a substructural
logic. We can see that if Fprg I' = ¢, then I' g ¢. This can be easily shown
since we can simulate each rule in {e,,0,c} by the corresponding axiom below
and using the cut rule:

(€ : (@) \Wee) , (:0\(¢©d) , ()):¢\1, (0):0\¢
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Moreover, note that for all the sequent calculi in Table [£.1] the sequent calcu-
lus FL is present and hence all their corresponding logics are closed under the
conditions in Definition [4.2.3] Therefore, they are substructural logics.

Definition 4.2.4. Let ¢ and o be formulas. Define

Aa(@) = (@ \ (pa)) A1 and  pa(¢) = ((ag)/a) A L.

We call M\o(¢) and po(¢) the left and right conjugate of ¢ with respect to «,
respectively. An iterated conjugate of ¢ is a composition Yo, (Vas (- - - Ya, (P))), for
formulas o, ..., o where n >0 and Yo, € {Aa;; Pa; |-

It can be easily shown ([I4, Lemma 2.13.]) that if a sequent I', o, 5, ¥ = ¢ is
provable in FL, then the following sequents are also provable in FL:

I8, 8(0), 2= ¢ and T, pu(8),a, X = ¢.
The following theorem states the parametrized local deduction theorem for FL.

Theorem 4.2.5. [T}, Theorem 2.14.] Let L be a substructural logic and ® U W U
{¢} be a set of formulas. Then,

n

DUk o iff PHL (R () \ ¢

i=1
for some n, where each ~;(1;) is an iterated conjugate of a formula 1; € V.

Remark 4.2.6. Note that the definition of b in Definition[{.2.3 depends on the
sequent calculus FL and not the mere logic FL. The reason is that g, which
is defined in Definition [{.2.9, uses the sequent calculus FL. It is possible to use
Theorem[{.2.5 to provide the following proof system-independent definition of b :

n m

Pheo iff (@A) \oel iff (Q(Bi)\¢eFL

i=1 =1

for some n and m and some A; € T and B; € T' U {L}.

4.2.2 Super-basic logics

In [44], Visser introduced basic propositional logic, BPC, and formal proposi-
tional logic, FPL, to interpret implication as formal provability. In [41], Ruiten-
berg reintroduced BPC via philosophical reasons and produced its predicate ver-
sion, BQC. In the following, we present the sequent calculus introduced in [4]
for the logic BPC, denoted by BPC. It was shown that this proof system is
complete with respect to transitive persistent Kripke models. Since formulas
(A—- A —>B) »(A—B)and (A - (B - () - (B = (A= (0))
are not always true in transitive models (the former formula corresponds to the
contraction rule and the latter to the exchange rule), one may view BPC as a
substructural logic. In this logic modus ponens is weakened and hence BPC is
weaker than the intuitionistic logic. BPC is also connected with the modal logic
K4 via Godel’s translation 7', as shown in [44].
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The language of BPC is £ = {A,V, T, L, —} and negation is defined as the
abbreviation for =¢ = ¢ — 1. In this subsection capital Greek letters denote
(possibly empty) multisets of L-formulas. By I', ¢ or ¢, ', we mean the multiset
I'U{¢}. Sequents of BPC are of the same form of the sequents of LK and they
are interpreted in the same way, i.e., I(I' = A) = AT — \V A where A) = T and
\/ 0 = L. The initial sequent and rules of BPC are as follows:

o= o, A '="mTA IL=A

o, 9, I' = A
oNY, = A

= A ¢ = A
= AopNY

(LA) (RA)

o, ' = A v, ' = A
oV, I'= A

I'= A 9,9
F'=A¢oVy

(LV) (RV)

¢, I' =1
oA g9 &)

dPAND,T=A  oANOT = A
oA (VO),T=A

'=s¢—1 =y —0
F'=A¢—140

(D) (Tr)

F=¢—1¢ '=¢—40
F'=A¢— (A0

'=¢—10 =y —46
= A (pVey)—0

(F'A)

(FV)

I'= ¢, A Yoo = A
LXx=AA

(cut)

Note that since we are assuming multisets of formulas, in this proof system the
exchange rules are built in. Moreover, the left and right weakening and contrac-
tion rules are admissible in this proof system and it enjoys the cut elimination
(see [4] Lemma 2.2, Lemma 2.12, Lemma 2.14, and Theorem 2.17, respectively).
It can be easily seen that if BPC F= ¢ and BPC F= ¢ — 1 then since BPC
enjoys cut elimination we also have BPC F ¢ = . Then using the cut rule
we have BPC F=- ¢, which means that the modus ponens rule is admissible in
BPC.

An extension of BPC augmented by the axiom T — 1 = L is given in [5],
denoted by EBPC. It is shown that this proof system is complete with respect
to transitive persistent Kripke models that are serial [5]. Logic of the sequent
calculus BPC is defined as the set of all formulas ¢ such that BPC F (= ¢),
and is denoted by BPC. In a similar way, we can define the logic of the sequent
calculus EBPC which we denote by EBPC. Tt is shown that BPC & EBPC & IPC

5].

Definition 4.2.7. We say a formula ¢ is provable from a set of formulas I in
the logic BPC and we write it as I' Fgpc ¢ when the sequent = ¢ is provable in
the sequent calculus BPC by adding all = ~ for v € I' as initial sequents.

Remark 4.2.8. Note that although the modus ponens rule in the form

I'= ¢ '=¢—
I'=9y
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is neither present nor admissible in the sequent calculus BPC, a simplified version
of it, when " is the empty sequence, is admissible (but not provable) in BPC,
namely

¢ =0
=1

Therefore, the logic BPC admits the modus ponens rule, i.e., if ¢ € BPC and
¢ — 1 € BPC, then ¢ € BPC. The reason is that if ¢ — ¢ € BPC then BPC
(= ¢ — v¥). By cut elimination, there exists a cut-free proof of (= ¢ — )
in BPC. Then by induction on the structure of this cut-free proof we can show
that BPC F ¢ = 1. Finally, since ¢ € BPC, we have BPC (= ¢), and
then using the cut rule we get BPC & (= 1) which means 1 € BPC. However,
we have = ¢,= ¢ — Y Fgpc= ¥, which means modus ponens is not provable
in BPC. The same property also holds for the logic EBPC. The proof is an
easy consequence of the completeness of EBPC with respect to serial transitive
persistent Kripke models.

Definition 4.2.9. Let L be a set of L-formulas. L is a super-basic logic (over
BPC) if it is closed under substitution and satisfies the following conditions:

(1) L includes all formulas in BPC,

(ii) if ¢, — 1 € L, then ¢ € L.
For a set of formulas T' U {¢}, define I' | ¢ as T UL Fgpc .

Note that | ¢ is equivalent to ¢ € L. One direction is obvious; if ¢ € L then
FL ¢. For the other direction, we will prove a stronger result that if I' - ¢ then
AL — ¢ € L. This can be proved using induction on the structure of the proof.
For this matter, we transform every rule of BPC into a BPC-provable formula.
To complete the proof of the other direction, since AT' = T for I' = (), we have
T — ¢ € L, which by modus ponens implies ¢ € L.

