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Kurzfassung

Der Sequentkalkiil, eingefiithrt von Gerhard Gentzen, ist ein wohlstudiertes
Modell des mathematischen Beweises. Die Benutzung von Lemmata ent-
spricht dem Einsatz der Schnittregel im Sequentkalkiil. Schon Gentzen be-
wies dass, falls ein Theorem mittels der Schnittregel bewiesen werden kann,
dies auch ohne ihre Verwendung moglich ist. Dieses metamathematische
Resultat wird Schnitteliminationssatz genannt. Die urspriingliche Motiva-
tion fiir dieses Resultat war es, die Konsistenz des Sequentkalkiils zu zeigen:
Es ist leicht zu sehen, dass ein Widerspruch nur mittels der Schnittregel
hergeleitet werden kann. Wenn nun so ein Widerspruch existieren wiirde,
hatte er — nach Gentzens Resultat — auch eine Herleitung ohne Schnit-
tregel, was unmoglich ist. Die urspriingliche Verwendung des Schnittelimi-
nationssatzes betraf also einen hypothetischen Beweis.

Seitdem wurde die Formalisierung der Mathematik in Form von Bewei-
sen in logischen Systemen durch den Computer erméglicht. Es wurde also
moglich (Implementationen von) Schnitteliminationssétze auf (Formalisier-
ungen von) mathematische Beweise anzuwenden. Das Resultat ist dann
ein neuer, schnittfreier Beweis, von dem interessante Information abgelesen
werden kann. Informell gesprochen ist der Beweis direkt: er enthalt keine
Umwege in der Form von Lemmata.

Das Thema dieser Dissertation ist die Erweiterung der wohlbekannten
Schnitteliminationsmethode CERES (cut-elimination by resolution) von der
Logik erster Stufe auf die Logik hoherer Stufe. Sowohl theoretisch als auch
praktisch wurde der Wert der Methode (in der Logik erster Stufe) nachgewie-
sen. Aber die Logik erster Stufe hat Einschrankungen, die ihre Verwendung
fiir die Formalisierung von Mathematik behindern: oft kann die intuitive
Beschreibung mathematischer Objekte nicht direkt formalisiert werden, son-
dern die Objekte miissen kodiert werden.

In der Logik hoherer Stufe gelten gewisse grundlegenden syntaktischen
Eigenschaften von Beweisen, die fiir die Definition von CERES verwendet
werden, nicht. Deshalb wird ein flexibler Sequentkalkiil fiir die Verwen-
dung mit CERES entwickelt und seine Eigenschaften untersucht. Ausserdem



wird ein Resolutionskalkiil definiert und formal mit dem Standardresolutions-
kalkiil von Peter B. Andrews verbunden. Auf diesen Systemen aufbauend
wird die Schnitteliminationsmethode CERES® definiert. Sie wird mittels
Ubersetzungen, die direkt implementiert werden konnen, mit den Standard-
systemen verbunden.
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Abstract

A well-studied logical model of mathematical proofs is the sequent calculus
introduced by Gerhard Gentzen. In the sequent calculus, the use of lemmas
corresponds to the application of the cut rule. Already Gentzen proved that
if a theorem can be proved using the cut rule, it can also be proved without
using it. This metamathematical result is called cut-elimination theorem.
The original motivation for obtaining it was to establish the consistency of
the sequent calculus: It is easy to observe that a contradiction can only be
derived by use of the cut rule. But if such a derivation of a contradiction
would exist, by Gentzen’s result there would also be a derivation of it without
the use of cut, which is impossible. Hence the original application of the cut-
elimination theorem was to a hypothetical proof.

Since then, the formalization of mathematics in the form of proofs in log-
ical systems has been made possible by the computer. Hence it has become
possible to apply (implementations of) cut-elimination theorems to (formal-
izations of) mathematical proofs. The result is a new, cut-free proof, from
which interesting information can be extracted. Informally, the proof will be
direct: it will not contain detours in the form of lemmas.

The subject of this thesis is to extend a well-known method of cut-
elimination, CERES (cut-elimination by resolution), from first-order logic
to higher-order logic. In first-order logic, both theoretical and practical re-
sults have established the value of the method. But first-order logic has some
limitations which restrict its usefulness for the formalization of mathematics:
often, the intuitive description of mathematical objects cannot be formalized
in a straightforward way, but rather needs to be encoded.

In higher-order logic, some of the basic syntactical properties of proofs
in first-order logic on which CERES depends fail to hold. Hence a more
flexible sequent calculus, suitable for CERES, is defined in the thesis, and
its properties investigated. Furthermore, a resolution calculus is defined and
formally linked to the standard higher-order resolution calculus of Peter B.
Andrews. Building on the defined systems, the cut-elimination by resolution
method for higher-order logic, CERES”, is defined.
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Chapter 1

Introduction

One of the main objectives of the working mathematician is to demonstrate
the validity of sentences. Therefore, it is not surprising that there exists a
subfield of mathematical logic, proof theory, devoted to the study of proofs as
mathematical objects. An important aspect in the beginnings of proof theory
was to establish the consistency of logical theories using purely “finitistic”
methods. As proofs can be regarded as finite objects (i.e. finite strings of
symbols), it seemed reasonable to use proof-theoretic methods to attain this
goal. Unfortunately, by the seminal results of Godel, it became clear that it
is not possible to prove the consistency of interesting mathematical theories
using purely finitistic means. Still, partial success has been obtained: For
example, Gentzen in [25] and Godel in [29] proved the consistency of arith-
metic in a rather “finitistic” way, isolating the need for stronger assumptions
(induction up to € in the former, normalization of functional terms in the
latter case).

Towards this aim, Gentzen invented the sequent calculus in [23, 24]. This
formalism has turned out to have a great variety of uses, and in particular
the cut-elimination theorem, which by itself establishes the consistency of
pure logic, has a variety of applications. One of those uses is in the rela-
tively new field of applied proof theory or proof mining. The idea is to use
proof-theoretic methods to extract information from formal proofs, in par-
ticular as an application to formalized proofs from “real-world” mathemat-
ics. Examples of proof mining include the extraction of algorithms, bounds,
and new proofs from existing proofs. Some concrete studies can be found
in [54, 53, 50, 39, 41, 4, 5, 6, 33].

There exist different methods to prove the cut-elimination theorem (and
hence different ways of doing cut-elimination-based proof mining). The orig-
inal idea by Gentzen can be regarded as a rewrite system on proofs that is
applied according to a specific strategy, hence it has been called reductive



cut-elimination. The point is to go from complex cuts to less complex ones,
maybe creating new cuts in the process, but in such a way that the procedure
must eventually terminate and produce a cut-free proof. Methods based on
this rewrite system (by supplying a particular strategy) are called reductive
methods.

An alternative method is cut-elimination by resolution, which was intro-
duced in [9]. The technique is novel because it relies on the resolution method
from automated-theorem proving (introduced in [51]). It was shown in [3, 9]
that in first-order logic, CERES outperforms reductive methods in the sense
that CERES simulates them up to an exponential, and that there exists
a non-elementary speed-up of CERES over the reductive methods. Apart
from this theoretical advantage, the application of CERES in practice dif-
fers essentially from applying reductive methods: The kernel of CERES is
a certain set of clauses that is extracted from a proof with cuts. The main
point in the cut-elimination process is the refutation of this set of clauses via
resolution, which can be performed semi-automatically using a resolution
theorem prover. Contrast this with the situation of applying reductive cut-
elimination, where the process is guided solely by fixing a particular strategy
of applying the reduction rules.

1.1 Moving CERES to higher-order logic

The CERES method was originally defined as a cut-elimination method for
first-order logic. In this framework, it is not clear how to best handle induc-
tion (which is essential to many mathematical proofs): It is represented by an
axiom scheme, and standard first-order logic does not have any object-level
tools to handle schemes. In second-order logic, induction can be represented
by a single axiom, which can be handled during proof search using standard
tools like higher-order unification. In particular, the second-order theory of
arithmetic ACAq (see [55]) is interesting because a good portion of mathe-
matics is formalizable in it, but it is much weaker than (say) full second-order
arithmetic.

The main objective of this thesis is therefore the extension of the CERES
method to (suitable subsets of) higher-order logic. A first attempt is pre-
sented in Chapter 3, where a CERES method for the class of QFC-proofs
(roughly second-order logic with quantifier-free comprehension) is presented.
Here, one of the main tools used in the first-order CERES method can still
be applied successfully: proof Skolemization. Still, the class of QFC-proofs
can be considered too weak for our purposes: for one, it does not contain

ACA,.



Hence in Chapter 4, the CERES® method for full (intensional) higher-
order logic is defined. There are several problems that need to be solved
to this end, resulting in significant technical effort. To give the reader an
overview, we will now explain which features are essential in the first-order
CERES method, and how they make the extension to higher-order logic non-
trivial.

1.2 Proof Skolemization

In first-order logic, the CERES method is restricted to work on Skolemized
proofs, i.e. proofs of theorems which do not contain strong quantifiers (that
is, V in a positive or 3 in a negative context). This is not problematic: It
is well-known that for every formula F there exists such a formula F’, its
Skolemization, such that F' and F’ are validity-equivalent. Moreover, for
every LK-proof 7 of a sequent S, there exists a proof 1 of the Skolemization
of S whose size is polynomial in 7 (see [7, 8]). Reversing this transformation
is possible too: Given a proof ¥ of the Skolemization of S, there exists a
proof 7 of S such that the size of 7 is bounded by an elementary function
(of comparatively low complexity) in the size of .

Skolemized proofs have the nice property that they do not contain strong
quantifier inferences operating on end-sequent ancestors. The strong quanti-
fier rules are the only rules of LK which impose restrictions on the context
of the rule. Their absence gives more flexibility in defining proof transforma-
tions, because these restrictions then do not have to be taken into account.

This is exactly the property exploited by the CERES method: Roughly,
so-called proof projections are constructed by leaving out inferences operating
on ancestors of cuts. If there where strong quantifier inferences operating on
end-sequent ancestors, their eigenvariable conditions may be violated and the
extracted trees fail to be proofs. For example, consider the following proof:

P(a)+ P(a) PE)FPE)
(Vz)P(z) F P(a) lv (Vz)P(z) F P(3) lv
(Vz)P(z) + (Vz)P(x) " (Vz)P(z) F (Vz)P(x) "

(Wz)P(z) F (V2)P(2) cut

Its Skolemization is



P(a) F P(«a) v
(Vz)P(z) - P(a) lv Pl FPe)
(Vz)P(z) - (Vz)P(x) " (Vz)P(z) F P(c) c;t

(Vz)P(x) F P(c)
From this, CERES extracts the proof-projection

P(c) F P(c)

by collecting the inferences operating on ancestors of P(c) in the end-sequent
(which are none except the axiom). On the other hand, CERES would extract
the tree

PB) - P
P(B) = (Vo) P(x)

from the un-Skolemized proof, and this proof-projection is not a proof be-
cause the eigenvariable condition is violated.

In higher-order logic, the usual notion of a Skolemized proof (a proof of
a Skolemized sequent) does not provide this crucial property. Consider the
proof :

P(o) F Pla) PO PP
(Vz)P(z) - P(a) lv (Vz)P(z) F P(3) lv
(Vz)P(z) F (Vz)P(x) " (Vz)P(z) F (Vz)P(x) c;t
(Vx)P(z) F (Vz)P(x) 5

(V2)P(z) - (32)2

7 is a Skolemized proof in this sense, but contains strong quantifier inferences
operating on end-sequent ancestors (here, the 3, inference is a second-order
quantifier inference introducing a 0-ary predicate variable).

An idea which is immediate is to also Skolemize the auxiliary formulas
of higher-order quantifier inferences. Strictly syntactically speaking, this is
not always possible — a characterization of when it is possible is given in
Section 3.1.2. An intermediary solution is to restrict attention to proofs
using only quantifier-free comprehension. As mentioned above, a CERES
method for this class of proofs — the class of QFC-proofs — is defined in
Section 3.2.2.

A first approach towards a complete solution, initiated by Stefan Hetzl
in [31], was to analyse how the eigenvariable violations where introduced by
CERES. As the above example indicates, such violations are introduced in
the construction of the proof projections. In CERES, these projections are

4



combined using atomic cuts to form a proof of the original end-sequent, and
the occurrences causing the eigenvariable violations are such that they will
be cut-ancestors in this proof. This lead to the idea of allowing eigenvariable
violations only in cut-ancestors, and using a particular strategy of eliminat-
ing atomic cuts reductively to obtain a cut-free proof — which would be, by
definition, without eigenvariable violations. Unfortunately, a counterexam-
ple (already in first-order logic) to this approach was found by the author
of this thesis, showing that in the assembled proof with atomic cuts, eigen-
variable violations caused by end-sequent ancestors can in fact occur because
projections are combined using cut and substitution.

The failure of this approach led to the development of LK A cut-free
sequent calculus introducing quantifiers from Skolem terms. The idea of
introducing quantifiers from Skolem terms is not new; it has been used to
define the Skolem expansion trees of [43, 44], in higher-order resolution [1, 35,
13], in the ENAR calculus [21], and in tableaux systems [16, 30]. In LKy,
this approach is applied to the sequent calculus, and properties specific to
sequent calculi are investigated:

1. The violation of eigenterm conditions,
2. two notions of regularity and
3. the permutability of inferences.

The development and analysis of this calculus is the content of Section 4.1.
In particular, we show soundness by giving a concrete transformation from
LK to LK.

1.3 Resolution

The second aspect of CERES which exhibits crucial differences between first-
and higher-order logic is the resolution calculus. In first-order logic, resolu-
tion essentially consists of substitution (via unification), contraction, and
atomic cut, applied to clauses. In higher-order logic, the notion of clause is
not closed under substitution, and hence “logical rules” have to be added
to the calculus, which perform the transformation of arbitrary sequents to
clauses.

In first-order logic, CERES exploits the fact that, when applying the
global substitution o of a resolution refutation « of a set of clauses C to v, one
obtains an LK-refutation of Co which uses only atomic cut and contraction.
The desired proof of the original end-sequent is then obtained by combining
the proof-projections with this refutation.



In higher-order logic, the correspondence between the rules of the resolu-
tion calculus and the rules of LK is not so easy anymore. To be able to cope
with the interplay between quantifier rules in LK, and quantifier rules in the
resolution calculus, we use labels in both LK, and our resolution calculus
Ra. Labels such as these are often used to add (syntactic) information to

formulas (see [22]). They have been used in a setting very similar to ours
in [21].

1.4 Cut-elimination by resolution

Using this machinery, we are able to define the CERES method for higher-
order logic in Section 4.3: Starting with an LK-proof m, we transform =«
into an LKg.-proof ¢ (LK is obtained by combining the rules of LK and
LK,). Next, we extract a set P(¢)) of so-called CERES-projections (which
are LKg-trees) and a set of labelled sequents CS(v), the characteristic se-
quent set. We modify the LKg-trees from P (1) according to a R ,-refutation
of CS(7), resulting in an LKg,-proof of the original end-sequent. By applica-
tion of the results from the previous sections, we obtain a cut-free LK-proof
of the original end-sequent, and have thereby reproved cut-elimination in
higher-order logic, not by reduction, but by resolution.

1.5 Methods of cut-elimination

Apart from cut-elimination by resolution and the reductive methods men-
tioned above, there still exist other ways to prove cut-elimination. The fol-
lowing methods are similar to the aforementioned reductive methods: the
core of the arguments is to show normalization (strong or weak) of a rewrite
system. In the context of intutionistic logic, cut-elimination (or rather, nor-
malization of proof terms) has been proved using a notion of computability
predicate [57, 42]. Using a similar technique due to [26], in the context of
classical second-order logic cut-elimination has been proved in [47] (via nor-
malization of terms in the Au-calculus).

A different approach is to use semantics to establish cut-free completeness,
and thereby cut-elimination. Again in intuitionistic logic, cut-elimination
can be shown via the definition of algebraic semantics as in [14, 2]. Another
approach via non-standard semantics is the use of phase semantics due to [27].
In [46] this approach is applied to a range of systems. Last but not least, cut-
elimination in classical higher-order logic (also known as Takeuti’s conjecture)
was originally proved independently in [58] and [49], the latter being based

6



on [52].

We can now state informally how cut-elimination by resolution is related
to these approaches: the problem of finding a cut-free proof of S is reduced
to finding a resolution refutation of CS(w), where CS(7) is constructed from
a proof m of S which contains cuts. Hence CS(m) contains information from
7, and refuting CS(7) is in general easier than proving S from scratch in a
cut-free way. Completeness for a resolution system is usually proved using
semantic methods. Hence cut-elimination by resolution can be seen as a
strengthening of the latter constructions, allowing information from cuts to
be used in cut-free proof search.






Chapter 2

Preliminaries

2.1 Types, language and Skolem terms

We now introduce the higher-order language we will use. It is a version
of Church’s simple theory of types [18]. We define the set of base types
BT = {t, 0} where the intended interpretation of ¢, o is the type of individuals
and booleans, respectively.