As an example, using Remark both BPC and EBPC are super-basic
logics. Moreover, super-intuitionistic logics (changing the first condition by in-
cluding all formulas in IPC) are also super-basic, since BPC C IPC and they are
closed under modus ponens.

For a logic L and a set of formulas I', by L + I" we mean the smallest logic
containing L and all the substitutions of formulas in I'. We can define Jankov’s
logic, KC, as follows: it is the smallest logic containing IPC and the weak excluded
middle formula, i.e., KC = IPC+ —p V —=—=p. The condition on the Kripke models
for this logic is being directed. The axioms BD,, are defined in the following way:

BDy:=1 , BDpy:=puV (pn — BD,).

The logic of bounded depth BD,, is then defined as IPC+BD,,. Define logic T\ as

IPC+ A((pi = Vpj) = V) = Vi

i=0 i j
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A super-intuitionistic logic L has branching k£ if T, € L. We say a super-
intuitionistic logic L has finite branching if there exists a number k& such that L has
branching less than or equal to k, otherwise we call it infinite branching. We will
not use the following theorem by Jerdbek in our future discussions. However, it is
worth mentioning since it presents a nice characterization of super-intuitionistic
infinite branching logics.

Theorem 4.2.10. [27, Theorem 6.9] Let L be a super-intuitionistic logic. Then,
L has infinite branching if and only if L C BD, or L C KC 4 BDs.

4.3 Frege and extended Frege systems

The purpose of this section is to introduce Frege and extended Frege systems for
substructural and super-basic logics. For that matter, we will recall or generalize
some basic concepts in proof complexity. For more background the reader may
consult [2§].

Definition 4.3.11. Let L be a set of finite strings over a finite alphabet. A
(propositional) proof system for L is a polynomial-time function P with the range
L. Any string m such that P(n) = ¢ is a P-proof of the string ¢, sometimes
written as P F™ ¢. We denote proof systems by bold-face capital Roman letters.

By length of a formula ¢, or a proof 7, we mean the number of symbols it
contains and we denote it by |¢| and |7|, respectively. We usually consider proof
systems for a logic L. The usual Hilbert-style systems with finitely many axiom
schemes and Gentzen’s sequent calculi are instances of propositional proof sys-
tems, because they are complete and in polynomial time one can decide whether
a finite string is a proof in the system or not.

Definition 4.3.12. Let P and Q be two proof systems with the languages Lp
and Lq, respectively. Let tr be a polynomial-time translation function from the
strings in the language Lp to the strings in the language Lg. We will denote it
by tr : ﬁp — EQ.

We say that the proof system Q simulates the proof system P (or P is simulated
by Q, or Q is at least as strong as P) with respect to tr, if there is a function
[ such that Q(f(w)) = tr(P(w)) and we denote it by P <" Q. We say that
the proof system Q polynomially simulates (p-simulates) the proof system P (or
P is polynomially simulated by Q) with respect to tr, if the function f is also
polynomially bounded in length, i.e., there exists a polynomial q(n) such that
|f(m)| < q(|7|). We denote this reduction by P <I' Q.

In the simpler case that Lp C Lq and the translation function is the inclusion
function, we say Q simulates (p-simulates) P and denote it by P < Q (P <, Q).
If Ly = Lq and the translation function is the identity function, we say that
the proof system P and Q) are polynomially equivalent when they p-simulate each
other.

Finally, in a similar manner, for two logics L and M and a translation function
tr: L. — Ly, by L C" M, we mean that for any ¢ € L, if ¢ € L then tr(¢) € M.

Note that if we take L = CPC to be the range of both proof systems P and
Q, and let the translation function ¢r to be the identity function, we reach Cook
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and Reckhow’s original definition of p-simulation in [11].

In the following we present a translation function ¢ that enables us to carry
out results in systems with the language £ to systems with the language L£%.
This translation function is nothing but bringing back the structural rules:

Definition 4.3.13. Define the function t : L® — L as follows:
e p' = p, where p is a propositional variable;
e 0'=1,1"=T;
o (po)) = ¢ o), where o € {A,V};
o (V) =o' N
o (V/9) =(o\ ) =¢' ="

For T, a finite sequence of formulas v1,%a, - .., Vn, by I'" we mean the sequence of
formulas 4, 4% ... L. It is easy to see that || = |¢].

The following lemma, which will be used in the future sections, is an example
of how the translation ¢ works. It expresses the relation between sequents provable
in the sequent calculus WL and the translated version of the sequents in the
system BPC.

Lemma 4.3.14. Let I be a sequence of formulas and A be a formula. Then
WL FT = A implies BPC I-T'" = A"

Proof. It can be shown by an easy induction on the structure of the proof. Note
that as mentioned earlier, the left contraction rule and both right and left weak-
ening rules are derivable in BPC and exchange rules are built in. As an example,
suppose the last rule in the proof of I' = A is (R®):

Y= ¢ M=
L= 0¢Y
By induction hypothesis we have BPC F X! = ¢! and BPC + II' = #'. Since
the left weakening rule is admissible in BPC, we can have both BPC F X!, IT¢ =
¢' and BPC I X' IT" = . Using the rule (RA) we obtain BPC + X' II' =
¢t A ypt, which is what we wanted. O

Remark 4.3.15. For any substructural logic L and any super-intuitionistic logic
M, it is easy to see that L C' M implies the stronger form:

O1,. .., On L @ implies gbﬁ,,gb; Fm o'

The reason lies in the definition of - and . The proof is similar to the proof
of Lemma |4.3.1J).

In the following we will define Frege and extended Frege systems for substruc-
tural and super-basic logics.

Definition 4.3.16. An inference system P is defined by a set of rules of the form
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P . O
¢

where ¢; and ¢ are formulas. ¢;’s are called the premises and ¢ the conclusion.
A rule with no premise is called an axiom. A P-proof, m, of a formula ¢ from
a set of formulas X is defined as a sequence of formulas ¢1,...,¢, = ¢, where
¢; € X or ¢; is obtained by substituting some ¢;’s, j < i, in a rule of the system
P. If the set X is empty, then we say that the formula ¢ is provable in P. Each
o; is called a step or a line in the proof m. The number of lines of a proof m
is denoted by A(m) and it is clear that it is less than or equal to the length of
the proof (the number of symbols in the proof). The set of all provable formulas
in P is called its logic. If there is a P-proof for ¢ from assumptions ¢1, ..., ¢y,
we write ¢1,...,0, Fp @. Specially, for every rule of the above form we have
O1,...,0m Fp ¢. Finally, the number of lines of the proof w is defined as the
number of formulas in the proof .

Definition 4.3.17. In a sequent calculus a line in a proof is a sequent of the form
I' = A. We denote the number of proof-lines in a proof m in a sequent calculus
by \N(m), as in an inference systems. It is obvious that the number of proof-lines
of a sequent is less than or equal to the length of the proof.