Definition 2.1.1 (Types). We define the set 7 of types along with their
order o inductively

1. BT CT. Forallte BT, o(t) = 1.
2. Ifty,to € T then t =t; — ty € T, and o(t) = max(o(t1), o(t2) + 1).

Notationally — associates to the right (i.e. t; — to — t3is t; — (to —
t3)). We assume given, for each type «, denumerable pairwise disjoint sets
of variable symbols V, and constant symbols C,, and a function 7 such that
for all z € V, and ¢ € C,: 7(z) = 7(¢) = a. We assume that the constant
symbols V, =, V, (the logical constants) with 7(V) =0 — 0 — o, 7(0) =
o — o and 7(V,) = (o — 0) — o for all types « are included in the given
symbols. Hence our language can be considered as a higher-order logic, as
universal and existential quantification over all finite types can be expressed,
as well as all propositional connectives (as will be done below). We will drop
the subscript « in V,, if the type is clear from the context. A quantifier V
occurring positively is called a strong quantifier, one occurring negatively is
called a weak quantifier.

Definition 2.1.2 (Expressions). We define the set & of expressions induc-
tively and extend 7 to expressions:



1. Constant symbols and variable symbols s are expressions: s € £.

2. If fe & and 7(f) = oy — ag and 7(t) = a4, then ft is an expression
of type as.

3. If x is a variable symbol, 7(x) = 1, and e € &, 7(e) = tq, then A\x.e is
an expression of type t; — ts.

If e € &, we set o(e) = o(T(e)).

Notationally, application associates to the left (i.e. ftito is (ft1)t2). Ex-
pressions of type o are called formulas. If the uppermost symbol of a formula
F is not one of V,, V or =, then F is called atomic. We will henceforth
refer to variable and constant symbols as variables and constants, respec-
tively. As metavariables for expressions we use T, S, R, ..., for variables we
use X,Y,Z, ..., for formulas we use F, G, H, ..., for sequences of formulas
we use I, I, A, ... (possibly with subscripts).

For convenience, we write FVG for VFG and define some logical operators
by settings

(VX)F =V, (\X.F)
AX)F = =(VX)-F
FAG —((-F)V(-G))
F—-G =(-F)VvG

for all types . We will drop parentheses inside expressions when they are
redundant with respect to the usual strongness-of-binding order on the logical
connectives.

Definition 2.1.3 (Subexpression relation). Define the relation <;C € x &
by induction on E € &:

1. f E=fT, then T <; E and f <; E.
2. If E= AX.F, then F <; E.

Define < as the reflexive and transitive closure of <;, and define < as the
transitive closure of <.

Proposition 2.1.4. The subexpression relation < is a partial order.

Proof. < is transitive and reflexive by definition. It is antisymmetric: As-
sume E < F, F < E and F # E. Then there exist E',F’ such that

E < E < Fand F <; F/ < E and therefore E < F < E, but < is
irreflexive! ]

10



If E < F we say that F contains E, if E < F we say that F properly
contains E.

Definition 2.1.5 (Free variables). Let T € £. We define the set of free
variables FV(T) by induction on T:

1. T=X. Then FV(T) = {X}.

2. T = C a constant. Then FV(T) = 0.

3. T = RS. Then FV(T) = FV(R) UFV(S).
4. T = AX.R. Then FV(T) = FV(R) \ {X}.

In the following, if we do not explicitly state otherwise, equality between
expressions is taken to be a-equality, i.e. equality modulo renaming of bound
variables. Another important basic notion is the notion of replacement. Due
to our convention of regarding expressions modulo a-equality, we assume
in the following definition that no bound variable of R is an element of
FV(S)UFV(T).

Definition 2.1.6 (Replacement). If S, T € £ and 7(S) = 7(T), then 0 =
[S « T is a replacement. If S is a variable, then o is a called a substitution.
Let R € £, and 0 =[S «— T be a replacement. Then define Ro inductively:

1. f R=S then Ro =T.

2. If R # S is a constant or variable then Ro = R.

3. f R=UV then Ro = UoVo.

4. If R = (A\X.G) then Ro = (A X.Go).

As usual, we define a notion of reduction on expressions.

Definition 2.1.7 ((-reduction). Let T = (AX.R)S be an expression such
that S is free for R. Then T —3 R [X « S]. The relation — 4 is the transitive
and reflexive closure of the compatible closure of the relation of S-reduction.
The relation =g is the symmetric closure of —» 4.

It is well known that g-reduction in the simple theory of types is strongly
normalizing and confluent:

Proposition 2.1.8. Let E be an expression. Then there exists a unique
expression E such that E —g E and E is iwrreducible. Furthermore, there
does not exist an infinite — z-chain starting at E.

11



If E is an expression, E is called the B-normal form of E. Our expres-
sions will contain Skolem terms. To obtain sound proof systems, we will
need to restrict the expressions that can be used: we follow the approach of

Miller [44]:

Definition 2.1.9 (Skolem symbols). Let «, 1, ..., 3, be types. Then the
list 0 = f1,..., 0, « is called a signature (for a Skolem symbol). For each
signature o, let 7 = 3, — ... — 3, — «, and let K, C C,» be a denumer-
able set of constant symbols of type o such that if o; and oy are different
signatures then IC,, and K,, are disjoint. C € K, is called a Skolem symbol
of signature o with arity n. Then define the Herbrand Universe as the set of
all T € £ such that whenever a Skolem symbol of arity n has an occurrence
in T, it is applied to at least n arguments. Furthermore, if a variable has a
free occurrence in any of these arguments, that occurrence is also free in T.

From now on, by £ we denote the Herbrand Universe (i.e. we only consider
expressions contained in the Herbrand Universe).

2.2 The sequent calculus LK

The starting point of our investigations will be the following formulation
of a sequent calculus LK. A sequent is a pair of lists of formulas, written
I' H A. While we define sequents as lists to be able to define occurrences in
sequents and proofs, we will treat them as multisets most of the time. Hence
we do not explicitly include exchange or permutation rules in our calculi.
For simplicity, we restrict ourselves to prooftrees in which all formulas are
in S-normal form. Hence we note that the quantifier rules below include an
implicit g-reduction.

Definition 2.2.1 (LK rules and proofs). The following figures are the rules
of inference of LK:
Propositional rules:

rFAF FIHA  FTFA GIFA
Frra "L TrA-F " FVGT.IFAA

Vil
'FAF . '-A G )
rFAFVG YY" TFAFVG YT
Structural rules:

'-AFF F.F.T'FA
TEAF contr: r FTEA contr: [

12



I'EA . ' A N PEAF FIEA
F,[ A Veas [F A F Veasr I A, A

Quantifier rules:

RT,T-A_ TFARX
VRITFA ! TEAwR V"

In V:r, X must not occur free in I') A, R. X is called the eigenvariable of
this rule. In V: [, T is called the substitution term of the rule.

An LK-proof is a tree formed according to the rules of LK such that all
leafs are of the form F + F. The formulas in I', A, II, A are called context
formulas. The formulas in the upper sequents which are not context formulas
are called auxiliary formulas, those in the lower sequents are called main
formulas. If 7 is an LK-proof, by |r| we denote the number of sequent
occurrences in 7.

If S is a set of sequents, then an LK-refutation of S is an LK-tree 7
where the end-sequent of 7 is the empty sequent, and the leaves of 7 are
either axioms F + F or sequents in S.

A formula occurrence in a sequent or prooftree is a formula together with
its position in the sequent or prooftree. Formula occurrences in prooftrees
come equipped with an ancestor and descendant relation which is defined
in the usual way. An inference p in a prooftree is said to operate on an
occurrence w if w is the auxiliary or main formula of p. An LK-proof 7 is
called regular if for all V:r inferences p with eigenvariable X in 7, X only
occurs in the subproof ending in p. It is well-known that every LK-proof
of a closed sequent S can be transformed into a regular LK-proof of S by
renaming eigenvariables.

Example 2.2.2. We prove the first-order theorem
(Fy) (V) P(z,y) = (Vo) (3y) P(x,y),

where 7(y) = 7(z) = ¢ and 7(P) = ¢ — ¢ — o. Expanding the definitions,
this is the sequent

VA \y. =V . P(z,y) bV, \x.=V,  \y.—~P(x,y)
The following is a cut-free LK proof of this theorem:
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P(u,v) F P(u,v)
—P(u,v), P(u,v) F
VAy.—P(u,y), P(u,v) -
P(u,v) F =VAy.—~P(u,y)
VAz.P(x,v) F =Vy.—P(u,y)
F=VAy.—P(u,y), VAz.P(z,v)
F =V\y.—P(u,y), VAy.~Vz.P(z,y)
—Vy.~VAz.P(x,y) - =VYAy.=P(u,y)
VAy.—~VAz.P(z,y) F VAx.=VAy.—P(x,y)

V:l
—r
Vil

-ir

V:r

—:

Vor
Note that, as usual, one can define the rules 3:1, 3: 7, —:r, —: 1, A:r and

A:l from the rules of LK. For example, the rule

I'AF[X« T
I'FA,(3X)F

7

can be defined as
'FAF[X«—T]

FX—T] . TFA !

(VX)-F,T A "
T A -(VX)-F
Recall the system 7 introduced in [18] and used in [1]. 7 is a Hilbert-type
system for higher-order logic. Using the well-known transformations from
sequent calculi to Hilbert-type systems (see [24, 60]), we can prove a relative

soundness result. If S =T"F A is a sequent, then F(S) =\ -I'\VA. If Sis
a set of sequents, then F/(S) = {F(S5) | S € S}.

Proposition 2.2.3. If there exists an LK-refutation of S, then there exists
a T -refutation of F/(S).

Finally we introduce the following useful sequent-merge notation:

Definition 2.2.4. Let S; = I'y Ay, Sy = I's B A,. Then we define
51052 :F1,F2 "Al,AQ. Let C = {Cl,...,Cm}, D= {Dl,...,Dn} be sets
of sequents, then C x D = {C; 0 D, | i <m,j < n}.

2.3 The higher-order resolution calculus R

We follow Benzmiiller’s presentation in [12] of Andrews’ resolution calculus
R originally introduced in [1]. We consider Andrews’ calculus instead of
more recent calculi such as [35, 13, 11, 40, 48, 38] since Andrews’ calculus
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can be regarded as the most simple formulation of a resolution calculus for
higher-order logic. Note that in particular, we do not consider unification
(see [36, 56, 20, 37]) but that in principle, calculi which use more advanced
features during proof search can be used provided that their deductions can
be transformed into deductions in our format.

As in the previous Section, we assume that all formulas occuring in R-
deductions are in f-normal form, so the substitution and quantifier rules will
include an implicit S-reduction step. In contrast to Benzmiiller, we present
clauses as atomic sequents (and pre-clauses as sequents).

Definition 2.3.1 (R rules and deductions). The rules of R are:

FFA-A  -ATFA _ TFAAVB
ATFA ™ TFAA rFAAB VY

AVBTHFA . AVBTIFA
— =V —— V
ATFA BLFA 'r

THAVA VA,TF A ; s
TFAAX Y AMX,..X)TFA"  SX<T

AATFA . TFAAA . THFAA AIFA

Sub

ATFA Sm TEAA Sim TIFAA W
where in V¥, X;,...,X,, are all the free variables occuring in A, and if
7(X;)=t; for 1 <i<mnand 7(A) =t — o, then f € IC;, 4, +.

Let C be a set of sequents. Then a sequence of sequents Si,...,5,, is an

R-deduction of S,, from C if for all 1 < i < m, either
1. S, €C, or

2. S; is derived from S; (and Si) by a rule of R, where j, k < i. If S;
is derived by V¥, then the Skolem symbol introduced by the inference
must not occur in any Sy with ¢ < ¢, and must not occur in C. If S;
is derived by V7, then the same must hold for the variable X that is
introduced.

An R-deduction of the empty sequent from C is called an R-refutation of C.
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Chapter 3

CERES for QFC-proofs

3.1 Towards CERES in higher-order logic

We intend to extend the first-order cut-elimination method CERES intro-
duced in [9] to higher-order logic. As we have noted in Section 1.2, the
method of proof Skolemization is a crucial aspect in the definition of the
CERES method: it allows to reduce the problem of cut-elimination on arbi-
trary LK-proofs to the problem of cut-elimination on LK-proofs of sequents
without strong quantifiers.

In first-order logic, cut-free proofs of sequents without strong quantifiers
do not contain strong quantifier inferences, and hence there are no eigen-
variable conditions to observe. It is exactly this aspect which is exploited in
the definition of the proof projections in the CERES method: from a proof
with cuts, cut-free proofs are extracted by “leaving out” inferences — in the
general setting, such a construction would be unsound due to eigenvariable
violations.

Unfortunatly, in higher-order logic cut-free proofs of sequents without
strong quantifiers may still contain strong quantifier inferences due to com-
prehension.

Example 3.1.1. The following LK-proof proves a sequent that does not
contain strong quantifiers, but the proof contains a strong quantifier infer-
ence:
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P(B,a) F P(5,a) e
(Va)P(z,a) = P(B,a) " P(c,b) F P(c,b)
(Vx)P(z,a) F (V2)P(z,a) T (V2)P(z,b) = P(c,b)
(Vx)P(z,a),(V2)P(z,a) — (V2)P(z,b) - P(c,b)
(Vz)P(z,a),(VX)(X(a) = X (b)) F P(c,b)
(VX)(X(a) — X(b) F (Vx)P(z,a) — P(c,b)

Vil

Vi )@.(Vz)P(z,x)

—. T

3.1.1 Structural Skolemization in higher-order logic

A first attempt to solve this problem would be to Skolemize the auxiliary
formulas of the weak quantifier inferences. First, we introduce a useful normal
form for expressions and proofs, which makes quantified variables explicit.
This normal form will be useful for defining Skolemization of formulas later
on.

Definition 3.1.2. An expression E is in ¢gn-normal form if all its subexpres-
sions of the form VG are such that G = AX.F for some X, F. We say that
a sequent is in gn-normal form if all its formulas are in ¢n-normal form, and
an LK-proof 7 of S is gn-normal if

1. all formulas in S are in gn-normal form and

2. for all V:1 applications in 7, their substitution terms are in gn-normal
form.

It is easy to see that every expression can be converted into gn-normal
form by some n-expansion steps and that furthermore, every LK-proof of a
sequent S can be converted into an LK-proof 7 of a gn-normal form of S
thus obtained such that 7 is in gn-normal form. Hence for the rest of this
chapter, we will only treat gn-normal proofs.

Example 3.1.3. The proof

VP VP

WX)X Fvp VP

is not in gn-normal form, but the proof

(Vx)P(z) F (Vz)P(x)
(VX)X F (Vz)P(x)

Vil (Vx)P(x)

1s.

Proposition 3.1.4. If 7 is a gn-normal LK-proof, then all formula occur-
rences in T are in gn-normal form
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Proof. By induction on the length of 7. O

Now we are ready to extend the definition of structural Skolemization to
the higher-order setting:

Definition 3.1.5. We define the Skolemization operator sk. Let F be a
closed formula in gn-normal form containing strong quantifiers. Let V,G be
a subformula of F occurring positively. Let Vs, (AX1.H;), ..., Vs, (A X,,.H,)
be the weak quantifier occurrences dominating V,. Then let sko(F) be F
where the subformula corresponding to ¥, G is replaced by G(fX;...X,,),
where f € Kp, 5, 15 a new Skolem symbol. Then we define

,,,,,

K(F) = F if F' does not contain strong quantifiers
> | sk(sko(F)) otherwise

Let S be a closed sequent Fy,... . F, F Gy,...,G,,, and let F = (F; A
. AF,) = (G V...VG,). If sk(F) = (FiA...AF)) = (G{V...VG)),
then sk(S) =F/,..., F. - G},..., G/ .

Example 3.1.6. Let
F = -(VX(X(0) AVn(X(n) — X(s(n))) — VnX(n))).
Then
sk(F) = ~(VX(X(0) A (X (f(X)) = X(s(f(X))))) = VnX(n)).
where f € K,_o,-

Proposition 3.1.7. Let F be a formula. Then sk(F) does not contain strong
quantifiers.

We make the notion of Skolemization of auxiliary formulas of weak quan-
tifier inferences precise:

Definition 3.1.8. Let p be

AF,TFA

VATFA V!

where VA is in gn-normal form, and let A* be the formula obtained from AF
by Skolemizing the strong quantifiers introduced by F. p is called Skolemiz-
able if there exists a formula F* such that

AF,THA

VATFA 7
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is a valid inference.

Definition 3.1.9. An LK-proof v is called Skolemizable if all weak quan-
tifier inferences occurring in v that operate on end-sequent ancestors are
Skolemizable.

It is easy to see that not all LK-proofs are Skolemizable; in fact the
proof exhibited in Example 3.1.1 is not Skolemizable. Skolemzation of the
V:1 inference would yield A* = P(s,a) — (Vz)P(z,b) with s € K,. Clearly
there is no F* such that (AX.X(a) — X (b))F* = A*.

3.1.2 Skolemizable proofs

We will now give a syntactic characterization of the Skolemizable inferences.
For this, we need some definitions.

Definition 3.1.10. Let F be a formula in gn-normal form. We say that X
is linear in F if the number of occurrences of X in F is < 2. Let X be linear
in F, then we call X restricted in F if

1. no weak quantifier dominates X or
2. exactly one weak quantifier (VY) dominates X and X occurs as XY.

Definition 3.1.11. Let (VX)F be a formula. The occurrence of (VX) is
called non-dummy if F contains X.

For the replacement of a subexpression at position A by C in A we write
A[C],.

Proposition 3.1.12. Let p be

AX—F|,THA
(VX)A, T FA

Vi1
such that (VX)A is in gn-normal form and in B-normal form, and F is in

B-normal form. Then p is Skolemizable if and only if either

1. X is linear in A and if F contains non-dummy strong quantifiers w.r.t.
A [X « F| then X is restricted in A or

2. X occurs only positively (negatively) in A and all non-dummy quantifier
occurrences in F are weak (strong) quantifiers or

3. F does not contain non-dummy quantifiers.
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Proof. First, we will show that the given criteria imply Skolemizability of p.
We will define the formula F* that will be used for the inference

AX —FJTHA
(VX)A, T+ A

V:l

where A* = A[X « F*| is the result of Skolemizing the strong quantifiers
introduced by F in A [X < F|. Either:

1. X is linear in A and if F' contains non-dummy strong quantifiers w.r.t.
A [X « F] then X is restricted in A. If X does not occur in A, then
there is nothing to show, so assume X occurs at position ¢ in A. Then
A[X — F] = A[F]; and A* = A[F'|; where F' is the Skolemization of
F in A [X <« F]. If F does not contain non-dummy strong quantifiers
w.r.t. A[X «— F], then F' is just F after dropping some quantifiers,
and we can use F* = F/. Otherwise, distinguish the cases

(a) X does not occur as Xt for some t. Then, as (VX)A is in -
normal form, also A [X « F] is in -normal form, and so we may
again take F* = F’.

(b) X occurs as Xt for some t. Distinguish further:

i. No weak quantifier dominates X. Then F’t only contains
variables that occur in Ft, so F’t does not contain any variable
that is bound in A, therefore we may use F* = F’.

ii. Exactly one weak quantifier (YY) dominates X and t =Y.
If F = MZ.G, then set F* = MZ.G[Y < Z], otherwise set
F*=\ZF'[Y «— Z|Z. Then A [X — F*] = A[F*], = A[F/|,
and again F* does not contain any variable that is bound in

A.

2. X occurs only positively in A and all non-dummy quantifiers in F are
weak. Then the Skolemization of F in AF, call it F', is just F after
dropping some dummy strong quantifiers and we may use F* = F’.

3. X occurs only negatively in A and all non-dummy quantifiers in F are
strong. Analogous to the previous case.

4. F only contains dummy quantifiers. Analogous to the previous cases.

For the other direction, we show that if the given criteria are not fulfilled,
then p is not Skolemizable. We proceed with a proof by contradiction. We
may assume that F contains non-dummy quantifiers. We distinguish the
cases
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1. X is not linear in A. To simplify the argument, we assume that there
are occurrences of X in A of the form Xt,, Xty at position 7y, 7o —
the argument for the other type of occurrence is analogous. Then at
positions 7y, 7, in A [X « F] we have subformula occurrences of Ft;,
Ft,. There are the following subcases:

(a) X occurs positively in A and F contains non-dummy strong quan-
tifiers. Then the occurrences of Ft;, Ft, are positive. F contains
non-dummy strong quantifiers, so at the same relative positions
in the Skolemizations of Ft;, Ft, we have Skolem terms with dif-
ferent head symbols, say f, fo. F* cannot contain two terms with
different heads at the same position, so they must be introduced
in A* by (-reduction when applying F* to t;, to. But t;, t5 can-
not contain fi, f5, because they are fresh symbols, and we arrive
at a contradiction.

(b) X occurs negatively in A and F contains non-dummy weak quan-
tifiers. Analogous to the previous case.

(c¢) F contains non-dummy strong and weak quantifiers. As X occurs
in A, it does so either positively or negatively, so one of the above
cases applies.

(d) X occurs positively and negatively in A. As F contains non-
dummy quantifiers, it either contains strong or weak ones, so one
of the above cases applies.

2. F contains non-dummy strong quantifiers w.r.t. A[X « F] and there
are weak quantifiers dominating X in A and either

(a) more than one weak quantifier dominates X or

(b) exactly one quantifier (VY) dominates X and X does not occur
as XY in A.

Regarding (2a): Assume X occurs at position 1 as Xt (the argument
for the other type of occurrence is analogous) in A. Then at position 7
in A [X « F] we have the formula Ft that is dominated by more than
one weak quantifier, say among them are (VX;), (VXs3). F contains
strongly quantified variables, so its Skolemization will contain a Skolem
term f(...,Xq,...,Xo,...). F* must not contain variables that are
quantified in A, so Xy, Xy must be introduced in f by [-reduction
when reducing A [X < F*]. But f is a new function symbol, so t cannot
contain f, so if t contains both X; and X5, then it has at the head some
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function symbol g, but the function symbol in the Skolemization of F
that is directly above Xy, X is f, so we arrive at a contradiction.

Regarding (2b): We may assume that exactly one weak quantifier dom-
inates X. Let X occur as XT with T # Y (the argument for the other
type of occurrence is analogous) at position 7 in A. F contains non-
dummy strong quantifiers w.r.t. AF, so in the Skolemization of F in
AF, there will be a Skolem term f(...,Y,...). In A, Y is bound, so
Y must be introduced in f by §-reduction when reducing A [X «— F*].
But T # Y, so if T contains Y, it will be below some function symbol
g, but Y is directly below f, so we again have a contradiction.

]

3.2 QFC-CERES

In this section, we study a formulation of CERES for a (trivially) Skolemiz-
able class of proofs in second-order logic called QFC. For this purpose we
will, throughout this section, restrict our attention to a subset & of our set
of expressions £: &' is the largest subset of £ fulfilling:

1. if T € & and X occurs in T then either 7(X) = ¢ or 7(X) = ¢ — o,
and

2. f T e & and V, occurs in T, then o« =1 or « = ¢ — o.

Hence, this class is slightly more liberal than the one originally treated in [34]
and [32]. It can be seen as “first-order logic with monadic predicate variables
and arbitrary higher-order constants”. We now turn to the definition of
QFC-proofs (proofs using quantifier-free comprehension):

Definition 3.2.1. An instance of the V:[ rule
FT,T'FA
VF, ' A

is called quantifier-free if T does not contain any quantifiers. We call an
LK-proof 7 a QFC-proof if all V:[ applications in 7 are quantifier-free.

V:l

The following is a trivial consequence of the definition:
Proposition 3.2.2. Let m be a QFC-proof. Then m is Skolemizable.

Proposition 3.2.3. Let w be a QFC-proof of S such that S does not contain
strong quantifiers. Then w does not contain strong quantifiers inferences
operating on end-sequent ancestors.

Proof. By structural induction on 7. ]
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3.2.1 QFC-R-deductions

To define CERES on QFC-proofs, we restrict the resolution calculus R anal-
ogously to the restriction of LK to QFC:

Definition 3.2.4. Let v be an R-deduction of S from C. v is a QFC-R-
deduction if

1. For all Sub applications in v, the substitution term T is quantifier-free
and

2. for all C' € C, C is quantifier-free.

Proposition 3.2.5. Let v be a QFC-R-deduction of S from C. Then S is
quantifier-free.

Proof. By induction on the length of ~. m

Corollary 3.2.6. Let v be a QFC-R-deduction. Then ~y contains neither
VT nor V' inferences.

Definition 3.2.7. We define the application of a quantifier-free substitution
o to a set of clauses C = {C1,...,C,}, denoted S(C, o), as the clause form
of the set of quantifier-free sequents {Co,...,C,o}. Note that this includes
transformation to CNF, therefore |S(C,o)| > |C|.

Next we state two lemmas that show that QFC-R-deductions can be
transformed into QFC-proofs.

Lemma 3.2.8. Let C be a clause and o be a quantifier-free substitution.
Then we can construct a cut-free QFC-proof of Co from S({C},0).

Proof. By the definition of S, S({C}, o) is the clause form of C'o and there-
fore, as o is quantifier-free, propositionally equivalent to C'o. By complete-
ness and the decidability of propositional logic, the desired QFC-proof can
be constructed. O

Lemma 3.2.9. Let R be a QFC-R-deduction of I' = A from a set of clauses
C. Then there exists a QFC-proof ¥ of ' = A from D containing quantifier-
free cuts only, where D = S(C, o) for some quantifier-free o.

Proof. We proceed by induction on the size of R, letting C = {C1,...,C,}.
In addition to what is stated in the theorem, the proofs we construct will
have the property of containing neither V:[ nor V:r inferences.

1. |R| =0. Then R = C; for some 1 < i < n. Take 1 as the sequent C;.

24



2. |R| = m + 1. Distinguish the last inference in R:
(a) Ris

TFA -A
ATFA

By (IH) we have a QFC-proof ¢ of I' = A, —A. Take as the
desired QFC-proof

¥ _AFA
'-A -A -AAF .t
ATFA o
By Proposition 3.2.5, the cut is quantifier-free.
(b) Ris
-ATFA
rEAA
Symmetric to the previous case.
(¢) Ris
'-A;AVB
'-AA'B

By (IH) we have a QFC-proof of I' = A A v B. Take as the
desired QFC-proof

(0 AFA BFB
'AAVB AVBFA B N
TFA A B o

By Proposition 3.2.5, the cut is quantifier-free.
(d) Ris
AVvB T'FA .
V
ATFA !

By (IH) we have a QFC-proof of A vV B,I' - A. Take as the
desired QFC-proof

25



AFA ., ¥
AFAVB ' AVBIFA

ATFA cut
By Proposition 3.2.5, the cut is quantifier-free.
(e) Ris
AVBTFA VF
B,I'FA r
Analogous to the previous case.
(f) Ris
AJATHFA
TATFA Sim

By (IH) we have a QFC-proof of A; A, T' - A. Take as the desired
QFC-proof

A ATEHFA
TATEA contr: [
(g) Ris
'-AAA -
TTFAA Sm
Symmetric to the previous case.
(h) Ris
'-AA ATIEA
OITEAJA

By (IH) we have QFC-proofs of I' H A, A and A,Il - A. By
Proposition 3.2.5, we may use quantifier-free cut to combine the
two QFC-proofs to obtain the desired one.

(i) Ris

Cut

5

S[X «— T]
By (IH) we have a QFC-proof ¢ of S from D = S(C, u1), for some
quantifier-free p, not containing any V:[ or V:r inferences. By
applying o = [X « T] to ¢, we obtain a QFC-proof of S [X « T
where every leaf is either of the form Ao = Ao or Do for D € D.

Applying Lemma 3.2.8 to the latter leafs, we obtain the desired
QFC-proof from §(D, o).

Sub
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3.2.2 CERES on QFC-proofs

This section will describe a version of the CERES method for QFC-proofs,
called QFC-CERES. We will first prove a lemma that shows that strong
quantifiers can be removed from a sequent in a QFC-proof by dropping
quantifiers and introducing Skolem terms.

Lemma 3.2.10. Let ¢ be a QFC-proof of a sequent S, then we can construct
an QFC-proof of sk(S).

Proof. This proof is based on the proof of the proposition for first-order logic
in [8]. Let S =T F A and assume S contains a positive occurrence of
(VX)A, where 7(X) = «. Then this quantifier has been introduced in one of
the following ways in :

MFABVC

s.t. (VX)A occurs as a subformula of C. Let p[B V C] be the path
connecting IT+ A, BV C with S. Let A(fX; ...X,,) be the subformula
in sk(S) corresponding to (VX)A in S (i.e. its Skolemization). Then
define C' = C[A(fX] ... X,,)]¢, where £ is the position of (VX)A in C
and replace p[B Vv C] by p[B Vv C'].

Viry

MFA,C

(b) MFABVC

V:iry

s.t. (VX)A occurs as a subformula of B. Analogous to (a).

(c) HTII—FA{\B weak: r

s.t. (VX)A occurs as a subformula of B. Analogous to (a).

- A _
(d) m Weak. l

s.t. (VX)A occurs as a subformula of B. Analogous to (a).
p(Y)

() mrAAY
I A, (VX)A

r
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Let p[(VX)A] be the path connecting IT + A, (VX)A with S. Let
t1,...,t, be the substitution terms of the V:[ inferences on p[(VX)A]
whose quantifiers dominate the occurrence of (VX)A. Let the main for-
mulas of these inferences be (VX;)A;, and let 7(X;) = ; and 7(X) = «.
We choose a fresh f € s, 5, and replace p(Y) by @o(f(t;...t,)).
By the eigenvariable condition on Y, this yields an LK-proof of II
A, Af(ty...t,) (note that tq, ..., t, cannot contain eigenvariables from
the proof ¢(Y), as they cannot be present in IT - A, (VX) by the eigen-
variable condition and tq, ..., t, occur below this sequent). We remove
the V:[ inference and replace p[(VX)A] by p[Af(t;...t,)], modifying
the substitution terms of the V: [ inferences appropriatly. By construc-
tion, the terms ty,...,t, will be eliminated one-by-one by the V:[ in-
ferences on p[Af(t;...t,)], and the occurrence of (VX)A in S will thus
become Af(X; ...X,), which is exactly the corresponding occurrence

in sk(9).

In all cases, we have to take contractions into consideration: If there are two
predecessors of the form D = C[(VX)A] of the occurrence of (VX)A in S

s.t. there is a contraction

F[D], F[D]A I II

FDL AT C!
we have to introduce the same Skolem symbol for both predecessors (as
otherwise the contraction can not be applied anymore). O

Definition 3.2.11. Let ¢ be an LK-proof. If all strong quantifier inferences
in 1) operate on cut-ancestors, then ¢ is said to be in Skolem form.

The following proposition shows that from a QFC-proof, we can indeed
obtain a proof in Skolem form. As mentioned before, such proofs allow the
definition of proof projections by leaving out inferences from the proof, as no
eigenvariable violations can occur by doing so. The proof projections used
for QFC-CERES are described in Definition 3.2.13.

Proposition 3.2.12. For every QFC-proof i of S there exists a QFC-proof
Y of sk(S) in Skolem form.

Proof. From Lemma 3.2.10 we obtain a proof ¢ of sk(S). By Proposi-
tions 3.2.3 and 3.1.7, ¢ is in Skolem form. O

We can now define the main parts of the QF C-CERES-method: the char-
acteristic clause set and the set of proof projections of a proof 7. The former
will be always unsatisfiable and give rise to a quantifier-free R-refutation,
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while the latter will allow the quantifier-free R-refutation to be transformed
into a proof of the end-sequent of 7.

Definition 3.2.13. Let m be a QFC-proof in Skolem form. For each infer-
ence p in m, we define a set of cut-free QFC-proofs, the set of projections
P,(m) of m, and a set of clauses, the characteristic clause set CS,(m) of m, at
the position p.

e If pis a leaf, let I'y = Ay be the part of it which consists of ancestors
of cut formulas, let I'y = Ay be the part which consists of ancestors of
the end-sequent of 7 and define

Pp(ﬂ') = {Fl,rg l_ AQ,Al}
CS,(7) ={I1+F A}

e If p is a unary inference with immediate predecessor p’ with P, (m) =

{11, ..., ¢,}, distinguish:

(a) The active formulas of p are ancestors of cut formulas. Then
Py(m) = Py ()
(b) The active formulas of p are ancestors of the end-sequent. Then

Po(m) = {p(Wn), -, p(Pn)}

where p(¢) is the proof that is obtained from 1 by applying p
to its end-sequent. Note that by assumption, all strong quantifier
inferences go into cuts, so p cannot be a strong quantifier inference,
so no eigenvariable violation can occur here.

In any case, CS,(m) = CS, ().
e Let p be a binary inference with immediate predecessors p; and ps.

(a) If the active formulas of p are ancestors of cut-formulas, let I'; - A;
be the ancestors of the end-sequent in the conclusion sequent of
p; and define

Pp() = Py ()12722 U Py ()15

where P2 = {2 | ¢ € P} and ¢ is 1 followed by weak-
enings adding I' = A. For the characteristic clause set, define

CS, (1) = CS,, (1) U CS ()
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(b) If the active formulas of p are ancestors of the end-sequent, then
PP<7T) = Pm (7T) X sz (ﬂ-)

where
PxQ={p,x) ¢ € Pxeq}

and p(1, x) is the proof that is obtained from the proofs ¢ and x
by applying the binary inference p. For the characteristic clause
set, define

CS,(7) = CS,, () x CS,, ().

The set of projections of w, P(m) is defined as P, (7), and the characteristic
clause set of w, CS() is defined as CS,, (1), where py is the last inference of
.

Note that for the soundness of this definition, we need the assumption
that 7 is in Skolem form: if this were not the case, violations of eigenvariable
conditions could appear in the projections.

Example 3.2.14. Consider the proof ¢:

o) ob) - O(b)

F ©(a), ~O(a) -0(b),0(b) ;vl
6(b),~0(a) = () F6(a) P(b) + P(b) P(a) - P(a)
o), (vVX)(X(a) » X)) F O(a) P(b) — P(a), P(b) - P(a)
(VX)(X(a) — X (b)) F ©(b) — O(a) P(b) — P(a) - P(b) — P(a)

V:l

VX)(X(a) = X(b) F (VX)(X(b) — X(a) | (VX)(X(b) — X(a)) F P(b) — P(a) ot

(VX)(X(a) — X (b)) - P(b) — P(a)

where X, © are variables of type ¢« — 0, a,b are constants of type ¢, and P is
a constant of type ¢ — o. Then

CS(¢) = ({F 6(a)} x {@(b) FH Ui P(0)} U {P(a) -}
={6() F 6(a); F P(b); Pla)t}

and P (1)) consists of the proofs

Owr6 _  emren
- 6(a), ~6(a) ~00).60)F
O(b), 26(a) — —O(b) - ©(a)

o), (VX)(X(a) > X(B)) I 6(a) "'
o(b), (VX)(X(a) — X(b)) F P(b) — P(a), 0(a)

weak: r
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and

P(a) F P(a)
P(b), P(a) F P(a)
P(a) = P(b) — P(a)
P(a),(VX)(X(a) — X (b)) - P(b) — P(a)

weak: [

weak: [

and

P(b) - P(b)
P(b) F P(b), P(a
= P(b) — P(a), P(b)
(VX)(X(a) — X(b)) - P(b) — P(a), P(b

) weak: r

—.r

) weak: [

We will want to combine the QFC-proofs from P(7) with the QFC-proof
constructed in Lemma 3.2.9 from the QFC-R-refutation of CS(w). For this
purpose, we will need to instantiate the projections; the following Lemma
shows how this can be achieved.