There are two measures for the complexity of proofs in proof systems. The
first one is the length of the proof and the other is the number of proof steps (also
called proof-lines). This only makes sense for proof systems in which the proofs
consist of lines containing formulas or sequents. Hilbert-style proof systems,
Gentzen’s sequent calculi, and Frege systems are examples of such proof systems.

Definition 4.3.18. Let L and M be two substructural or two super-basic logics
such that L C M. The inference system P is called a Frege system for L with
respect to M, for short an L —F system wrt M, if it satisfies the following condi-
tions:

(1) P has finitely many rules,

(2) P is sound: if Fp ¢, then ¢ € L,
(3) P is strongly complete: if ¢1,...,0n FL &, then ¢1,..., 0, Fp ¢.
%) . Om

s a rule in P, then

(4) every rule in P is M-standard: if
O1y s Om Fm O
In the case that L = M, we simply call this system a Frege system for L.

Here are some remarks. It is easy to see that any Frege system P for L wrt
M has the property that if ¢1,...,¢, Fp ¢, then ¢1,...,¢, Fm ¢. This can be
shown using induction on the structure of the proof and the condition 4. For a
substructural logic L, we will only consider Frege systems for L wrt L, i.e., M = L.
For S a subset of {e,i,0,c}, the Hilbert-style proof system HFLg is an example
of a Frege system for the basic substructural logic FLg (see [14, Section 2.5]). The
usual Hilbert-style systems for classical and intuitionistic logics, HK and HJ, are
also examples of Frege systems for CPC and IPC, respectively; see [14, Sections
1.3.1 and 1.3.3].
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Usually, a Frege system for a logic L is defined by some L-standard rules in the
sense of the condition (4) in Definition [4.3.18] This condition is useful to establish
the uniqueness of these systems up to p-equivalence (see . However, in this
paper we generalize the usual definition to add another and possibly stronger
logic M as a parameter to control the derivability of the rules. The logic M is
not necessarily equal to L. The reason for this choice is the somehow strange
behaviour of some Hilbert-style proof systems for some super-basic logics. For
instance, any natural Hilbert-style system for BPC includes the modus pones rule.
(See for instance Theorem [£.3.19 below). While this rule is admissible in BPC and
hence harmless to the soundness of the system, it can not be derivable inside the
logic BPC itself, i.e, ¢, p — 1) Fgpc ¥. Therefore, the modus ponens rule violates
the BPC-standradness condition. To address such systems, it may be reasonable
to relax the BP(C-standardness condition a bit to also include the modus ponense
rule. The smallest logic containing BPC and modus ponens is IPC and hence we
have to pick M = IPC as our controlling parameter. Although this choice of
definition may seem a bit artificial, it actually serves our goal better than the
usual systems. The aim of the present paper is establishing a lower bound for
any possible Frege system for some classes of logics and addressing a larger class
of Frege systems with a possibly stronger parameters M is admittedly a stronger
result. Moreover, later in the last section we will even use the mentioned strange
system for BPC to provide a lower bound for the usual natural sequent-style
proof system for BPC. Therefore, investigating this larger class of systems is
both strengthening and useful.

Theorem 4.3.19. There exists a Frege system P for BPC wrt IPC such that for
I' and A sequences of formulas v1,...,Vm, and 61,...,0,, if BPC F" I' = A
then . .
P l_ﬂ-/ /\ Yi — \/ (Sj
i=1 j=1

and (') = A().

Proof. Consider the sequent calculus BPC. Recall that for any sequent S =1" =
A, the formula I(S) is defined as AT — VA, and if ' = () then T — VA and
if A = () then AT' = L. Define a system P for BPC as the following. For any
initial sequent 7" of BPC add I(T') to P, and for any rule of the form

T, e T,
T
in BPC add the following rule to P
I(TY) e I(T,,)
I(T)
Moreover, add the following two rules to P:
o 9= ¢ Y

” (mp) ToAD (adj)

We will prove that P is a Frege system for BPC wrt IPC. We have to check all the
conditions of Definition [4.3.18] First, it is an inference system with finitely many
rules. Second, we have to show that P is sound, i.e., if P F ¢ then ¢ € BPC.
This can be proved using induction on the structure of the proof. As an example,
suppose the last rule used in the proof is
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T2y A= @0
7= 0V (¢ —0))

ByIH,v — (¢ — ¢) € BPCand v — (¢» — 0) € BPC. Therefore, BPC = v —
(¢ — ¢) and BPC F= v — (¢¥» — 0). Since the cut elimination theorem holds
in BPC, we obtain BPC F v = (¢ — ¢) and BPC t v = (¢ — 0). Using the
rule (7r) in BPC we get BPC + (v = 9,¢ — ) which implies BPC = v —
(0 V(¢ — 60)) by the rules (RV) and (R —), hence v — (d V (¢ — 0)) € BPC.
The cases for the other rules are similar.

Third, we have to show that P is strongly complete, i.e., if ¢1,..., ¢, Fepc 0,
then ¢1,...,¢, Fp ¢. It can be derived by showing the following:

o If ' Fgpc A then BPC T = A;
e f BPCHI = Athen PHFAT — VA;
© O1,...,0n P AL i

The sketch of the proof for each follows.

o Observe that each rule in BPC has a context on the antecedent of the
premises and the conclusion. Therefore, for every rule of the form

' = A r,=A4A,
r=A

the following is also a rule in BPC

.1 = Ay ., = A,
., I'=A

It means that if we add a context ¥ to the antecedents of all sequents in
a proof, the result is also a proof in BPC. Now, suppose I' Fgpc A where
I' =7v1,..., 7. Therefore, there exists a proof for = A with = ~v1,...,= 7,
as initial sequents in BPC. Based on the observation, we can add I' to the
antecedent of each sequent in the proof and get a proof for I' = A in

BPC from the initial sequents I' = ~y,...,I' = ~,. However, these initial
sequents are instances of the initial sequent in BPC and hence we get
Fepc I' = A.

e [t can be easily derived using induction on the structure of the proof. Sup-
pose the premises of a rule are of the form I'y = A; and I'y = A, and the
conclusion I' = A. Then by IH we get PH ATy - VA and PH ATy —
V A,. Using the corresponding rule in P we get P = AT — V A.

e This can be derived using the rule (adj) in P for n — 1 times.

Then, using these facts, we get ¢1,...,¢, Fp Ay ¢ and Fp ALy ¢; — ¢. Using
the modus ponens rule we get ¢1,..., ¢, Fp ¢. Note that if Fgpc= ¢ we obtain
Fp T — ¢ and by modus ponens we get Fp ¢.

Finally, we have to show that each rule in P is IPC-standard. Let us investigate
the following rule of P, which corresponds to the rule (F'V) in BPC, as an
example.
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T2 (=0 1= (@W—0)
Y= 6V (VY —0))
We have to show v — (¢ — 0),7y = (¥ = 0) Fipc v — (0 V (¢ Vo — 0)). By
definition, we have to show

=>7=(—=0),=7—=W—=0)Fuy=7—= (6 V(pV—0)).