Lemma 3.2.15. Let C =T F A be a clause, D be a set of clauses, 1) be a
QFC-proof of I',I1 = A, A from D with only quantifier-free cuts, let o be a
quantifier-free substitution whose domain contains no variable which occurs
free in ITU A and let T* = A* € S({C},0). Then we can construct a QFC-
proof ¥* of I'* )11 & A, A* from S(D, o) with only quantifier-free cuts and
with |[¢V*| < [¢| + p(|Te = Acl), where p is exponential if o substitutes for a
predicate variable in D, and polynomial otherwise.

Proof. The proof 1* has the following form:

(Vo)

o, IT- A, Ao

()

I=AATe— Ao
: (b)
IIFANNF(ATe —\ Ao)

(o)

[ I1TF A A"

First, we obtain ¢'o from 1: Let D = {C},...,C,}, then when we apply o
to 1, this yields a proof of I'c, Il = A, Ao where every leaf is either of the
form Ao F Ao, or C;o for some 1 < i < n. We replace the two kinds of leafs

by QFC-proofs to obtain the proof ¢/o from S(D,0):
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. We replace leafs of the form Ao = Ao by their respective proofs from

atomic leafs and

apply Lemma 3.2.8 to leafs of the form Cjo to obtain proofs of Cio
from S({C;}, o). We replace the leafs by the respective proofs.

This yields the desired proof ¢'o from S(D, o). We will now describe the
steps (a-c) in detail:

(a)
(b)

By a series of A:l- and V:r-, followed by an —: r-inference.

For any formula F there is a proof xg of F = NNF(F) based on the
well-known rewrite rules of (i) replacing implication by negation and
disjunction, (ii) the de Morgan-laws and (iii) double negation elimina-
tion. Phase (b) consists of a single cut against such a proof.

For every negation normal form F and clause I'* - A* € CNF(F), there

exists a proof xh "2 of F, I = A*. xL'F2" is constructed as follows:

If F = GAH, then I'* F A* € CNF(G) or I'* - A* € CNF(H). Define

o (xg™)
XGrit = G,I" - A

GAH T A MU

in the first case and use A: 12 analogously in the second case. If F =
GV H, then I'" =T UTS and A* = ATUAS s.t. I't H AT € CNF(G)
and I'; - A} € CNF(H). Define
IiFAT Ii-A%
G = GERA HTA
GVH, I FA*

If F = =@, then G is an atom, I'* = {G}, A* = () and define

a- ._ GEG
X-¢ =  -G,GF

=1

If Fis an atom, then T* = (), A* = {F} and therefore F,T* F

A* is already an axiom. Phase (¢) consists of a single cut against
I*EA*
XNNF(ATo—\/ Ac)*

The total size of ¢* is || = |¢| plus O(|I'c F Ac|) for each of the three
phases, plus a number exponential in the size of ¢ in case we have to apply
Lemma 3.2.8. [
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We will now prove the main properties of QFC-CERES. The following
lemmas are used to establish that for QFC-proofs 7 in Skolem form, we can
always find a QFC-R-refutation of CS(r).

Lemma 3.2.16. Let C be a set of clauses, ™ be a reqular QFC-proof of F
from C. Then there exists a QFC-proof ¢ of = from a set of clauses S(C, o)
for some quantifier-free o such that v consists of atomic cuts, contractions
and permutations.

Proof. As we know from e.g. [19], reductive cut-elimination in second-order
logic terminates, so we can apply it to 7 to eliminate all non-atomic cuts and
obtain a proof 7’ of k. First, note that 7’ consists of atomic cut, contraction
and permutation: weakening is automatically eliminated by cut-elimination.
Denote the set of leafs of a proof ¢ by init(¢). We will show that 7’ can be
transformed into a proof ¢ s.t. init(y) consists of quantifier-free instances
of clauses in C. We can then take D as init(¢)). We proceed by induction
on the cut-elimination of 7 to obtain #’. As induction invariant, we take the
following: 7" can be transformed into a QFC-proof ¢ s.t. init(¢) consists of
quantifier-free instances of clauses in C.

For the base case, we take ) = 7, so as init(w) = init(¢)) and 7 uses
quantifier free comprehension, the invariant holds.

1. The cut-eliminiation performs a rank reduction on 7. Then the leafs
of m and 7" coincide, except when performing rank reduction over a
contraction: Here, we perform adequate renamings of eigenvariables
in 7’ to keep regularity and take ¢ = 7. Clearly, init(1) consists of
init(m) together with some renamed variants of clauses in init(m), and
the substitution terms of the V:[ applications are not changed, so the
proposition holds.

2. The cut-elimination performs a grade reduction on . Distinguish:

(a) Grade reduction is performed on propositional inferences. Then
init(r) and init(7’") coincide and we take 1) = 7', still the substi-
tution terms of the V:[ applications are not changed.

(b) Grade reduction is performed on V, inferences. Let X be the
eigenvariable of the V:r inference, and let F be the substitution
term of the V:[ inference. Then o = [X « F] is the substitution

that is applied by the cut-elimination. By (IH), o is quantifier-
free. Let init(m) ={T1 F Aq,...,Ty = A,}. Then

init(7') = {(T1 F Ay)o, ..., (T, F Ao}
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By Lemma 3.2.8, for every 1 < i < n, we have a proof of (I'; -
A;)o from S({T'; F A;},0). Take ¢ to be m’ where those leafs are
replaced by the respective proofs, then

init() =SH{T1 F A b,o)U...USHT, F AL}, 0)

and the first part of the proposition holds. For the second part,
note that as o is quantifier-free and no new Vg applications are
introduced in this step, all V: [ applications are still quantifier-free.

O

Lemma 3.2.17. Let m be a QFC-proof in Skolem form. Then there exists
a QFC-R-refutation of CS(r).

Proof. Analogous to the proof of unsatisfiability of CS(r) for first-order logic
in [9] by removing all inferences of 7 except the ancestors of the cuts, and
removing all formula occurrences in 7w except the ancestors of cuts, we con-
struct a QFC-proof ¥ of - from CS(7). We apply Lemma 3.2.16 to obtain a
QFC-proof v of - from quantifier-free instances of CS(7) using atomic cut,
contraction and permutation only. ~ readily gives rise to an R-refutation
of CS(m): First, derive the necessary instances used in 7y from CS(m) us-
ing the CNF-rules (as we only need quantifier-free instances, the restrictions
of QFC-R-deductions are met). Then, whenever atomic cuts are used in 7,
apply Cut, and whenever contractions are used in 7, apply Sim” or Sim*. O

We are now ready to define the QFC-CERES method and state our
central result.

Definition 3.2.18. Let m be a QFC-proof of S. Then the QFC-CERES
method is the following algorithm:

1. Compute a QFC-proof 7y of sk(S).

2. Compute CS(7g), P(7sk)-

3. Compute a quantifier-free R-refutation v of CS(7ms).
4. Convert v into an LK-proof +' of F from CS(mg).

5. Plug instances of the proofs in P(my;) into the leaves of 7' to obtain a
proof ¢ of sk(S) containing quantifier-free cuts only.

6. Perform quantifier-free cut-elimination on v to obtain a proof ¢ of
sk(S) containing no non-atomic cuts.
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Let us remark here that in step 6, any method for cut-elimination for
quantifier-free cuts can be used (e.g. reductive methods, “zero-th order”
CERES). Furthermore, considering that the instantiations of quantifiers are
the core information in a proof, one can even leave out this step as the
instantiations in ¢ and 1) coincide.

Theorem 3.2.19. Let m be a QFC-proof of S. Then the QFC-CERES
method transforms m into an LK-proof ¢ of sk(S) such that ¢ is in atomic-
cut normal form.

Proof. Using Proposition 3.2.12, we convert 7 to ms. By Lemma 3.2.17, we
can construct a quantifier-free R-refutation v of CS(my;). By Lemma 3.2.9,
from v we can construct an LK-refutation 7' of CS(ms). Every leaf of 4/
is either a sequent A - A or an instance C* of some C' € CS(my,) under a
substitution o. Let C =11+ A and sk(S) = I' = A, then by Definition 3.2.13
we have a cut-free QFC-proof Yo of I', IT + A, A. Let C* = IT* - A*, then by
Lemma 3.2.15, we can construct LK-proofs ¥)¢« of I', IT* = A*, A that contain
quantifier-free cuts only. By plugging these proofs onto the leaves of 7/ and
adding contractions at the end, we obtain an LK-proof of I' = A containing
quantifier-free cuts only. By applying cut-elimination to this proof, we obtain
the desired proof . [
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Chapter 4

CERES for higher-order logic:
CERESY

In this chapter, we will generalize the CERES method to full higher-order
logic. As we have seen in Section 3.1.2, it seems that the proof transformation
Skolemization cannot be generalized to yield LK-proofs not containing strong
quantifiers inferences operating on end-sequent ancestors. For this reason,
we now introduce a sequent calculus without eigenvariables.

4.1 The calculus LK

Definition 4.1.1 (Labelled sequents). A labelis a finite multiset of terms. A
labelled sequent is a sequent Fy,... F, F F,.1,... F,, together with labels
¢; for 1 < i < m; we write (F1) ... (F,)" F (Fp) ™, (Fp)™. We
identify labelled formulas with empty labels with the respective unlabelled
formulas. If S is a labelled sequent, then the reduct of S is S where all
labels are empty. If C is a set of labelled sequents, then the reduct of C is
{S | S a reduct of some S’ € C}.

We extend substitutions to labelled sequents: Let o be a substitution and
S=(F)", .. (F)" F (Fo)™" ... (F,)™, then

So = (F10)"7 .. (F,o)" b (Fhi10)™7 . (Fo)™.

Labels such as ours are often used to add (syntactic) information to for-
mulas, see [22]. They have been used in a setting very similar to ours in [21].
The purpose of the labels will be twofold: first, they will track quantifier
instantiation information throughout prooftrees (as expressed in Proposi-
tion 4.1.5). Second, they will enable us to combine resolution refutations
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and sequent calculus proofs in a certain way — this will be one of the main
constructions of the CERES® method; see Lemma 4.3.19.

From now on, we will only consider labelled sequents, and therefore we
will call them only sequents. Analogously, we will refer to labelled formula
occurrences as formula occurrences. We will denote the union of labels ¢;
and ¢y by ¢1,05. Let T be a term and ¢ a label, then we denote by ¢, T the
union ¢ U {T}.

Definition 4.1.2 (LKj rules). The following figures are the rules of LKg:
Labelled quantifier rules (or V** rules):

T A (F(fS;...S,))

T A, (V,F)
where ¢ = Sy,...,S, and, if 7(S;) = o; for 1 < i < n, then f € 4, ana
is a Skolem symbol. An application of this rule is called source inference of

fS,...S,,, and fS;...S,, is called the Skolem term of this inference. Note
that we do not impose an eigenvariable or eigenterm restriction on this rule.

sk

FT)"T THA
V,FY' THA

sk ]

T is called the substitution term of this inference. The other rules of LK are
transferred directly to LKy:
Propositional rules:

(F)' THA (G)é,HI—Avl ' A, (F)
(FVGY T,IIFAA A (FVG)

7 Vil

The rest of the propositional rules of LK are adapted analogously.
Structural rules:
LEAE)(F) LFA

contr: r — ¢ weak:r

L' A, (F) L' A, (F)

and analogously for contr: [ and weak: [.

LA (B (F)? 1A
TIIFA A

cut

Note that the labels ¢1, /5 are arbitrary.
In this section, we will restrict our attention to the cut-free fragment of
the rules of LK. An LK -tree is a tree formed according to the rules of
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LK. except cut, such that all leaves are of the form (F) F (F)* for some
formula F and some labels ¢y, £5. The aziom partner of (F) is defined to be
<F>£2, and vice-versa. Let m be an LK-tree with end-sequent S. If S does
not contain Skolem terms or free variables, and all labels in S are empty,
then S is called proper. If the end-sequent of 7 is proper, we say that 7 is
proper.

Example 4.1.3. The following figure shows a proper LK-tree of a valid
sequent:

(S(fOzaS@)) ™ = (S(f(Ar.~S())
Y5 (S(f(AraS(x)))

ﬂ:l

)>)\z —S(x)
>)\

(=S (f(hz.—~S(2)) S
(S(f Oz S @Y™ b (-=S(f(Ax.~S(2) >>M .
- (5 Q@nS@) = S QeS@NTT

F{(¥2)(S(2) = ==S(2))) "
(@) (V2)(S(2) = 2Y(2)))
F((VX)3EY)(V2)(X(2) = ~Y(2)))

35k, p
sk

where S € K,_,, f € K,_,,, and the substitution term of the Ik is
Az.—S(x). Note that although the labels in the axiom coincide, this is not
required in general.

When writing down LKg-trees, we will often leave out the labels to
increase readability. So far, we have not called the trees built up using the
rules of LK proofs. The reason is that without further restrictions, LKg-
trees are unsound:

Example 4.1.4. Consider the following LKg-tree of (3z)P(x) - (Vz)P(x):

P(s)F P(s)
- P(s), ~P(s)
vk
F P(s), (Vz)-P(x) o
—(Vx)=P(z) - P(s)
~(Va)=P(z) F (Vo) P(z) " "
where s € KC,. The source of unsoundness in this example stems from the fact

that in LKg-trees, it is possible to use the same Skolem term for distinct
and “unrelated” V**:r applications.

i

Towards introducing our global soundness condition, which will be more
general than the eigenvariable condition of LK, we introduce some definitions
and facts about occurrences in LK. -trees.
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Proposition 4.1.5. Let w be a formula occurrence in a proper LK -tree 7
with label {Ty,...,T,}. Then Ty,..., T, are exactly the substitution terms
of the Y**: 1 inferences operating on descendants of w.

Proof. By induction on the number of sequents between w and the end-
sequent of 7. If w occurs in the end-sequent, then it has no descendants and,
as 7 is proper, w has the empty label.

Assume w occurs in the premise of an inference. Denote the direct de-
scendant of w by w’. If w occurs in the context, then w has the same label as
W', the V**: [ inferences operating on descendants of w are the same as those
operating on descendants of w’, so we conclude with the induction hypothe-
sis. If w is the auxiliary formula of a propositional inference, a contraction
inference, or a V**:r inference, the argument is analogous. Finally, assume
w is the auxiliary formula of a V**:[ inference p with substitution term T,
and that the label of w is Ty,...,T,, T. Then the label of & is Ty,...,T,,
and by (IH) these are exactly the substitution terms of the V**:[ inferences

p1,- ., pPn operating on descendants of w’. Then the V**:[ inferences oper-
ating on descendants of w are py,...,p,,p, and hence the label of w is as
desired. O

Definition 4.1.6 (Paths). Let u = pq,...,pu, be a sequence of formula
occurrences in an LK -tree. If for all 1 < i < n, u; is an immediate ancestor
(immediate descendant) of f;yq, then p is called a downwards (upwards)
path. If pu is a downwards (upwards) path ending in an occurrence in the
end-sequent (a leaf), then u is called mazimal.

Definition 4.1.7 (Homomorphic paths). If w is a formula occurrence, then
denote by F'(w) the formula at w. If p is a sequence of formula occurrences,
we define F'(u) as u where every formula occurrence w is replaced by F(w),
and repetitions are ommited. Two sequences of formula occurrences pu, v are
called homomorphic if F(u) = F(v).

Example 4.1.8. Consider the LKg-tree 7:




7 contains two maximal paths gy, pa:

= (R(a, f(a)))", (=R(a, f(a))", (R(a, f(a)) V =R(a, f(a)))",
(R(a. /(@) V ~R(a, f(a))}", (R(a. f{@)) V ~R(a, f(a)))"
(%) (R(a.y) V ~R(a,y))}" . (3) (9y) (R(z.y) V ~R(z.y))

p2= (R(a, f(a))", (R(a, f(a)))", (R(a, f(a)))",
(R(a. f(a)) V ~R(a, /(@)))"  (R(a, f(a)) V ~R(a, f(a))".
(Vy)(R(a,y) V =R(a,y)))", (3x)(Vy)(R(z,y) V —R(z,y))

F(u) = (R(a, f(a)))", (=R(a, f(a)))", (R(a, f(a)) V =R(a, f(a)))",
((7)(R(a.y) V ~R(a,)))", () (¥y) (R(z,y) V ~R(z.y))

F(p2) = (R(a, f(a)))", (R(a, f(a)) V ~R(a, f(a)))",
((Vy)(R(a,y) V =R(a,y)))", (32)(Vy)(R(z,y) V —R(z,y))

Proposition 4.1.9. Let m be a proper LK -tree, let p be a V**:r inference
in ™ with Skolem term S and auxiliary formula o, and let p be a mazximal
downwards path starting at . Then FV(S) = FV(u).

Proof. As m is proper, its end-sequent does not contain free variables. Hence
all free variables in p are contained in substitution terms of V**: [ inferences,
and they are exactly the free variables of S by Proposition 4.1.5. ]

Proposition 4.1.10. Let o,y be formula occurrences. If there exists a
downwards path from ay to asg, then it is unique.

Proof. Every formula occurrence has at most one direct descendant. ]

Corollary 4.1.11. If o is a formula occurrence, then there exists a unique
mazximal downwards path starting at .

Our investigation of paths allows us to define a relation between inferences
in a tree that, through paths, are connected in a strong sense.

Definition 4.1.12 (Homomorphic inferences). Let a1, s be formula occur-
rences in an LK-tree 7. Let ¢ be a contraction inference below both aq, as
with auxiliary occurrences vy, 7. Then aq,as are homomorphic in c if the
downwards paths aq, ..., 7 and aw, . . ., 75 exist and are homomorphic. ay, as
are called homomorphic if there exists a ¢ such that they are homomorphic
in c.

Let p1, po be inferences of the same type with auxiliary formula occur-
rences ai (a2) and o (a3). p1,p2 are called homomorphic if there exists a
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contraction inference ¢ such that o} and ai are homomorphic in ¢ and o?
and a2 are homomorphic in ¢. Call this contraction inference the uniting
contraction of py, po.

Example 4.1.13. Consider the following LK -tree 7:

(P(s))" - P(s) (PO E L),

P e o ey e
(Vo) P(z) = (V) P(x) (Vo) P(z) F (Y2)P(z)
(V) P(z) V (Vz)P(z) - (Vz)P(x), (Vo) P() contr: 7 (2)

(Vo) P(x) V (Vo) P(z) = (Vo) P(x)

The inferences (1), (3) in 7 are homomorphic, and (2) is their uniting con-

traction. More concretely, let u be the path from the auxiliary formula of (1)

to the auxiliary formula of (2). Let v be the path from the auxiliary formula

of (3) to the auxiliary formula of (2). Then F(u) = P(s), (Vx)P(x) = F(v).
On the other hand, consider «’:

(P(51))* F P(s1) ok (P(s2))™ F P(s3) (3)
WPIE PO oy 1y ATCIE ORI
(V2)P(z) F (Vo)P(z) ' (V) P(z) - (Vo) P(z \;z'l
(Y2)P(a) v (v2)P(2) F (1) P(a), (@)P(a) o oy

In 7/, there are no homomorphic inferences because the auxiliary formu-
las of the V**:r applications differ: Define p, v as above, then F(u) =

P(s1), (Vx)P(x) # P(sq), (Vx)P(x) = F(v).

The previous example motivates the following statement about homomor-
phic quantifier inferences.

Proposition 4.1.14. If two V**:r inferences are homomorphic, they have
tdentical Skolem terms.

Proof. Denote the V**:r applications by p;, pa. Then there exist homomor-
phic paths p;, ps starting at the auxiliary formulas of p;, py respectively.
The second elements of p;, ps are the main formula occurrences of py, po
respectively. As p;, po are homomorphic the formula lists induced by them
are equal, therefore p;, po have the same auxiliary and main formulas and
therefore their Skolem terms are identical. ]
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Proposition 4.1.15. The homomorphism relation on inferences is a partial
equivalence relation.

Proof. The homomorphism relation on inferences is symmetric because the
homomorphism relation on sequences of formula occurrences is. It is tran-
sitive: Assume pq, ps are homomorphic, and ps, p3 are homomorphic. We
assume that py, po, p3 are unary inferences, the binary case is analogous. Des-
ignate the respective auxiliary formulas by oy, as, 3. Then there is a con-
traction ¢ on formula occurrences i, v s.t. the downwards paths aq, ..., 7
and g, ..., 7 exist and are homomorphic, and there is a contraction ¢’ on
formula occurrences 74, y3 s.t. the paths aw,...,75 and as, ..., v exist and
are homomorphic. From the existence of these paths, it follows that ¢, ¢
cannot be parallel. W.l.o.g. assume that ¢ is above ¢/, then

/ * /
Q2,0 Yy = Qy ey V2, Va5 Y

by Proposition 4.1.10, and there exists a path

* /
A1y Y1 Y2 V2

Fori € {1, 2}, let w; be the first formula occurrence from the right in o, .. .,
such that F(w;) # F(vi), p1, p3 are homomorphic by the following chain of
equalities:

(Cklw .. 77177;7 cee 77&) =
Flag,...,w1), F(vs, ... ,7%)
Flag,...,ws), F(7s,...,7)
F(
F(

042,...,’}/2,...,’75):
043,...,")/3)

]

We can now define the notion of an LK-proof, for which we will require
the converse of the Proposition 4.1.14 to hold.

Definition 4.1.16 (Weak regularity and LK-proofs). Let 7 be an LKg-
tree with end-sequent S. 7 is weakly regular if for all distinct V**: r inferences
p1, p2 in m: If p1, po have identical Skolem terms, then p;, po are homomor-
phic. We say that 7 is an LK -proof if it is weakly regular and proper.

In ordinary LK, it follows directly from the definition of regularity that
all V:r inferences in a regular LK-tree 7 fulfill the eigenvariable condition,
and thus are LK-proofs. Hence the name “weak regularity”: inferences are
allowed to use the same eigenterm, provided they are homomorphic.

43



Example 4.1.17. The LKg-tree from Example 4.1.3 is (trivially) an LKg-
proof. Also the first LKg-tree from Example 4.1.13 is an LK-proof: the
only two V*¥: r applications in the tree are homomorphic.

Finally, consider the following example:

(R(s, f(5)))° F (R(s, f(5)))'"
)R SN (GRE,y) (R, f6)

(FY)R(s,9))° F (R(s, f()) ~ 7 (@y)R(s,9))°, (=R(s, £(5)))’) F

)) = ~R(s, [(5))

(3y)R(s, 1)) . (By)R(s,y))*, (R(s, f(s Vo) - "
(Vz)(3y)R(z,y), (Fy)R(s,9))* , (R(s, f(s)) — —~R(s, f(s))){® vs};.l

(¥2) Gy Rl ), (¥2) G) Rl y), (R(s, £(5) = RGs, ) e
(Vz)(Jy)R(z,y), (R(s, f(s)) — ﬁR(Svf(S)»f(s) - :

where f € K,, and s € K,.

Denote the upper-left 3**: 1 application by p;, the upper-right 3**:1 ap-
plication by p,, and the bottommost 3**: 1 application by ps. p3 is the only
3%%: [ application with Skolem term s, so there is nothing to check. On the
other hand, p; and p, have the same Skolem term f(s). They are indeed
homomorphic: the contr: [ application is their uniting contraction, and the
homomorphic paths are

wipr) = (R(s,

n(p2) = (R(s, f(5)))”, (By)R(s,9))",
(By)R(s,9))", (By)R(s,9))°,
(By)R(s,y))", (Vo) By)R(s, )

because F(u(p1)) = F(u(p2)) = (R(s, £(5)))", (By) R(s,))".

The rest of this section will be devoted to proving that weak regularity
still suffices for soundness of LK-proofs.

Definition 4.1.18. Let 7 be an LK -tree, and p an inference in 7. Define
the height of p, height(p), as the maximal number of sequents between p and
an axiom in .
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Lemma 4.1.19. Let T be a Skolem term and m be a LK -tree of S such that
7 does not contain a source inference of T. Let X be a variable not occurring
in m, then there exists an LKq-tree w [T « X] of S[T < X]|. Furthermore,
if ™ is weakly regular (proper) then m [T «— X] is weakly regular (proper).

Proof. Let 0 = [T « X], and let p be an inference in 7 with conclusion S.
By induction on height(p), we construct LKg-trees 7, of So.

1. pis an axiom (A)" F (A)*. Take for 7, the axiom (Ac)" F (Ac)™.
2. pis a V**: 7 inference

I A, (FR)
1 VSk:T
I' A, (VF)

where R is the Skolem term of p. By (IH) we have a LKg-tree ¢ of
To - Ao, (FRo)". Note that FRo =3 FoRo. Hence we may take for
7r

P
(%)
I'o b Ao, (FoRo)™ "
Lot Ao, (VFo)
3. pis a V**: [ inference
(FR)"™® TFA ok
(V) T+ A '

By (IH) we have an LKg-tree ¢ of (FRo)*®" To + Ac. By the
soundness assumption for Skolem terms from [44], T does not contain
variables bound in F, hence FRo =3 FoRo. Therefore we may take
as T

(¥)
(FoRo)“"® Tot Ao
(VFo) To - Ao

sk ]

4. pis a structural or propositional inference. As in the previous cases, we
simply apply the rule to the tree(s) obtained by hypothesis to obtain
Tp.
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Let p be the last inference in 7; then we set mo = 7,. It remains to show that
weak regularity is preserved. As we apply ¢ on the whole tree, every path
w1 in o induces a path v in 7 such that p = vo. Hence homomorphisms of
downwards paths are preserved. O

Example 4.1.20. Consider the following LK-tree m, where s € K, and
fek..

(R(s, f(s),5))"" - (R(s, f(s),5))° .
(R(s, f ()78)>f($ ((V2)R(s,z,5))°

(R(s, f(s),9)"" F (3y)(V2)R(s, z,y)
(Vy)R(s,y, s) = (Jy)(Vz)R(s, x,y)

sk.

sk ]

Then 7 [s « z]:

(R(z, f(2),2))’P F (R(s, f(2),2))° ok
(R(z, f(2), 2))"™ H ((Va)R(z, 2, 2))" "
(R(z f(2),2))’ F (3y)(V2)R(z,2,y) |
(Vy)R(z,y,2) F (Jy) (Vo) R(2, 2, y) '

is an LK -tree.

Lemma 4.1.21. Let p,p' be homomorphic inferences, and c their uniting
contraction. Let py,...,p, and py, ..., p.. be the logical inferences operating
on descendants of the auxiliary formulas of p,p’ above c. Then n = m and
forall1 <i<mn, p; and p,, are homomorphic.

Proof. By induction on n. n = 0 is trivial. For the induction step, let u, '
be the homomorphic downwards paths from p, p’ respectively to c¢. Consider
p1. As it is a logical inference, its auxiliary formula is different from its main
formula. As F(u) = F(i'), there exists the logical inference p} of the same
type (and even with the same substitution or Skolem term, if applicable), and
the downwards paths from py, p| respectively to ¢ exist and are homomor-
phic. Hence py, p| are homomorphic and we may conclude with the induction
hypothesis. O]

4.1.1 Sequential Pruning

To show soundness of LK., we will transform LKg.-proofs into LK-proofs.
Roughly, this will be accomplished by permuting inferences and substituting
eigenvariables for Skolem terms. In LKg-proofs, a certain kind of redun-
dancy may be present: namely, it may be the case that two V**: r inferences
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on a common branch use the same Skolem term. This will prevent an eigen-
term condition from holding, and hence in this situation we cannot substitute
an eigenvariable for the Skolem term. This subsection is devoted to showing
how to eliminate this redundancy.

Definition 4.1.22 (Sequential pruning). Let 7 be an LKg-tree and p, o/
inferences in m. Then p, p’ are called sequential if they are on a common
branch in 7. We define the set of sequential homomorphic pairs as

SHP(7) = {{p, p') | p, p" homomorphic in 7 and p, p" sequential}.

We say that 7 is sequentially pruned if SHP () = 0.

Towards pruning sequential homomorphic pairs, we analyze the permu-
tation of contraction inferences over independent inferences:

Definition 4.1.23. Let p be an inference above an inference . Then p and
o are independent if the auxiliary formula of ¢ is not a descendent of the
main formula of p.

Definition 4.1.24 (Permuting contractions down). We will now define the
rewrite relation . for LKg.-trees m, 7', where we assume the inferences
contr: * and o to be independent:

1. If wis
ILILT - A, A, A
OTEA A contr: *
LI FAAC
and 7’ is
ILILTEAAA -
MILD AL A A
TN contr: %
then 7! 7.
2. If mis
LILTEAAA
ITFAA " yro

LT - A A
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and 7’ is

ILILTFAAA SFO
MILT - AL A A

TR contr:
then 7! 7/,
3. If wis
ILILTEAAA .
SO MTFA A OMEF
ILTE A A
and 7’ is

NFO  ILILTFAAA
MILT - AL A A
T F A A

contr: x

then 7 Di 7.

The . relation is then defined as the transitive and reflexive closure of the
compatible closure of the ! relation.

Lemma 4.1.25. Let m be a weakly reqular LK g -tree of S. If m>. 1 then ¢
is a weakly reqular LK -tree of S.

Proof. By induction on the length of the > -rewrite sequence. The case of
7 = 1) is trivial, so assume there exists a subtree ¢ of m such that ¢! ¢’ and
1) is obtained from 7 by replacing ¢ by ¢’. Then the end-sequent of 1) is the
same as that of w. Also weak regularity is preserved: The paths in ¢ and 7
are the same modulo some repetitions. O

Lemma 4.1.26. Let w be a LK -tree with end-sequent S such that m is not
sequentially pruned. Then there exists a LKy -tree ©' with end-sequent S
such that

|ISHP(7)| < |SHP(7)|

Furthermore, if © is weakly reqular, so is x'.
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Proof. Consider a sequential homomorphic pair in 7 with uniting contraction
c¢. By Lemma 4.1.21, there exists a sequential homomorphic pair p, p’ with
uniting contraction ¢ such that no logical inference operates on descendants
of the auxiliary formulas of p, p above ¢ (p,p’ are the lowermost p;, p; of
Lemma 4.1.21, respectively). W.lo.g. assume that p is above p’. As no
logical inference operates on descendants w of the auxiliary formula of p on
the path to ¢, we can permute all contraction inferences operating on such w
below p’ using .. By Lemma 4.1.25 the resulting tree is weakly regular and
its end-sequent is S. Clearly the number of sequential homomorphic pairs
stays the same.

For example, if there are two such contractions inferences between p and
P, the situation is

—

contr: [

contr: [

: ”
which is transformed to
— 0

/

contr: /
contr: [

Hence we may assume that no inference operates on descendants of the aux-
iliary formula of p between p, p’. Now distinguish the cases

1. p is a unary inference. W.l.o.g. assume that the auxiliary and main
formulas of p occur on the right. Then the situation is:
I'FA,(F)" )
T A, (G)?

I' - A (F)(G)®
' A (G2, (G)*

/

p

I* F A% (G)Y? (G)?
I F A% (G)®

C
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We replace this subtree by

' A, (F)"

I = AL (F)* (F)
I - A, (F)"
I' - A (G)*®

C

/

p

I F A% (G

2. pis a V:[ inference. W.l.o.g. the situation is

EY THFA (G, TFA
(FVG)Y IIFAA

(FY (FVG) T A (G)' IT* + A
(FVG)Y (FVG)Y T* I+ A% A

/

(FVG)Y (FVG)Y TtEA"
(FVG) ItFA"

c

This is transformed to

(F' THA
(FY T I A A

weak: *

(F)' (F)" T"F A
(F) I A* (GY TI* F A
(F v G) T II* - A%, A*

/

p

(FVG)' ItFA*
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As we only permute contractions and delete inferences, weak regularity is
preserved by this transformation. Furthermore, consider a sequential ho-
momorphic pair (o,0’) in 7’ (w.l.o.g. we consider the case that p is V:1).
Clearly 0,0’ also exist in 7 and (o, 0’) is a homomorphic pair in 7 (if its
uniting contraction in 7’ is ¢ in the second figure, then the ¢ in the first fig-
ure is its uniting contraction in 7). It is sequential since we have not changed
the branching structure of the tree (except for deleting a subtree from 7 to

obtain 7).
Hence the number of sequentially homomorphic pairs is reduced, which
was to show. [

Lemma 4.1.27 (Sequential Pruning). Let m be a LK -tree of S, then there
exists LKg-tree ' of S s.t. 7' is sequentially pruned. Furthermore, if m is
weakly reqular, so is w'.

Proof. Repeated application of Lemma 4.1.26 does the job. ]
Example 4.1.28. Consider the LK-tree 7:

P(s1) F P(s1) P(s1) F P(s1)
P(Sl) \Y% P(Sl) = P(Sl),P(Sl)
P(s1) V P(s1) F P(s1), (Va)P(@) " " ) QUIFQM)
P(s1) Vv P(s1) F (Vo) P(x), (Vo) P(z) ~ (¥2)Q@) F Q) ~ Q) Q)
P(s1) vV P(s1), (V2) P(z) — (V2)Q(z) F (Vo) P(z), Q(t1) ' (V2)Q(z) F Q(t2) ~
P(s1) Vv P(s1), (Vo) P(z) — (V2)Q(z), (V2) P(z) — (V2)Q(z) F Q(t1), Q(t2)

P(s1) V P(s1), (V) P(z) — (Vo)Q(x) F Q(t1), Q(t2) contr: [

where s1, 59 € K,.