However, for any formulas A and B we have 3y A, A — B = B. Using this
fact, the premises will become 7,¢ = 6 and 7,1 = 6. And then, we easily get
the conclusion in LJ. In a similar manner, all the other rules of P, and especially
the rule (mp), are IPC-standard.

So far, we proved P is a Frege system for BPC wrt IPC. Let 7 = T},..., T, =
(I' = A) be a proof in BPC written in a linear fashion. Then it is enough to
take 7’ as I(T1),...,I(T,) = I(I' = A). The new proof 7’ is a proof in P, since
P is defined by imitating the rules of BPC. O

Definition 4.3.20. An extended Frege system for a substructural logic L is a
Frege system for L together with the extension axiom which allows formulas of
the formp = ¢ = (p\ ¢ A ¢\ p) to be added to a derivation with the following
conditions: p is a new variable not occurring in ¢, in any lines before p = ¢, orin
any hypotheses to the derivation. It can however appear in later lines, but not in
the last line. An extended Frege system for a super-basic logic L wrt M is defined
similarly, where L C M, with the extension axiom beingp = ¢ := (p — ¢Ad — p).

It is easy to check that the definition of equivalence introduced in Definition
4.3.20] is closed under substitution, i.e., if A = B then for any formula ¢(p, q) we

have ¢(A, q) = ¢(B, q).

Lemma 4.3.21. For any two Frege system P and Q for a substructural logic L,
there exists a number c such that for any formula ¢ and any proof w, there exists
a proof @ such that

PH" ¢ implies QF" ¢

and N(7") < eX(m). In the case that P and Q are extended Frege systems, they
are polynomially equivalent.

Proof. The proof is easy and originally shown in [II]. The reason is that any
instance of a rule in P can be replaced by its proof in Q, which has a fixed
number of lines. Take ¢ as the largest number of proof-lines of these proofs. Since
there are finite many rules in P, finding ¢ is possible. Therefore, A(7") < cA(m).
A similar argument also works for the lengths of the proofs when P and Q are
extended Frege systems. O

As a result of Lemma [£.3.21] since we are concerned with the number of
proof-lines and lengths of proofs, we can talk about “the” Frege (extended Frege)
system for the substructural logic L and denote it by L — F (L — EF). Note
that Lemma cannot be proved for any two Frege systems for L wrt M for
super-basic logics L € M. For this to hold, we need an L — F system wrt M to be
strongly sound, i.e., if ¢1,...,¢, Fp ¢ then ¢1,..., ¢, Fr ¢, which does not hold
because of the condition 4 in Definition [4.3.18
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Definition 4.3.22. A proof in a Frege (extended Frege, Hilbert-style, Gentzen-
style) system is called tree-like if every step of the proof is used at most once
as a hypothesis of a rule in the proof. It is called a general (or dag-like) proof,
otherwise.

In this paper we will not use this distinction, because throughout the paper
all the proofs are considered to be dag-like, which is the more general notion.

4.4 A descent into the substructural world

In this section, we will present a sequence of tautologies and then we show they
are exponentially hard for any system L — EF for any substructural and super-
basic logics. In order to do so, we first provide some sentences provable in the
weak system WL. This uniformly provides two sequence of formulas provable in
FL, and BPC. In the case of FL_, since the system FL, is conservative over
FL and the formulas we are interested in do not contain |, we will automatically
have a proof in FL.

To provide tautologies in WL, we pursue the following strategy: First, using
the representations {_L, 1} for true and false, we encode every binary evaluation
of an LK-formula by a suitable WL-proof. Then, using this encoding, we map a
certain fragment of LK into the system WL, without any essential change into
the original sequent. Finally, applying this map on a certain hard intuitionistic
tautology provides the intended hard WL-tautology that we are looking for.

Definition 4.4.23. Let v be a Boolean valuation assigning truth values {t, f} to
the propositional variables. For a formula A in the language L, by v(A) we mean
the Boolean valuation of A by v, defined in the usual way. The substitution o,
for a formula A is defined in the following way: if an atom is assigned “t” in the
valuation v, substitute 1 for this atom in A and if an atom is assigned “f” in v
then substitute L for this atom in A. We write A°> for the formula obtained from
this substitution.

Lemma 4.4.24. For any formula A constructed from atoms and {\,V} and for
any valuation v we have

if v(A) =t, then WL F A% & 1,
if v(A)=f, then WLF A < 1.

Proof. The proof is simple and uses induction on the structure of the formula A.
If it is an atom, then the claim is clear by the definition of A?». If A = BAC
then if v(A) = ¢ we have V(B) = v(C) = t. Therefore, by induction hypothesis
we have

WLF B <1 and WL C & 1

Using the following proof-trees in WL

1 = B 1= C%
1= Bo%* AC%

B =1
B ANCo =1

RA

LA,
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we obtain WL + B? A C% < 1, which is WL - A% < 1.
If A= BAC and v(A) = f, then one of the following happens

v(B)=t,v(C)=f or v(B)=f,v(C)=t or v(B)=v(C)=f

We investigate the first case, the other cases are similar. If v(B) =t and v(C) =
f, by induction hypothesis we get

WL B &1 and WLEC" & L

Therefore, the following are provable in WL
C» = L

B NC% = L (L)
where the right sequent is an instance of the axiom for L. Hence, we get WL F
A% & 1.
Finally, if A = B Vv C, based on whether v(A) =t or v(A) = f we proceed as
before. All the cases are simple, therefore here we only investigate the case where
v(A) =v(BVC) =tand v(B) = f and v(C) = t, as an example. Using the
induction hypothesis for B and C', consider the following proof-trees in WL:

B = 1 1 =1

1= C% oy
1jB%vW@mw) b7 =1

L= B ANCv

(cut)
B v (C7 =1

C% =1 (L\/)

]

The following theorem is our main tool in proving the lower bound and it
provides a method to convert classical tautologies to tautologies in WL.

Theorem 4.4.25. If \; ¢;pi; — A(p) is a classical tautology, then we have

WL + é)(pij A1) = A(p)

J=1

where A(p) is a formula only consisting of p = p1,...,pn and connectives {A,V}
and I = {21,,Zk} Q {1,,71}

Proof. The theorem states that due to the commutativity of conjunction in clas-
sical logic, any order on the elements of I, i.e. the sequence iy, ..., i, can be used
and ®?:1(pij A1) = A(p) is provable in WL. However, the order must be fixed
throughout the proof.