Denote the upper-left ¥**:r application by p;, the ¥**:7 application di-
rectly below p; by ps, the upper —:1[ application by n; and the lower —:1
application by 7. Then

SHP (7) = {{p1, p2}, {m, m2}}

and the contr: [ application is the uniting contraction of both pairs. We apply
Lemma 4.1.26, removing {7,172} and obtaining 7’:

P(s) - P(s1)  P(s1) F P(s1)

P(s1) v P(s1) F P(s1), P(s1) \j;kl
P(s1)V P(s1) F P(s1), (Vz)P(x) ok,
P(s1)V P(s1) F (Vz)P(z), (Vx)P(x) ok
Pls0) V P(or) F () P(o), (72)P(a), Q) 67 Q) Q) -
P(s1) V P(s1) b (Vo) P(x), Q(t1) (R F Q) "~
P(s1) V P(s1), (Vo) P(z) — (V2)Q(x) F Q(t1), Q(t2) '
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such that
SHP(7') = {{p1, p2}}

We apply Lemma 4.1.26 again, removing {p1, po} and obtaining the sequen-
tially pruned 7”:

P(si) = P(s)  P(si) = P(sy)

P(s1) v P(s1) F P(s1), P(s1) coY1£ir
PeOV PO T PG
Po)VPe) FO0P@ T Q)
P(s1) V P(s1) = (Vo) P(x), Q(th) ' (Vo)Q(z) F Q) —>‘.l
P(s1) V P(s1), (Vo) P(z) — (Vo)Q(x) - Q(t1), Q(t2) '

4.1.2 Soundness of LK

The main result of this subsection will be to show that LK.-proofs can be
translated into LK-proofs. The proof will be effective, and will be based
on permuting inferences and pruning. To this end, we will analyze the per-
mutation of inferences in LK -trees. Such an analysis is often useful, see
for example [60] for the case of a first-order sequent calculus. In LK, we
have more freedom in the permutation of inferences since we do not have to
consider an eigenvariable condition, although we will want to preserve weak
regularity.

To ease the following case distinctions, we introduce the following nota-
tion:

IA' =T, A
I, A° =
and let ¢,41,...,144 € {0,1}, Z = |z — 1|. In the following transformations,

we do not display the labels of the labelled formula occurrences since we
always leave them unchanged (what this means exactly will be clear from
the context).

Definition 4.1.29 (The relation ,). This definition shows how to permute
down a unary logical inference p over an inference o, assuming that p and
o are independent. In case 1, o is a unary logical inference, in case 2 o is a
weakening inference, in case 3 ¢ is a contraction inference, and in cases 4-5
o is an V:[ inference. We define a relation > between LK. -trees m and 7’

1. If 7 is
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Fi, G2, T+ A, G2, Fit )
Mis G2, I A, G2, M .
Mis, N, T = A, N, M

and 7" is
Fi, G2, ' A G2 Fh

- - = — 0
Fit, N4 T A, N Fi
Mt N2 T = A, N2, M

then 7 D}L 7.

2. Ifrris

Fii T A F

M2, T+ A, M?
, . —— o (weak: %)

N M2, ' A /M2 N*
and 7’ is

i1 i

P UEAF o (weak: )

Ns Ft T A, Fii N
N M2, T - A, M2 N

then 7! 7.

3. If wis
Fi, G2, G2, '+ A, G2, G2, F&t
Mis G2 G2, T+ A, G2, G2, M
— ——— o (contr: %)
M, G2 T F A, G2, M
and 7’ is

Fii, G2, G2, I+ A, G2, G2, F&t
Fi G2 T F A, G2 Fo
Mis, G2, T = A, G2, M

o (contr: x)

then 7 D}L 7.
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4. If 7 is

Fi G, T+AF: )
M2, Gy, T F A, M= Gy IIFA
GV Gy, M2 T I+ A, A, M2

and 7’ is

Fi,G,,[FAF1 Gy IIFA .
G,V Gy, Fio T TIF A, A, Fi
G,V Gy, M2 T I+ A, A, M2

then 7wl 7.

5. If mis
Fit, Gy, II - A, F& )
G, TFA M2 Gy I+ A M? .
GV Gy, M2 I I+ A, A, M?
and 7’ is

G, TFA  Fi1 G, I+ A F .
G,V Gy, Fio T IIF A, A, F?
GV Gy, M2 T I+ A, A, M2

then 7 Dt 7.

Finally, we define the >, relation as the transitive and reflexive closure of the
compatible closure of the >} relation.

Lemma 4.1.30. Let m be a weakly reqular LK -tree of S. If w1 then v
is a weakly reqular LK -tree of S.
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Proof. By induction on the length of the >,-rewrite sequence. The case of
7 = 1 is trivial, so assume there exists a subtree ¢ of 7 such that ¢l ¢’
and 1) is obtained from 7 by replacing ¢ by ¢’. Then the end-sequent of 1
is the same as that of 7. Also weak regularity is preserved since the paths in
v and 7 are the same modulo some repetitions. ]

Definition 4.1.31 (Permuting binary inferences downwards). This defini-
tion shows how to permute down a V: [ inference p (the only binary inference
in LK), together with some contractions the auxiliary formulas of which
come from both permises of p. In the prooftrees, the indicated occurrences
of Fy and Fy will be the auxiliary occurrences of p. We will now define the
rewrite relation >, on LKg-trees, where we assume p and o to be indepen-
dent. Cases 1-3 treat the case of o being a unary logical inference, in case 4
o is a weakening inference, in cases 5—6 ¢ is a contraction inference, and in
cases 7-9 o is V: 1.

1. If wis
F17H7F17Gi1 |_A17GiE7A F27H7F2}_A27A
Fl Vv F27H7H7F17F27 Gil - Al? Gi}7A27A7A
, = contr: *
GZlaFlVF27H7F17r2FAlaA%AaG“ o
MinFl \ F27H7F17F2 F Ala AQaAvMi_Q
and 7' is

G, F, IL,T, F A, A, Gi .
M2 F, IL T, F Ay, A, Fy, M2 Fy, ILTy F Ay, A p
Fl VF27Mi27H7HaF1aF2 l_ A17A27A7A7M{2

- = contr: *
F,VFy, M2 11,1, Ty - Ay, Ay, A, M
then 7} 7'
2. If ris
F,ILT, F AL A Fo ILT,, G - Ay, A, GH
F; VFy, ILIL T, Ty, G Ay, Ay, A, A, G2
contr: x

GilaFl \ F27H7F1)F2 F Alu A2JA7 G[l o
Mi27F1 \ F27H7F17F2 F Al; A27A7M{2
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and 7’ is

G",Fy, IL Ty - Ap, A G"
F,ILT - AL A M2 Fy I, Ty F Ay, A, M2
F,V Fo, M2 ILIL Ty, Ty F Ay, Ay, A, A, M2
F; VFy, M2 11T, Ty b Ay, Ay, A, M2

contr: *

then 7} 7.
3. If mis

F,ILG", T F AL A, G Fo, IL G, Ty F Ay, A, G
F, VF, IL G L G, Ty, Ty F Ay, Ay, A, G A, G2
G, F I VFy Iy Ty - Ay Mg AGY
M2 F; VFy I, T, Ty F Ay, Ay, A, M

contr: x

and 7’ is

G FILT FALAGE  GHFy [Ty E Ay AGY
M Fy, 11T F Ay, A, M2 M2, Fy, I,y F Ay, A, M2
F, Vv Fo, I, M2 II, M2, T, s - Ay, Ay, A, M2, A, M2
F, VE, 1L M2 T, Ty b Ay, Ay, A, M2

contr: *

then 7o} 7.

4. If 7 is
F ,ILT 1 F AL A Fo, IILT, F Ay A
Fl\/FQaH)HaFlaFZl_AlaAQvA)A tr:
FyVE, LT, Ty F Ay, Ay, A 8 ri{*
. = Weak: x
MlaFl \ F27H>F17F2 = A17A27A7 M’
and 7’ is

Fi,ILT F A A
, — weak: *
MY F,II,T') - Ay, A, M? Fo, II,LTo F Ay, A
Fl \ F27Mi7 H7H7P17P2 + A17A27A7A7 ME
Fl Vv F27Mi7 H7F17F2 - Alu AQ?‘/\ul\/—[g

contr: *
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then 7 l>,§ 7'

5 If 7 is

F,ILT;, GG F AL A, GG Fo, ILT, F Ay, A

F, VE, ILIL T, Ty, G Gl E Ay, Ay, A A, GE G

GG F VFy LT, Th b A A A GLG
G, F1 VFy, ILT, Ty F Ay, Ay, A, G

contr: x

then 7' is

FLILT, GG EALAGLGE
F,II,T,,G'F Ay, A, G Fo,II,T5 F Ay, A
F, VE, ILIL T, Ty, G E Ay, Ag, A A, GE
GLF, VF, LT, Ty - Ay, Ay, A, GE

contr: x

6. If 7 is

F,ILT - AL A FyILT,, GG F Ay, A, G G
F, VFy, ILIL T, Ty, G Gl Ay, Ay, A A, G G
GG F I VF I T, Ty - A, Ay A GL G
G, FiVFy, ILT, Ty F Ay, Ay, A, G

contr: x

then 7’ is

F, 1112, G, G' - A9, A, G, G'
F,ILT, F A A Fy, 11,1y, G - Ay, A, G
F, VFo, ILIL T, [s, G - Ay, Ay, A A, GE
G, F1 VFy, ILT,TsF Ay, Ay, A, G

contr: x

7. If 7 is

Fl,H,Fl,leAl,A F2,H,F2|_A27A
Fy VE ILILT, G o F AL A AN
G.F VE, LT, ToF AL Ay A 9" q,.nFe

GV Gy, FiVF ILT |, Ty, X FO,A1, Ay, A
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and 7’ is

G, F,ILT,FALA GyYFO
G VG, F, LT, 5FO.ALA 0 FyllTyF Ay A
Fl\/FQ,Gl\/G2,H,H,F1,F2,EF@,A17A27A7A
FLVFy, GV Gy LT, 15,5 F O, A, Ay A

contr: x

then 7} 7.

I s

FLILT, FALA Fo Il Ty Gy - Ay A
F,VF, ILILT,. TG F AL Ay AA
G F VE LT T F AL A, A O G sk
Gl v GQ,FI \/FQ’H, ].—‘1,].—‘272 I_ @7 Al,AQ’A

and 7’ is

G, Fo, 1Ly F Ag A Gy, X O
Fi,ILT; AL A G VGy Fo Il T, X F 0, Aq A
Fl \/ FQ, G’1 \/ G2,H7 H,Fl,FQ, E l_ @, A17A27A7A
FiVFy, G VG ILT 9, X F0,A1,Aq A

contr: x

then 7} 7.

I wis

Fi,II,G, "1 F AL A Fo,II, G, o F Ag A
FIVF27H7G17H7G17F17F2 l_AlyA%AaA tr:
Fl\/FQ,H,Gl,Fl,FQ'—Al,AQ,A contr:x Gy, X 0O o
GV G, Fi VFo, LT, T2, 3 F 0,A1,Ag, A

and 7’ is

G,F,II.LT1 F Aq,A Go,X O

G VG, F ILT, S F 0,AL A 0 (¥)
FiVFLIILGi VG II,G1V Gy, '1,I9,X,XF0,0,A1,A, A A

FiVFy, GV G I T, X F0,A1,A, A

p
contr: *x
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where 1) is

G, Fo, I, Ty F Ay A Gy, X 0O
G VG, Fo I, X F0,A A

then 7>} 7.

Finally, we define the >, relation as the transitive and reflexive closure of the
compatible closure of the >} relation.

Lemma 4.1.32. Let m be a weakly reqular LK -tree of S. If w1 then
is a weakly reqular LK -tree of S.

Proof. By induction on the length of the >y-rewrite sequence. The case of
7 = 1) is trivial, so assume there exists a subtree ¢ of 7 such that ¢} ¢’ and
1 is obtained from 7 by replacing ¢ by ¢’. Then the end-sequent of ¢ is the
same as that of m. Also weak regularity is preserved:

1. In cases 1, 2 and 4-8 of Definition 4.1.31, the paths in ¢) and 7 are the
same modulo some repetitions.

2. In case 3, the paths in 9 and 7 are the same modulo some repeti-
tions, but a new copy of ¢ is introduced. Note that the two copies are
homomorphic, so we may conclude by Proposition 4.1.15.

3. In case 9, o is duplicated together with the subtree ending in ¥ F
©. Observe that all the descendants of the two copies of ¥ F © are
contracted, and hence all the duplicated inferences are homomorphic.
Therefore we may again conclude by Proposition 4.1.15.

O
Summarizing, we obtain

Lemma 4.1.33. Let m be a weakly reqular LKg-tree of S. If m>y ), >, 10,
or ™. Y, then ¥ is a weakly reqular LK. -tree of S.

Proof. By Lemmas 4.1.32, 4.1.30, and 4.1.25. [

The following definitions will be used in the algorithm translating LKg-
proofs into such LKg-proofs which fulfil an eigenterm condition.

Definition 4.1.34. Let m be a LK -tree, and let £ be a branch in 7. Let o, p
be inferences on £ and w.l.o.g. let ¢ be above p. Let &, ..., &, be the binary
inferences between o and p. For 1 <17 < n, let A\; be the subproofs ending in
a premise sequent of & such that \; do not contain ¢. Then \q,...,\, are
called the parallel trees between o and p.
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Definition 4.1.35. Let o be a V**: r inference in 7 with Skolem term S, and
p be a V**: [ inference in 7 with substitution term T. We say that p blocks
o if p is below o and T contains S. We call o correctly placed if no V**:1
inference in 7 blocks o.

Example 4.1.36. Consider the LK-proof :
(P(c)"F P(e)

(PO () P@ T
(Vz)P(z) F (Vz)P(x)

Here, the V**: [ inference blocks the V**: 7 inference.

As indicated before, we will rearrange the quantifier inferences in an
LK -proof 7 in such a way that there are no eigenterm violations: this
will allow us to convert the LK-proof into an LK proof. During this rear-
ranging, we may have to permute binary inferences, causing duplication of
subproofs. This is bad for showing termination of the rearranging algorithm
because our termination measure will be based on the number of inferences
in 7. As Example 4.1.28 shows, sequential pruning may severly reduce the
number of inferences in an LKg,-proof (especially when pruning binary in-
ferences). In fact, this pruning will be sufficient to show termination of the
rearranging procedure in the subsequent lemma. For the termination argu-
ment, we will use the notion of lexicographic order:

Definition 4.1.37 (Lexicographic order). Let Xi,..., X, be sets and for
1 < n let <; be a partial order on X;. Then the lexicographic order on

X X ... x X,: <ygx is defined by

(1, ... ) <ppx (29, ..., 2)) <= (3m)(Vi <m)(z; = 25) A (20 <m 2,)

Lemma 4.1.38. Let m be an LK -proof of S. Then there exists a LKg-
proof © of S such that all ¥**:r inferences in ' are correctly placed.

Proof. We introduce some notations that will be useful. Let 7 be an LKg-
tree, p be a V**:r inference in 7 with Skolem term S. Define ), as the
number of inferences blocking p. Then define BLOCK,(S) =) @, where
o ranges over the V*¥: 7 inferences in 7 with Skolem term S.

Define SK; as the set of Skolem terms occurring in 7. Let |SK,| = n, then
denote the elements of SK; by S1,...,S, s.t. forall 1 <7 <n and all j < i:
either S; > S; or S;, S; are incomparable w.r.t. the subexpression ordering.

Then define the n-tupel o, = (BLOCK,(S;),..., BLOCK,(S,)).
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We show that there exists an LKg-proof 7’ of S with the property that
a = {0,...,0), which implies that there are no blocking inferences in 7’.

We may assume that some member of a, is not 0. We will transform 7w
into an LK -proof " of S such that o <ppx ar — existence of the desired
LK,-proof then follows by induction. Let k be the least integer such that
BLOCK,(S;) > 0. Then there exists a lowermost V**:r inference p with
Skolem term S, such that there is a V**:[ inference o blocking p. Observe
that o does not operate on a descendant of the main formula of p: Assume it
does, then by Proposition 4.1.5, Sy properly contains the substitution term
of ¢ and, by the definition of blocking, therefore properly contains itself!

Define RR(7,{,0) = >_, Q, where p ranges over the inferences homo-
morphic to p in the parallel trees between ¢ and o. Define BR(m, &, 0) =
BLOCK,(Si) — RR(7,&, 0). The intuitive idea is: When we permute down
inferences, new subtrees can be created which contain inferences homomor-
phic to p. RR(m,&,0) counts the number of “blockings” created by these
inferences. The point then is that these inferences will eventually be deleted,
and then BR(m, £,0) = BLOCK,(S;) and therefore BLOCK,(S;) will
properly decrease by permuting p below o.

Formally, let R,,..., Ry be the inferences between p and o (exluding p
and o) operating on descendants of the main formula of p, i.e.:

We construct by induction LK-proofs 7y, . .., m; where one of the inferences
is permuted down below ¢. The induction invariant is:

Vj < k(BLOCK,,,,(S;) = 0) A BR(m, p,0) > BR(m41,p,0).

Assume [ inferences have been shifted, that is
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___: p
T b Ay

A7

T A

T

Depending on whether R;,; is a unary, binary, or contraction inference, we
use ,, >y, or >, respectively to permute it below o, obtaining m,. By
Lemma 4.1.33, m;4; is an LK-proof of S. We verify the induction invariant
by distinguishing what kind of inference R, is:

1. Ry is a V**:r inference. Permuting down a V*¥:r inference cannot
create any blocking inferences and does not change the number of ho-
momorphic inferences in the parallel trees, so the invariant holds. For
example, we permute R;; below a V**:[ inference:

(¥)
(GT)*"T T+ A, (FS)”?
(GT)Y*T T+ A, (VF)®
(VG)Y* T+ A, (VF)"?

I+1

sk ]

is transformed into

()
(GT)"T Tk A, (FS)®
(VG)Y* T+ A, (FS)®
(VG T F A, (VF)?

ek ]

I+1
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2. Ry, is a V*¥: [ inference with substitution term T. As R;,; operates
on a descendant of p, by Proposition 4.1.5, S > T. Therefore S
properly contains any Skolem term R contained in T, so R = S; for

some j > k. Therefore BLOCK, (S,) > BLOCK;_ (S,) for all
p < k. The parallel trees are untouched, so the invariant holds.

3. Ryyq is a unary propositional inference. The invariant trivially holds.

4. Ryyqis an V: [ inference. To verify the induction invariant, we perform
a case distinction depending on the inference below R; ;. We only
consider the interesting cases:

(a) Ry is permuted over a V**: [ inference £&. At most one copy & of
¢ is created in 71, and there is no branch containing both ¢ and
€. So for all ¥**:r inferences above Ry, there is still at most one
of &, ¢ below them, so BLOCK,,,(S;) < BLOCK,,(S;) for all
ie{l,...,k}.

For example, consider the case

T+1

(¥) (¥")
Fy, 11, <GT>€’T T AGA F,, 11, <GT>€7T o F Ag A R

FoV Fy, 1L (GTY T 11 (GT) T Ty, Ty F A, Ag, AN

(GT)"T Fy vV Fy, LTy, Ty F Ay, Ay, A contr:»
(VGY F VFy, IL Ty, Ty F Ay, Ay, A :
which is transformed to
(%) ()

(GT)"T FLILT FALA o (GT)T Fo ILTy F A A

(VGY F, IL T F AL A (VG)  Fo, I, Ts F Ay, A Ff
Fy v Fo, I1, (VG T, (VG)Y Ty, Ta b Ay, Ay, A, A o

contr: x

<VG>eaF1 VEFy, LT, Ty b Ay Ay A

So for all V**:r inferences in 1,4’ there is still only one copy of &
below them, and hence BLOCK,, ,(S;) < BLOCK,, (S;).

(b) Ry, is permuted over a V**: r inference ¢ with Skolem term S,. If
p < k, then BLOCK,(S,) = 0 and therefore duplicating ¢ still

gives BLOCK,,,(S,) = 0. p = k does not hold, as we chose a
lowermost blocked V**:r inference p.

T+1
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(¢) Ryyp is permuted over a binary inference £ such that one of the
auxiliary formulas of £ is contracted; then the situation in 7 is

Fi,II,G,T1 F A A Fo,II,Gq, T2 F Ag A

R
F1VF,IL Gy 0L Gy, ', o B Ay, Ag, AV A tlH ()
Fl\/FQ,H,Gl,Fl,FQI—Al,AQ,A contr: G’Q,E}_@ f
Gl \ G27Fl \ FQ)H7F15F2)E - @7A17A2)A

which, in 7,4, is transformed to

()
G, F,IILT1 A A Gy, X FO
G1VGy, F,IILT,XF6,A,A ¢ (Q/))
FiVF,II,Gi VG, II,G1V Gy, ['1,9,2,XF0,0,A1,Ax,AA
FiVFy, G VG ILT{, T, X FO,A1, Ay, A

R

contr: x

where 1) is

(¢)
G, Fo,TI,ToF Ay, A Gy, N6 :
G VGy Fy 15,5 F O, Ay, A

As BLOCK,/(S,) = 0 for p < k, BLOCK,,,(S,) = 0 even
when duplicating a subtree. Hence we only have to consider
Si. Assume BLOCKj,,,(S;) > BLOCK,,(S}), then there ex-
ists a V**:r inference p’ in the duplicated tree ¢ with Skolem
term Si. As p’ was created by copying a inference p* that was,
by weak regularity, homomorphic to p, also p’ will be homo-
morphic to p due to the applications of contractions contr: * on
Y, 0, G1VGs. Therefore the inferences blocking p in the copy of ¢
are counted in RR(m11,p,0). Let z be the number of inferences
blocking inferences p’ copied in this way, then RR(m1,p,0) =
RR(m;, p,0) + z and BLOCK,,, (S,) = BLOCK,,(S,) + z and
hence BR(m41, p,0) < BR(m, p, o).

This completes the case distinction. Let w be the inference directly above
p, then RR(m,, p,0) = RR(mn,w, o). Permute p down over ¢ in the same
way as above and apply Lemma 4.1.27 to the resulting proof. This yields
a proof 7/ such that RR(n,,w,0) = 0 and, because p is now below o,

BLOCK,, (S;) < BLOCK,(S;). m
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Example 4.1.39. In this and the following example, we apply the above
Lemma. Note that for reasons of clarity, in this example the relevant in-
stances of RR(w, &, o) are always 0. The example after this one will exhibit
an LK -proof where this is not the case.

So consider the following LKg-proof :

P(s) F P(s)

o ) *
EPa P 2P WaPEIT P S
(B)P(a) v (V) Pa) F P(s), Ps) Z &
(3z)P(z) V (Vz)P(z) = P(s) W) 6
(3z)P(z) Vv (Vz)P(x), P(s) — (F2)Q(z) - Q(f(s)) V.Sk'lcr
(3z)P(z) Vv (V) P(x), (Vz)(P(z) — (32)Q(z)) - Q(f(s)) 38,;.7;
(Bx)P(x) V (Vo) P(z), (Vz)(P(z) — (F2)Q(2)) F (Fr)Q(z) ~ 77
where 1) is
QU FQU) |
F0)Q@) - Q(f(s)) ~

where the inference labels indicate the denotations of the inferences. The
proof contains no homomorphic pairs. o3 blocks p; and ps, and o5 blocks py,

hence
SKr = {s, f(s)},
Sl = f(5>7s2 =S,
and
Qm =2, QP2 =1,
BLOCK,(s) =2, BLOCK,(f(s)) =1,
- <27 1> >

p = pP2,0 = 03,
[ =2,R =&, Ry =0y

We start by permuting Ry below o, obtaining ms:

P()FP) P)FP(S)
Ga)P@@)F P(s) ~ "™ ()P - PG) vl
Go)P(a) v (V) Pa) F Ps) P(s) "
(G0)P(2) V (va) P(2) F P(s) (¥) s
Br)P(@) V (V1) P(@), Ps) — Fo)Q(x) FQU() _, ™
G0)P() v () Pla), Pls) — (30)Q0) F Bo)Q) ~ 7%
(B0)P(2) V (v2)P(x), (Vo) (P(2) — Bo)Q)) F (32)Q(a) :
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yielding
Qpl =2, sz =1,
BLOCK,(s) = 2, BLOCK,(f(s)) = 1,
Qp = <2’ 1> )
p=p2,0 = 03,

I=1,R =&

Now we permute R; below o, obtaining s:

P(s) F P(s) ok | P(s)F P(s) G ] o
3z)P(z) - P(s) ~ P “(Ya)P(z) F P(s) el ‘
(3z)P(x) v (V&) P(z) F P(s), P(s) el

(52)P(@) V (V) P(2) F P(s) : (o)

Go)P(a) v (@)P(a), Pl) — BoQ@) F BoRl) >
(B2)P(x) v (92)P(z), (v2)(Ple) — Go)Q(@) F Br@() * %
where 13 is
QU FRUE)
G0 F O(f(s) .
DR @)Q) = "7
and
Qpl - sz =1,
BLOCK,,(s) = BLOCK,,(f(s)) = 1,
ary = (1,1),
p = p2,0 = 03,
[=0

Finally, we permute p below o, obtaining 7,4, which is w3 where 13 is replaced

by

3k og
QU F Eoaln) i
(F2)Q() F Fo)Qx) ~
We have
Qm = 17
sz =Y,



We move on to Sg = s. Now we have

p=p1,0 =03
=1 R =&,

and we start by permuting down &; over &. This yields ms:

Q(f(s)) F Q(f(s))

(s ok,
POFPE) Ly QUE)FEoQE) ~ L
EP@F PR~ " (GF0e@F Enew L
Go)P@). PO) = G F G0 " ()
(E)P() V (V) Pla), FFF (G0)Q(a), Go)@) "%
B2)P(o) v (%) P(2), P() — (B2)Q(a) F Go)Qa) “V0"
@0)P(@) V () P(@), (72) (P(z) — B0)Q(@) F Go)Q(a) ' 7

where F' = P(s) — (F°z)Q(z) and 95 is

QUE) FQUE) L.
POEPE Ly QUE)EEnQE)
(@PEFPE) "7 QW F G0QE) | 4

(V2)P(2). P(s) — (F0)Q0) - Gr)Q() ;

Note that {03, 0%}, {p2, p5}, and {&, &} are all homomorphic pairs. We have

Qm - 17

ng = Qp’2 = 07

BLOCK,.(s) =1,

BLOCK,(f(s)) =0,
= <07 1) )

[=1

We have to permute &; further down, below o, yielding 7g:

P(s)
(3z) P(x
=

\/Il£1

contr: *




where G = (Vx)(P(z) — (32)Q(z)) and g is

QUE)) QU)o
P)FP(s) g QUE)DFBnR) i
(Y)P(x) - P(s) ~ "7 (Fr)Q) F (2)Q) ~ 52
(V2)P(z), P(s) - (F2)Q() F (2)Q) )"
(Var) P(x), (Vo) (P(z) = (30)Q(x)) F (F2)Q(x) ~ 7
with
Qo =1,
Qp, = Qp, = 0,

BLOCK,(s) =1,
BLOCK., (f(5)) = 0.
e = (0,1),

[=0

Finally we permute p; below o2 to obtain 77:

QUEN FQUE)
Q) F Br)Q() ="
P)FP(s)  (FRE) G ~ )
P(s), P(s) > F0)Q() F Gr)Qe) o™
P(s), (¥2)(P(x) — E)Qx)) F Fr)Q(x) * .7
B2) Pe), (%) (P(z) > Go)Q@) F Go)Q(e) ~ " (wy) |\
Az)P(z) vV (Vz)P(z), G, G F 32)Q(x), (32)Q(x) o

contr: *

such that
Qm = Oa
sz = W, = 0,
BLOCK,,(s) =0,
BLOCK,,(f(s)) = 0.
e = (0,0),

and hence all inferences are correctly placed.

Example 4.1.40. The following example will highlight the need for sequen-
tial pruning. Consider the LK-proof :
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P(s) F P(s)
(x)P(x) F P(s)
(¥) Jz)P(x)V Ak P(s), A
(Jz)P(x) V A, P(s) — A, (Jz)P(x) VAF A AN P(s)
Gz)P(z) VA, P(s) » A A, AA P(s)
~(ANAP(s), 3z)P(x) VA, P(s) - AF A
G2)P() v A, (P(s) = A)A~(ArPE)FA N
G2)P(z) V A, (V2)(P(z) — A)A (AN P(z)) - A

sk.
FHE 44

A:r
contr: [

sk

where 1) is

P(s)FP(s) _
G P@) FPs) - b AFA
Go)P@)VAF P AVl ara
(30)P(2) V A, P(s) - AF 4, A

(

dx)P(x) VA, P(s) - AF A

—:

contr: r

Here the V**:1 application blocks both 3%*:1 applications, hence we have
BLOCK,(s) = 2. We may choose which 3**:[ application we want to per-
mute down first, let us take the one in ¥ and denote it p. Denote the V**:1
application by o. Note that now it is indeed the case that RR(m, p,0) = 1
(and hence BR(r, p,0) = 1) due to the second 3**: [ application. [ = 1 and
Ry is the V:[ application which we permute down and obtain 7, which is 7
where 1) is replaced by

—:

(@), P(5) - AF A AR A
(Fz)P(x)V A, P(s) > AL A A
(Fz)P(z)V A, P(s) = AF A

contr:r

We permute the V: [ application further down together with the contr: r appli-
cation — now we have to duplicate a subproof containing an 3°*: [ application
that is homomorphic to p, obtaining ms:
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(W) () o
)— A, (x)P(x) VAE ANP(s),A (13)

P
F,P(s) — A, F,F = AAP(s),A, AN\ P(s), A
(3z)P(z)

(

(32) P(z),

Vil

contr: *x

(s

J0)P(2) VA, P(s) = AF AN P(s), A
ANP(), G P@) VA P(s) = AF A !
(P(s) — A) A (A A P(s)), Ga)P@) VAF A "'
(Vz)((P(z) — A) A =(A N P(2))), (Fz)P(z) v AE A
where F' = (3z)P(z) V A and 1, is

sk ]

and 1, is

P(s)FP(s) _
G P FPs) ~ L Ara
(Fx)P(x)V AF P(s), A

Vil

and 3 is

P(s) F P(s) n

@2)P() - P(s) - !

AFA (Jx)P(z)V AF P(s), A
A, (Fz)P(x)VAE A AN P(s)

Now we indeed have

RR(ma, p,0) =2,
BLOCK,, (s) = 3,
BR(m, p,0) =1

We finish by permuting the V:[ application below o, obtaining 73:

(¢

(3z) P(x), P(s
~(AA P(s)),

~(ANA P(s))

) (¥9)

—>A FI—A/\P(S),A

)P(a), P() = AFFA "

s) = A),Go)Pa), Fr A "

2)P(@), FF A Ve
FGGFEFFAA Vil

(Fz)P(x) V A, (Vx)(=(AANP(z)) AN(P(x) = A)) F A

ANE &
=

)
(

(3
A (P
G, (3 (¢4)

contr: *
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where G = (Vz)(=(A A P(z)) A (P(z) — A)) and 1)y is

P()FP(s)
GoP@rPE = ara

AF A @) P@)VAF P(s),A "
A @OPVAFAANPG) T

(x
—(AAP(s), A Gu)Pz) VAF A o
P(s) > A, —(AAP(s), A, (Fr)P(z) VAF A "2
(ANPE)AP() — A A @) P@) v AF A N1
(Vo) (~(AA P(2)) A P(z) — A), A, Ga)P(x) VAF A

Now, we can finally permute p below o, obtaining 7y:

sk ]

P(s)FP(s) AFA
P(s), P(s) = AF A N
P(s),P(s) = A, FFANP(s),A
(ANP(). P(s).Ps) = A FFA !
S(AAP(s) A (P(s) = A), P(s), FFA
G.P(s)FFA v
G P@), G FFA o
FG.GFFFAA
(E2)P(2) V A, (V2)(~(A A P@)) A (P(x) — A) F A

—:

(4)

Vil

contr: *

Note that SHP(74) # 0. Applying sequential pruning yields 7s:

P(s) F P(s) AR A P(s) F P(s)

P(s).P(s) wAFA L P(s)F P(s),a ek
P(s),P(s),P(s) = AF ANP(s), A

—(ANP(s)),P(s),P(s),P(s) - AF A N
—(ANAP(s)) AN(P(s) — A), P(s), P(s) - A "
G, P(s), P(s) F A v

G, P(s)FA c;ntr:l

G0 P@),GFA o
FGGFFAA

(Fz)P(z) V A, (V) (=(AA P(x)) A (P(z) — A) F A

where indeed BLOCK,.(s) = 1 < 2 = BLOCK,(s) (the remaining block-
ing is in 1)y).

=l

)

contr: *x
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Theorem 4.1.41 (Soundness). Let m be a LKg-proof of S. Then there
exists a cut-free LK-proof of S

Proof. We apply Lemma 4.1.27 and Lemma 4.1.38 to obtain a sequentially
pruned LK -proof n’ of S where all inferences are correctly placed.

For the rest of this proof, we allow V:r inferences in LKg-proofs (with
the usual eigenvariable condition). By induction on the number of V**:r
inferences in 7/, we construct sequentially pruned LKg.-proofs 7" where all
inferences are correctly placed, containing strictly less V**:r inferences than
7.‘./

Let p

(¥)
==/
I' A, (FS) "
I A, (V,F)

be a V**: 7 inference in 7’ such that S is a >-maximal Skolem term in 7’

Assume that S occurs in ' UA U /. As 7’ is an LK-proof, S does not
contain Skolem symbols and so a descendant of S must be eliminated by a
V¥ inference o below p. Distinguish:

1. ois a V**:r inference. As 7’ is sequentially pruned and weakly regular,
the Skolem term T of o fulfills S # T. Therefore S < T, which
contradicts the assumption of >-maximality of S!

2. o is a V**: [ inference. Then p is not correctly placed!

Hence S does not occur in ' U A U /. Applying Lemma 4.1.19, we obtain
¥ [S «— Y]. We replace p in 7’ by

(V[S < Y])
I A (FY) '
TFA, (VE)Y

We perform this procedure on all source inferences of S at once. As 7’ is
sequentially pruned, all such inferences are parallel and the substitutions do
not interfere with each other. As Y is new, it does not cause eigenvariable
violations in ¥ [S < Y]. As we apply the same replacement on the homo-
morphic paths, weak regularity is preserved.

Finally, we obtain a tree consisting of LK inferences, except V**: 7, and
V:r inferences obeying the eigenvariable condition. We replace the LKy
inferences by the respective LK inferences to obtain the desired LK-proof.