Since Nije1 Di; = A(p) is a classical tautology, it will be true under any assignment
of truth values to the propositional variables, especially the valuation v assigning
truth to every p;, for ¢ € I, and falsity to the rest. It is easy to see that under this
valuation we have v(A; ¢/ pi;) = t and since we also have v(A; ¢;pi, — A(p)) =t
(because the formula is a classical tautology), we get as a result v(A) = ¢t. There-
fore, using Lemma we obtain WL F A% & 1 and since WL = 1, using
the cut rule we get

WL EF= A% (%)

On the other hand if we show

WL+ é(pz-j A1), A% = A (1)

Jj=1
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then using the cut rule on the sequents in (%) and (}) we get

k
WL (gz(p,-j A1) = A
]:
We will prove (1) by induction on the structure of the formula A. If A is equal
to p;;, for some j where i; € I, then since v(p;;) = t, we have A7 = piy = 1.
Therefore, the following proof-tree represents a proof in WL:
pij = pij )
pi; N1, 1= pi; (1w)
Lipi;, N1,1 = py; (Lny)
pij,1 A 1’pij A 17 1 = pij 2

(LA
w

pilAly'--ypij,1/\17pij/\17-'-7p’ik/\171 :>pij
pil/\1®p12/\17"'7pij,1/\17pijAla"'apik/\laljpij

(L&)

(L®)

®§:1 (plj A 1)7 1= pi]'

where the first vertical dots means using the rules (1w) and (LAy) consecutively.
Note that based on the rule (1w), we can add 1 in any position on the left hand-
side of the sequents. Using this fact together with the rule (LAs) we obtain all
formulas in the appropriate order. The second vertical dots represents applica-
tions of the rule (L®) consecutively until one reaches the conclusion. Therefore,
we have proved

k
WL F Q) (pi, A1), A7 = A.
j=1

The case where A = p;; where i; ¢ I is easier. Since for such j we have v(p;;) = f,
using Lemma [4.4.24] we get WL - A% < 1. Using the initial sequent for L we

have WL + ®§:1(pij A1), 1L = A and using the cut rule we get (}).

If A(p) = B(p) ANC(p), and the induction hypothesis holds for B(p) and C(p),
ie.,

k k
WL Q(pi, N1),B” = B, WLEQ(p;, A1),C7 = C (1)

j=1 j=1
then first using the rule (LA;) for the left sequent and rule (LAg) for the right
sequent, and then using the rule (RA) we get

k
WL+ Q) (pi;, A1),B ANC7 = BAC.

J=1

If A(p) = B(p) V C(p) then first using the rule (RV;) for the left sequent in ()
and rule (RV3) for the right sequent in (f), and then using (LV) we get

k
WL F Q(pi, A1), BV C7 = BVC.

j=1
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4.4.1 A brief digression into hard tautologies

The formulas we are going to introduce as our hard tautologies for the system
FL — EF and BPC — EF are inspired by the hard formulas for IPC —F introduced
by Hrubes [21] and their negation-free version introduced by Jerabek [25]. In this
subsection, we briefly explain these formulas and what combinatorial facts they
represent.

Let us first define formulas Clique,  and Colory,,, which will be used in
Hrubes’s formulas.

Definition 4.4.26. [28, Section 13.5] Let n,k,m > 1. By an undirected simple

graph on [n] we mean the set of strings of length (g) We say a graph has a clique
when there exists a complete subgraph, which is a subgraph with all possible edges
among its vertices. Define Clique,, i, to be the set of undirected simple graphs on
[n] that have a clique of size at least k, and define Color,, , to be the set of garphs
on [n| that are m-colorable, and they are defined by the following two sets.

The set of clauses denoted by Clique® (p, q) uses (g) atoms pi;, {i,7} € (g), one
for each potential edge in a graph on [n|, and k.n atoms q,; intended to describe
a mapping from k] to [n]. It consists of the following clauses:

® Vicpn] Qui; all u <k,
® —qui V qy;, allu € [k] and i # j € [n],

® —qui V 'y, allu # v € [k] and i € [n],

® @y V Quj \/pij7 all u # v e [k] and {Z’]} = (;)

The set of clauses Color]*(p,7) uses atoms p and n.m more atoms 1, where
i € [n] and a € [m], intended to describe an m-coloring of the graph. It consists
of the following clauses:

® Vocpm Tia, all i € [n],

o — 1,V —ry, alla £ b € [m] and i € [n],

o gV e V Ty, all a € [m] and {i,j} € (g)

Note that every occurrence of atoms p;; in Clique® (p, q) is positive, or in other
words it is monotone in p.

The exponential lower bound for intuitionistic logic is demonstrated in the
following theorem due to P. Hrubes. The main idea is that any short proof for
the hard tautology provides a small monotone circuit to decide whether a given
graph is a clique or colorable, which we know is a hard problem to decide [3].

Theorem 4.4.27. [2]] Let p = p1,--+ ,pn and ¢ = q1,--- ,qn and p,q,7,5 be
disjoint variables, v = {p,q,7,8}, and k = |\/n]. Then the formulas

@,LL = /\ (pi V q;) — ﬁC'OZOTfL(ﬁ, s)V ﬂC'liquefLH(ﬂQ, T)

i=1,n

are intuitionistic tautologies. Moreover, every IPC — F-proof of O contains at
least 224" proof-lines.
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We refer to the formulas ©1 as Hrubes’s formulas. The superscript L in ©1
stresses that the formulas contain negations. For our purposes, we need to use a
negation-free version of Hrubes’s formulas.

Definition 4.4.28. [25, Definition 6.28] For k < n define:

ab(p,5,5) =\ Nsi,vV V V(s AsjiApij),

<nl<k ,7<n <k
/BS((L f: 7:,) = \/ /\ T;,l \% \/ \/ (Ti,l A Tim A qi,j)'
I<ki<n B,j<nl<m<k

Define the negation-free Hrubes formulas for k = |\/n] as follows:

O, = AN Wi Vais) = [(N(siaVsiy) = an(@, 5, 8)V(A\riavriy) = By g, 7,7))).
ij il il

Notice that Color®(p, 3) = =ak(p, 5, —3) and Cliquek (p,7) = =3%(—p, 7, —7). The

lower bound of Theorem also applies to ©,, [25].

To make Hrubes’s formulas negation-free, Jerabek introduced new proposi-
tional variables s}, and r}; to play the role of —s;; and —r;;, respectively. This
trick provides some implication-free formulas o and 8* in the definition
to make the formulas ©,, more amenable to the technique that we provided in

Section [4.4]

Theorem 4.4.29. ([25, Theorem 6.37]) Let L be a super-intuitionistic logic with
infinite branching. Then the formulas ©,, are intuitionistic tautologies and they
require L — E¥-proofs of length 2”9(1), and L — F-proofs with at least 27" Jines.
4.4.2 Weak hard tautologies

The following lemmas are easy observations. The first one states that fusion
distributes over disjunction in substructural logics. The second one presents a
property of the sequent calculus LK.

Lemma 4.4.30. In the sequent calculus WL we have the following:

WL + é)(Ai VB) & \/(é) D;)

i=1 I i=1
A, iel
- - v
where I C {1,2,--- n} and D; { B, idl"

Proof. The proof is easy and uses induction on n. Note that in each disjunct in
the right hand-side, D! is either A; or B;, according to the subset I. However,
the order of the subscripts must be increasing. For instance, for the case n = 2
we have

O
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Lemma 4.4.31. Suppose oy — as and 31 — P2 have no propositional variables
in common. If the formula oy N as — 1 V By is provable in LK, then either
a1 — a9 or 1 — By is provable in LK.

Proof. 1t is an easy corollary of Craig’s interpolation theorem. [

We are now ready to formulate hard tautologies in WL and prove the lower
bound. By ;. ®” ! A; j, we mean that the indices first range over j and then
over %, which wﬂl result in the lexicographic order, i.e., it has the following form

A1 ®A2R @A 1 QA Q- @ A1

For a set (sequence of formulas) I', by || I' || we mean the number of elements of
the set (the number of formulas the sequence contains).

Theorem 4.4.32.

— (@ ®((pis A DV (gy A1) \

i=1 j=1
n—1k—1 n—1k—1 B
(& Q((sau AV (s A\ (B, 5, )] V [Q Q((ri ADV (rf AD)\ B (G, 7, 17)]
i=1 [=1 i=1 [=1

are provable in WL, where k = |y/n].

Proof. Let us denote the following formula by A:

n—1k—1 n—1k—1

(@ @ (s (A ak (5.5.5)] V (@ @((riu AV (A B (g, 7.7)].

i=1 1=1 =1 1=1
First, we show for any I C {(i,7) | i,7 € {1,--- ,n—1}}

n—1n—1

WLEQRQQRQ, =4 (1)

i=1 j=1

pi7</\1 , (4,5) el
such that Qi,j:{ q@';/\l ((Z j§¢l .

For simplicity from now on, unless specified otherwise, we will delete the ranges
of i, j and [, which are indicated in ©%.

It is easy to see how proving (1) will result in proving the theorem. The reason
is the following. Since (}) is provable for any I C {(i,5) | i,7 € {1,--- ,n — 1}},
using the left disjunction rule for 2("=Y° — 1 many times on (1), we get

I
WLEV@®Q, = 4
i
Furthermore, Lemma [4.4.30| allows us to obtain

WL}‘@@((MJAD (¢ A 1)) :>\/®®sz7

and using the cut rule and the rule (R\), we conclude

WL = 07.
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On the other hand, ©,, presented in Definition |4.4.28| is provable in LJ, and there-
fore also provable in LK. Using the distributivity of conjunction over disjunction
we obtain the following sequent

AN pigA N @ = [ Nsavsiy) = ah(d,5 VN vr) = B (g, 7 r)]
(i,)eM (4,5)EN 1,1 il

is provable in LK for any M and N such that MUN = {(i,j) | i,j € {1,--- ,n—
1}}. For such M and N, using Lemma [4.4.31| we have either

LKE A piy = (Al Vsiy) = ab(,5, ),
(4,7)eEM il

or

LK A gy = (N vrl) — B g rr).

(i,7)EN 1,1
We consider the first case, the second one being similar. Therefore, suppose the
first case holds. Using the cut rule, we have

LK+ /\ Dij /\(Si:l N S;',l) = O‘Z(ﬁa s, 5_/)7
(4,9)eM 0

and using the left exchange rule we obtain

LK I /\(Siﬁl N 5;,1) ; /\ Pij = Oéfl(ﬁ, 5,8).

il (i,j)eM

Now, using the distributivity of conjunction over disjunction in LK we have for
any U and V such that UUV = {(i,[) | i <n,l < k}

LKE( A sun A si). N piyg=akpss),

(3,0 eU (Z,hHev (i,5)eM

or equivalently (using the rules (LA;), (LA2), and left contraction),

LK A squn A i A A pij = af(p,s,s).
(3,0)eU (#,hHev (i,5)eM

Now, using Theorem [4.4.25

n—1k—1
WLE(Q®QSH) © (Q (pijAl)=ak(p,s,s),
=1 [=1 (i,j)eM

syl (i,5)eU

sy, (4,5) eV

Note that by Theorem we can choose any order on @ jer(Pij A 1)
provided we do not change it throughout the proof. Since the order is arbitrary,
for simplicity we do not explicitly write it down.

Equivalently (using the fact that for any formulas A and B, we have WL F
A, B = A® B and then using the cut rule), we have

A%
where S;}" =

n—1k—1

WL (Q Q5" (( Q (pij L) = a(p,s,s).

i=1 1=1 (i,j)EM
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Since this sequent is provable for any U and V' such that UUV = {(i,1) | i <
n,l < k}, using the left disjunction rule for 2*=D*=1 — 1 many times we get

n—1k—1
WLE V(@S ((Q i A1) = ak(p,5,s).
UV i=11=1 (i,j)EM

Using Theorem |4.4.30] and the cut rule we have

WL [ @((Si,z ADV (s AD)L ( Q) (i AL) = an(B,5,9),

(i,7)EM

and using the rule (R\) we get

WLE & (i A1) = [Q @((Sm AV (s AN aq(p,s,8').

(i,5)eM

Now, using the rules (L1) and (LAy) consecutively for || N ||-many times (each
time we produce ¢; ; A1 for each element of IV, in the same manner as in the proof
of Theorem and then using the rule (L®) for || N ||-many times and in
the end using the rule (RV;) we prove (f). O

Note that the formulas ©% are provable for any choice of 1 < k < n, as well.
The reason for the restriction to k = |[y/n] is that we are only concerned with
this case, when it comes to the proof of the lower bound.

Remark 4.4.33. It is worth noting that the system WL could have been defined
in an alternative way by deleting / instead of \ from the language, and having the
same initial sequents and rules as FL and leaving the rules (R/),(L/), and (L\)
out. Then, in a similar manner, the following formulas would be provable in this
alternative calculus:

[ai/@ g:z)«si,l AV (s A L)) V [ﬁﬁﬂ@ @«m AV, AD)]
[@ @((pu ALYV (qi; A1)

where oy, = ayi(p, 5, 8') and B! = ByY(g, 7).

Now, we are ready to present tautologies in FL and BPC. It is easy to see that
the tautologies introduced in Theorem [4.4.32| are provable in basic substructural
logics.

Corollary 4.4.34. The formulas ©% are provable in the logic FL.

Proof. Clearly, WL is a subsystem of the sequent calculus FL . Then, using the
cut elimination theorem [I4, Theorem 7.8] for FL |, and the fact that ©% do not
contain 1, we obtain the result. O

To provide tautologies in BPC, we need the translation function, ¢, defined in

Section [4.3]

Corollary 4.4.35. The formulas (O2)" are provable in BPC.

Proof. The provability of (©%)" is a consequence of Theorem [4.4.25/ and Lemma
4314 O
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4.5 The main theorem

In this section we will present the main result of the paper. We will prove that
there exists an exponential lower bound on the lengths of proofs in proof systems
for a wide range of logics. Furthermore, we will obtain an exponential lower
bound on the number of proof-lines in a broad range of Frege systems.

Theorem 4.5.36. Let L be a super-intitionistic logic with infinite branching.

(1) Let P be a proof system for a logic with the language L® such that FL <
P ﬁ) L—EF. Then P+ OF and the length of any such proof is exponential
mn.

(i) Let P be a proof system for a logic with the language L such that BPC <
P <,L—EF. Then P (©2)" and the length of any such proof is expo-
nential in n.

Proof. (i) Since FL + ©F by £.4.32] and FL < P, the formulas ©F are also
provable in P. Take such a proof 7, i.e., P =7 ©3. Since P <! L — EF, there
exists a proof 7 and a polynomial p, such that L—EF ™ (%) and |m| = p(|7]).
We want to prove L — EF - (02)" — ©,, by a proof whose length is polynomial
in n. First, since L is a super-intuitionistic logic, we have L — EF F u A T < u,
where u is any of the atoms present in the formulas ©,,. This proof has a fix
number of proof-lines in L — EF. The claim then easily follows from the fact that
the length of the formula ©,, is also polynomial in n. Therefore, ©,, is provable in
L — EF with a proof polynomially long in n and ;. By [4.4.29) any L — EF-proof
of ©,, has length at least 20(n'/%), Therefore, the length of 7 must be exponential
in n.

(ii) The proof for this part is similar to that of (i). Here, the formulas (0%)" are
provable in BPC and hence in P. Since L — EF polynomially simulates P, we
obtain the exponential lower bound using the fact that L—EF + (09) — ©,,. O

The following theorem states an exponential lower bound on the number of
proof-lines in a wide range of Frege systems.

Theorem 4.5.37. Let M be a super-intitionistic logic with infinite branching.

(i) Let L be a logic with the language L% such that FL C L C* M. Then, the
number of lines of every proof of ©F in L —F is exponential in n and every
proof of ©2 in L — EF has length exponential in n.

(i) Let L be a logic with the language L such that BPC C L C M. Then,
the number of lines of every proof of (02)" in any L — F system wrt M is
ezponential in n and every proof of (©2)" in any L — EF system wrt M has
length exponential in n.

Proof. To prove (i), note that since FL - ©F by [4.4.34] and FL C L, we have
L - ©%. Let 7 be a proof of ©F in L — EF. Using the assumption we will provide
a proof 7’ of (%) in M — EF such that A(7") < cA(w). Fix an extended Frege
system Q for the logic M. Define the system P as the system consisting of all the
rules in Q plus the rules:
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At

for any rule of L — EF of the form:

Ay o A
A

We have to show that P is an extended Frege system for the logic M. To be
more precise, we have to show that P is strongly sound and strongly complete
with respect to M, because the other conditions (1 and 2 in Definition
are obvious. P is strongly complete wrt M, since it contains Q and Q is strongly
complete wrt M. For strongly soundness, note that for any rule in L — EF of the
form:

Ay e A
A

since all the rules in L — EF are standard, we have A;,... A; . A. By Remark
[{.3.15] At,... Al Fm A'. Hence, all the new rules in P are standard with respect
to M.

To bound the number of proof-lines, let T = ¢4, ..., ¢, be a proof for ©F in L —
EF. Then, each ¢; is either an extension axiom, or it is derived from {¢,,, ..., ¢;}
such that all j,’s are less than 7. It is clear that 7' = ' = ¢!, ... ¢! is a proof in
P, since the translation t of the extension axiom of L — EF will be the extension
axiom of M — EF and moreover,

¢ ¢
i e i
P;

is an instance of a rule in P. Note that the number of proof-lines stay the same,
e, A(m) = \n').
Therefore, the formula (©9)" has a proof in P whose number of lines is the same
as the number of lines of the proof of ©F in L — EF. Since for any formula ¢ in
the language £ we have |¢| = |¢!|, therefore the length of 7 is the same as the
length of 7/. On the other hand, as we observed in the proof of Theorem [4.5.36],
we can show that (0%2)" — ©,, has a proof in P with polynomial number of lines.
Gluing these proofs together, we will obtain a proof for ©,, in P. Since any proof
for ©,, in P has exponential length (Theorem , any proof for % in L — EF
will also have exponential length.
Note that the above construction also works for the case of considering Frege
systems. It is easy to see that the translation of every proof in L — F will be
a proof in M — F, and the number of proof-lines stay the same. Therefore, the
bound on the number of proof-lines follows.

For part (i), using Corollary [4.4.35 (©2) is provable in BPC and hence in
L. Fix an extended Frege system Q for the logic M. Add the rules of the L — EF
system wrt to M to Q. The resulting system, which we denote by P, is an
extended Frege system for the logic M. The reason is similar to the argument in
the part (i), using the facts that L C M and all the rules of L — EF system wrt M
are M-standard. Let 7 be a proof for (©9)" in L — EF system wrt M, therefore, it
will also be a proof in P with the same number of lines and same length. Again
by gluing the short proof of P - (0%)" — ©,, to 7, we reach the result as in the
proof for part (7). O
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Corollary 4.5.38. o Let S be any subset of {e,c,i,0}, and L be FLs, or any
of the logics of the sequent calculi in Table [{.1. Then, the number of lines
of every proof of OF in L — F is exponential in n and every proof of ©F in
L — EF has length exponential in n.

o Let L be BPC or EBPC and M a super-intuitionistic infinite branching logic.
Then, the number of lines of every proof of (©2)" in any L — F system wrt
M is exponential in n and every proof of ©% in any L — EF system wrt M
has length exponential in n.

4.6 The lower bound for sequent calculi

So far, we have provided a lower bound for proof systems for logics as least as
strong as FL and polynomially simulated by an extended Frege system for an
infinite branching super-intuitionistic logic. It is very desirable to see if the lower
bound also applies to proof systems for logics outside this range, for instance their
classical counterparts. The result in this section is an attempt in this direction
and we reach a positive answer for any proof system polynomially weaker than
CFL_,, which is the system CFLey, without the cut rule. For that matter, we
first transfer the lower bound from the previous section to the sequent-style proof
system FLg for any S C {e, ¢, i, 0}. Then we use the observation that any cut-free
proof of a single-conclusion sequent in the 0-free fragment of CFL.,, is also an

FL-proof.

Theorem 4.6.39. Let I' be a sequence of formulas vy, ..., Vm, A a formula and
S any subset of {e,c,i,0}. If FLg F™ I' = A then there exists a Frege system P
for FLs such that
P @7\ A
i=1

such that A\(7") = \(m).

Proof. The proof is similar to the proof of Theorem [£.5.37} As noted in the dis-
cussion after Definition £.2.3] since FLg - I" = A, we have I' g g A. Therefore,
for any Frege system Q for the logic FLs, by strong completeness in Definition
[{.3.18, we have I' -q A. Fix such Q. The method is developing a Frege system
P for FLs by transforming all the axioms and rules of the sequent calculus FLg
to Frege rules in the new system. For the sake of completeness, we also add Q to
the resulting system.

Recall that for I' = (), the formula @ I is defined as 1 and for any single-conclusion
sequent 7' = (I' = A) by I(T), the interpretation of the sequent 7', we meant
QT \ A, if A is non-empty, and @T'\ 0 for A = (). Now, define P as the sys-
tem consisting of the rules of Q plus the following rules: for the axiom 7" in the
sequent calculus FLg add

I(T)
and for any rule in the sequent calculus FLg of the form
T, o T,
T

109



add the following rule
(1Y) o I(T,)
I(T)
where m = 1 or m = 2. We have to show that P is a Frege system for the logic
FLs, i.e., P is strongly sound and strongly complete wrt the logic FLs. First,
since Q is strongly complete wrt FLs, then so is P. Now for strongly soundness,

we have to show that the new rules are standard wrt FLs. I.e., for any rule of the
form

nn) ... I(Tn)
I(T)
in P we have to show I(T}),...,I(T},) Fr 1(T'). However, it is not hard to show

that, since in the sequent calculus FLg the cut rule exists, we have = I(T}) FpLq
T; using

and the fact that for any two formulas ¢ and v, we have FLg F ¢, ¢ \ ¢ = 1.
Using the corresponding rule, T3, ..., T, Frrg T, the fact that T b= 1(T),
and the cut rule we have = I(Ty),...,= I(T),) FrLs= I(T). Therefore, by
definition, I(T1),...,I1(T,) Frs I(T). Therefore, P is a Frege system for FLs.

For the number of proof-lines, note that if 7 = T3,...,T, is a proof for T,, =
(I' = A) in FLg, then it is easy to see that I(T}),...,I(T,) will be a proof for
&, 7 \ A in P. Therefore, A\(7’) = (). O

Corollary 4.6.40. For any S C {e,i,0,c} we have FLg F= 0% and the number
of lines of any proof of this sequent is exponential in n.

By a O-free formula in CFL,,, we mean a formula only consisting of proposi-
tional variables, the constant 1, and the connectives {A,V, —, ®}.

Lemma 4.6.41. IfI' is a sequence of O-free formulas, then CFL_, ¥ I' =.

Proof. Suppose (I' =) has a proof in CFL_,. Since the proof is cut-free and
I' is O-free, by the subformula property of CFL_,, the whole proof is also 0-
free. Therefore, there is no axiom in the proof with an empty succedent, because
such an axiom must be in the form (0 =), which is not O-free. Moreover, if the
succedent of the conclusion of any rule is empty, then the succedent of at least
one of its premises must be empty, as well. The reason is the following. First,
note that the last rule is not an axiom, as stated. It cannot be a right rule either,
because they always have at least one formula in the succedent of their conclusion.
And for the left rules, the claim is evident by a simple case checking. The only
non-trivial case to check is (L —) which also has such a premise:

T=9¢ ILyY,Y¥=

Le¢—y,T,X=
Therefore, any sequent in the proof with an empty succedent has also a premise
with an empty succedent. This is clearly a contradiction. O

(L =)

The following theorem, which is of independent interest, states that for posi-
tive formulas, a cut-free proof for a single-conclusion sequent in CFLg,, is also a
proof for the same sequent in FLgy.
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Theorem 4.6.42. Suppose I' is a sequence of 0-free formulas and A is a 0-free
formula. Then any proof m for I' = A in CFL_, s also a proof in FLey,.

Proof. The sketch of the proof is the following: suppose 7 is a cut-free proof
in CFLg,, such that all the formulas in the proof are 0-free. Then, along the
proof, the number of formulas in the succedent of the sequents does not decrease.
The reason lies in the fact that neither the cut rule nor the contraction rules are
present. Hence, in the special case that the sequent is also single-conclusion, the
succedents of all the sequents in the whole proof will contain exactly one formula.
Therefore, the proof is in FLey,.
Let m be a proof for I' = A in CFL_,. By induction on the structure of m we
will show it is also a proof for the same sequent in FLgy,. As stated in the proof
of Lemma [4.6.41] every formula in the proof must be 0-free.
If ' = A is an instance of an axiom in CFL_,, then it is either = 1 or an
instance of the axiom ¢ = ¢, which are both also axioms in the sequent calculus
FL,. For the induction step, note that the last rule in the proof cannot be (Ow).
For all the other rules (except for the rule (L —)), it is easy to see that since
the conclusion of the rule is single-conclusion, then every premise must also be
single-conclusion. It remains to investigate the case where the last rule used in
the proof is (L —):
T 2
T= ¢ A Ly, Y= A (L —)
Lo —u,T,%=AA

There are two possibilities; either A is empty and A is equal to A
T 9
T=¢ ILYyX¥=A4
MosoTynoa L)

or A is empty and A is equal to A
™ T2
T=0¢A Ly, X =
MoouTx=A4 E7)

In the former since both premises are single-conclusion, by induction hypothesis,
m1 and 7y are proofs in FLe,, and by applying the rule (L —) we obtain a proof
for I' = A. On the other hand, the latter cannot happen since the right premise
is of the form II, ¢, ¥ = and the antecedent of this sequent is O-free. Therefore,
Lemma implies that it is not provable in CFL_,. ]

Theorem 4.6.43. The formulas

07 = [Q((piy A1)V (gi; A1) —

1]
[@((si A1)V (si, A1) = an (P, 5,8)] V [Q((raa ALV (1 A1) = B (. 7,17)].
il il
are provable in CFLZ, where k = |\/n|. Moreover, every CFLZ -proof of 6%

contains at least 202(n'/") proof-lines and hence has length exponential in terms of

the length of ©F.
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Proof. Since formulas ©% are provable in FL and therefore in FLgy, they
are provable in CFL.y. However, since in FL¢,, and CFLg,, the exchange rules
are present, as stated in the preliminaries the connectives \ and / are substituted
by —. Therefore, the tautologies ©F will have the more recognizable form éff’.
Using the cut elimination theorem for CFLgy,, formulas (:);’? are also provable
in CFL_,. By Theorem , since ©F are O-free any cut-free proof for these
formulas in CFL_,, is also a proof in FLey,. However, Theorem guaranties
these proofs contain at least 20!’ proof-lines and hence the lengths of these
proofs are exponential in terms of the length of é;? n

Remark 4.6.44. So far, we do not have any method to extend the lower bound
to the calculus CFLe, where the cut rule is present. Note that since there are no
non-trivial lower bounds for the sequent calculus LK, we can not use a similar

argument as that in the proof of Theorem [].4.33.
Corollary 4.6.45. For any proof system P such that CFL; < P <, CFL_

ew’
there is an exponential lower bound on the length of proofs in P. As a result, there
are exponential lower bounds on the length of proofs in sequent calculi CFL,

CFL_, and CFL_,.

Proof. Tt follows from Theorem [4.6.43| O

In the end, we will provide a result similar to Theorem for the sequent
calculus BPC.

Corollary 4.6.46. We have BPC = (0%)" and the number of lines of any
proof of this sequent is exponential in n.

Proof. Take the Frege system P for BPC wrt IPC. Using Theorem [4.3.19] since
BPC k= (09)" then PT — (©%9)". By the modus ponens rule we get P(O%)".
Using the second part of Theorem |4.5.37, we get the lower bound. ]
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