[]
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Example 4.1.42. Recall the LK -proof 77 from Example 4.1.39. In it, there
are indeed no eigenterm violations. Hence we may apply the replacements

[f(s) < a] and [s < ] (a, B being fresh variables of type ¢) to obtain the
LK-proof 7

Vil
contr: x

4.1.3 Another notion of regularity

In this section, we study an even more liberal soundness condition for LKg-
trees. The material presented here is not needed for the CERES* method,
so the reader only interested in this part of the present thesis may skip this
subsection.

First, we endow the 3-reduction relation with some additional structure:

Definition 4.1.43 ((-successors). Consider an occurrence of T = (AX.R)S.
Then T —3 R[X < S|. Let w be an occurrence of an expression U in
R. Then the corresponding occurrence of U[X « S] in R is called a -
successor of w. Let w be an occurrence of an expression U in S. Then the
corresponding occurrences of U in R[X « S] are [-successors of w. The
notion of F-successor is extended in the obvious way to the — 3 relation.

Example 4.1.44. Let t = (Az.f(x,z))y be an expression. Let w; be the
occurrence of f(z,x), and let wy be the occurrence of y. Then t -5 f(y,y)
and the occurrence of f(y,y) is a F-successor of wy, and both occurrences of
y are (-successors of ws.
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In the last subsection, we were able to handle different V**: r applications
with the same Skolem term — provided they were homomorphic, expressed
through the notion of weak regularity. In this section, we relax the notion of
weak regularity a bit and show that LK,-trees that are regular in this relaxed
sense can be transformed into LKg.-proofs. In contrast to homomorphic
inferences (which are intuitively “very similar”), we introduce disconnected
inferences, which are intuitively “unrelated”. Towards this end, we introduce
a relation that connects occurrences of expressions in LKg.-trees. This is
similar to the logical flow graphs of [15, 17]. The difference is that logical
flow graphs consider the logical structure of a proof, while we are interested
also in the “term” level. Furthermore, logical flow graphs are directed, while
the relation we are interested in here is symmetric.

For a fixed tree 7, we denote the set of all expression occurrences in 7 by

0.

Definition 4.1.45. Let m be an LK-tree, let 1y, 12,13 € O. We define the
relation 1y «~sq 1o:

1. m1, m2 occur in an axiom F[t], = F[t],. If n; is the indicated occurrence
of t at p in the antecedent, and 7, is the indicated occurrence of t at p
in the consequent, then n; e« 7.

2. 1 occurs in an active formula of a V**: [ inference.

(FT[t],)"TeT - A
(VoF) T A

sk ]

If ny, no are distinct B-successors of the indicated occurrence of t in T
in the auxiliary formula, then 7, «~1 1. If 1, is a [B-successor of the
indicated occurrence of t in T in the auxiliary formula, and 7, is the
indicated occurrence of t in T in the label, then 7y «~s1 7.

(Ft],T)"T, T F A
(V. F[t],), T - A

sk ]

If n; is the indicated occurrence of t in the lower sequent, and 7, is a
(-successor of the indicated occurrence of t in the upper sequent, then

L <1 72.

3. m1, 12 occur in the active formulas of a V**: 7 inference.
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Tk A, (FS[t],)T T
TF A, (VoF) T

sk

where S = S, ...S,,. If 1, 9 are distinct S-successors of the indicated
occurrence of t in S, then 7y e~y my. Foralli <n, j <m, if T; =,
and in

h A, (FS . S, [t], . Sp)) Tt il T
F '_ A’ (vaF>T1"”’Ti[t}p"”Tn

sk

1 is a [-successor of the indicated occurrence of t in the auxiliary
formula and 7y is the indicated occurrence of t in the upper label, and
13 is the indicated occurrence of t in the lower label, then 7, «~q 7o
and 17 e~ 3.

. M1, N2 occur in the auxiliary and main formula, respectively, of a V:r!
inference

'+ A, F[t],
Vil
I'-AF[t], VG

Let n; be the indicated occurrence of t at p in the auxiliary formula,
and let 7y be the indicated occurrence of t at p in the main formula.
Then 7y e~y 7.

. M1, M2 occur in the active formulas of other propositional inferences:
defined analogously to the previous case.

. M1, M2 occur in the auxiliary formulas, and 73 in the main formula of a
contr: r inference

' A, <F[t]p>l ; <F[t]p>l
T+ A, (F[t],)

contr: r

Let n; be the indicated occurrence of t at p in the left auxiliary formula,
let 12 be the indicated occurrence of t at p in the right auxiliary formula,
and let n3 be the indicated occurrence of t at p in the main formula.
Then ny e~ 13, 12 @1 13

[+ A, <F>l[t]p : <F>l[ﬂp
T A, (F)

contr: r
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Let n1,7m2 be the indicated occurrences in the upper labels and let 73
be the indicated occurrence in the lower label. Then 7, «~; n3 and

T2 1 13-

7. mp, Mo occur in the auxiliary formulas, and 73 in the main formula of a
contr: [ inference: defined analogously to the previous case.

8. 11, M2 occur in context formulas of a binary inference:

I F[t,FA IIFA
I F[t], - A

Let 1, be the indicated occurrence of t at p in the premise, and let 7, be
the indicated occurrence of t at p in the conclusion. Then 7y «~s1 7.

The definition is made analogously for n;, 75 occuring in the consequent,
and for n; occuring in the left premise.

9. 11, M2 occur in the context formulas of a unary inference: defined anal-
ogously to the previous case.

10. 7y, m occur in the context labels of a inference: defined analogously to
the previous case.

The relation «~ is then defined as the symmetric closure of the «~+; relation.
By «~* we denote the reflexive and transitive closure of «~. For n € O we
denote the equivalence class of 7 modulo «~* by [7]..

Let n € O, then by t(n) we denote the expression at n. By definition we
have

Lemma 4.1.46. For all ny,me € O, if 1 e~ 1y then t(n) = t(n2).

Definition 4.1.47. Let ny,...,n, € O be pairwise different. If for all 1 <
i < n, n; e~ 1M1, then (ny,...,n,) is called a dependency path (from ny to

M )-
Lemma 4.1.48. There exists a dependency path from my to n, iff my e~ n,.

Proof. One direction is trivial. The other direction follows from the fact that
we may remove loops from a witness of 7y «~* n,. O

Definition 4.1.49. Let p;, p; be V**:r applications with the same Skolem
symbol. Let n; be a (-successor of the Skolem symbol occurrence of py,
and let 1y be a [-successor of the Skolem symbol occurrence of p;. Then a
dependency path from 7, to 7y is called a connection from py to ps.
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Proposition 4.1.50. Let p1, po be ¥**:r applications with the same Skolem
symbol. Then there exists a connection from py to py iff there exists a con-
nection from ps to p;.

Proof. By the symmetry of «~* and Lemma 4.1.48. [

If a connection from p; to py exists, we say that p; and p, are connected.
If no connection exists, then we say that they are disconnected.

Example 4.1.51. Consider the proper LK-tree 7:

P(f(Az.Gz)P(@))) b P(f(A2.C2)P(2))) .., P(FA2G2)P(2)) b P(f(A2.(F2)P(2) ..,

(F0) P OO E PO Bo)PE) ., (G0 P@) T E PO=.Go)PE) |,
(VX)X () I PO (G0)P() (VX) ()%P(Kd (Ga)P (z)) e
(32)(VX) X (z )FP(\f@z\(\)P(x ) 3z H}y(xz W)P@)
Go)(vX (VX)X (@) Pl (rz.(Ga) P AW 3P
( WPW )P(2) A ﬂ( (3)P@) .,

(B2)(vX)X(z) b (32)(P(z) AP(x))

For reasons of readability, some labels and their «~-relations have been
omitted from the figure. The connection between the two upper 3**: [ infer-
ences has been indicated. Observe that the two 3°*: [ inferences with Skolem
term s are disconnected.

We can now state our relaxed regularity condition:

Definition 4.1.52. An LK -tree 7 is called weakly+ regular if for every two
distinct V**: 7 applications py, ps in

1. if py, po have identical Skolem terms then either

(a) p1, p2 are homomorphic, or
(b) p1, po are disconnected,

2. and if ps operates on a descendent of the main formula of p;, then p;
and p, have different Skolem symbols.

Observe that due to the second condition, weak regularity does not imply
weak+ regularity.

Example 4.1.53. Let 7 be as in Example 4.1.51. Let pi, po be the 3°%:]
inferences with Skolem term f(\z.(3z)P(x)), and let o1, 09 be the 3%*: [ in-
ferences with Skolem term s. Then py, py are disconnected, and oy, 0, are
homomorphic, so 7 is weakly+ regular.
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Lemma 4.1.54. Let wi,ws € O such that wy is a descendent of wy. Then
w1 e Wwa.

Proof. By induction on the number of inferences between w; and ws. m

Now follows the main lemma of this section. It shows that we can
separate disconnected V**:r inferences modulo homomorphism equivalence
classes. This is the main technical tool to convert weakly+ regular, proper
LK -trees to LKg-proofs. In the light of Proposition 4.1.15 we make the
following definition:

Definition 4.1.55. Let p be an inference in an LK -tree. By [p];, we denote
the equivalence class of p induced by inference homomorphisms.

Lemma 4.1.56. Let © be a proper LKq-tree of E. Let p be a ¥**:r appli-
cation with Skolem symbol £ in w. Let g be a Skolem symbol not occuring
in m such that £ and g have the same signature. Let S be the set of the
B-successors of the Skolem symbol occurrences of the inferences in [p]y. Let
[Sle = U, esltle: Then the result @' of simultaneously replacing in m, for ev-
eryw € [S), £ atw by g, is an LK -tree of S. Furthermore, if w is weakly+
reqular, then so is 7'.

Proof. First, we show that substituting f for g at w € [S]. really produces
an LK-tree of S. By Lemma 4.1.46 indeed t(w) = f. We proceed by case
distinction on the definition of «~s:

1. w occurs in an axiom F[f], - F[f],. After substitution, it is still an
axiom F|g], - F[g],.

2. w occurs in active formulas of a V*¥:[ inference. If it occurs in the
[-successors of its substitution term T

(FT[f],)" T T - A

sk .
VR TEA
in which case the inference becomes
FT[g],) Tl - A
(FT[g],) "

(V.F),TF A

as for all 3-successors A of the indicated occurrence of f in the auxiliary
formula, w «~ A, and also for the indicated occurrence o in the label,
W e 0.

Otherwise if w occurs as a (3 successor of a term in F
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(F[f],T)"", T F A
V. F[f],), T A

sk ]

—

the inference becomes

(Flgl,T)"", T F A
(vaF[g]p)l> I'EA

sk

3. w occurs in active formulas of a V**:r inference. If it occurs in the
(-successor of its Skolem term S = hS;...S,,,

T+ A, (FS[f],)T T
TEA, (Y, F)Te-Tn

distinguish:

(a) w is a [-successor of the Skolem symbol h of the inference. Then
the inference becomes

I'F A? (M)'Iﬁ ..... T,
'+ A7 (VQF)T1 ..... T,

which is correct as g is a Skolem symbol.

(b) w is not a f-successor of the Skolem symbol. Then it is a (-
successor of an occurrence in some S;,

LA (F(hS;...S[f],...Sy))TTr
[ A, (VF)To
and hence the inference becomes
I'FA, (F(hS;...Sigl,...Sm))TrTn
I'E A, (VF)TrTn
where T = T; if S; # T; and T = S;[g], otherwise. Clearly
{T4,..., T} C{Sy,...,Si[glp,-- -, S}

4. w occurs in the auxiliary or main formula of a V:r! inference

'k A,F[f]p
Vit
I'E A, F[f]p vV G

This inference becomes
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F l_ AaF[g]P
- AFg,vG V"

1

5. w occurs in the active formulas of other propositional inferences: anal-
ogous to the previous case. For example, consider

Flf],,[FA G,IIFA
F[f],VG,[IIF A A

This inference becomes

Flgl,,[FA  G,IIFA
Flg, VG,I[,IIF A A

6. w occurs in the active formulas of a contr: r inference

I' - A F[f],, F[f],
I'FAF[f],

contr: r

This inference becomes

I'-A,Flgl,, Flgl,
F l_ Aa F[g]p

contr: r

7. w occurs in the active formulas of a contr: [ inference: analogous to the
previous case.
8. w occurs in context formulas of a binary inference:

I,Ffl,FA TIFA
" F[f], - A

This inference becomes

IFlgl, A IIFA
IV Flg], - A

The arguments for w occuring at other positions is analogous.
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9. w occurs in the context formulas of a unary inference: analogous to the
previous case.

As FE does not contain Skolem symbols, 7’ is a LK g-tree of E. This completes
the first part of the proof.

Now we show that if 7 is weakly+ regular, then so is «’. Consider two
Vk:r applications p, o in 7, and their copies p/, o’ in 7’. It is clear that
substituting a new Skolem symbol for another one cannot make occurrences
of different Skolem symbols in m become occurrences of the same Skolem
symbol in 7/, so the second condition is fulfilled.

For the first condition, we show that

(1) If p and o are homomorphic and p’, ¢’ have the same Skolem term,
then p' and ¢’ are homomorphic, and

(2) If p and o are disconnected then so are p’ and o’.

(2) is trivial, as a connection in 7’ gives rise to a connection in 7. It remains
to show (1).

For contradiction, assume that p’ and ¢’ are not homomorphic. As p and
o are homomorphic, there exist homomorphic paths p, and p, in 7 such
that F'(u,) = (o). Consider their copies 7, and p, in 7'. As p’ and o’ are
not homomorphic, there must be some occurrence w, of f on p, such that
w, € [S]¢, but for the corresponding occurrence w, on fi,, w, ¢ [S].. As E
does not contain Skolem symbols, there exists a V inference & that eliminates
a descendent w* of w,. Distinguish:

1. & is below the uniting contraction of p, . But then a descendent of w,
is present in the uniting contraction

I+ A, F[f], F[f]
T+ A, F[f]

contr: r
and is therefore «~*-connected to a descendent of w,. Lemma 4.1.54
therefore yields w, «~* w, and hence w, € [5]., a contradiction.
2. £ is above the uniting contraction of p, 0. Further distinguish:
(a) € is a V**:[ application

(FT[f],)" Tl T - A
(VJF)LTHA

sk ]
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where w* is the indicated occurrence of f in the auxiliary formula.
Then by Lemma 4.1.54, w, is «~*-connected to the indicated oc-
currence of f in the label.

This occurrence, in turn, has an ancestor in (and is therefore «~*-
connected to) the label of the main formula of p, and hence is
«~*-connected to an occurrence in a (3-successor of the Skolem
term of p. Hence if the Skolem term of p is t[f],, the Skolem term
of p' is t'[g],. We claim that t'[g], is not the Skolem term of o’:
Assume it is. Let A be any occurrence of a -successor of f at ¢
in the Skolem term t[f], of o, then A € [S]..

Now consider w,. As p and o are homomorphic, there exists a &’
with the same auxiliary formula as £ which removes the descendent
of w, and therefore, just like above, w, is «~*-connected to the
label of the main formula of o, and hence to an occurrence in a
B-successor of f at ¢ in the Skolem term t[f], of 0. But then,
Wy € 9]¢, a contradiction! Hence p’ and o’ have different Skolem
terms, and we have shown (1).

(b) € is a V**:r application

I+ A, (FS[f],)"
Tk A, (V.F)

If the indicated occurrence of f occurs in a proper subterm of S,
then it occurs in [ and, because 7 is proper, there exists a V**:1
application removing a descendent of the label occurrence, and we
may apply the argument from the previous case. So we consider
the case that p is the head position, and & is

sk

I'-A (F(fS;...Sn))!
A, (V,F)
But & operates on a descendent of the main formula of p and has

the same Skolem symbol, which implies that 7 is not weakly+
regular, and hence contradiction!

sk

]

By applying the previous lemma repeatedly, we can rename Skolem terms
of disconnected inference in such a way that weak regularity is attained:

Theorem 4.1.57. Let m be a weakly+ regular, proper LKg-tree of S. Then
there exists an LKg-proof of S.
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Proof. Let r() be the number of pairs of V**: 7 inferences p, o with identical
Skolem terms in 7 such that p and o are not homomorphic. We proceed by
induction: If r(m) = 0, then all such inferences are homomorphic and 7 is
weakly regular. Otherwise, we construct a weakly+ regular, proper LKg-
tree 7 of S such that r(7’) < r(7): Let p, o be V**:r inferences in 7 with
identical Skolem terms which are not homomorphic. We apply Lemma 4.1.56
to p to replace its Skolem symbol f by a new one g to obtain 7’. We claim that
the Skolem symbol of ¢ is unchanged: assume it is not, then o is connected
to some v € [p],. As o and v have the same Skolem term, v must be
homomorphic to ¢, but then p is homomorphic to o, a contradiction. So the
copies o', p' of o, p in @' now have different Skolem terms. To show that
r(n') < r(m), it now suffices to show for pairs (¢, \) of V**:r inferences in
7' and their copies £, A in 7 that if £, X have the same Skolem term and
are not homomorphic, then &£, A have the same Skolem term, and are not
homomorphic. As g is a new Skolem term, ¢ and A\ have the same Skolem
term if £, X do. The second part follows directly from (1) in the proof of
Lemma 4.1.56. [

Example 4.1.58. Consider the following proper LKg-tree :

R(t, m e R(t,s) b R(ts) .

(H.L)R( 2§ FR(EY) T PP vsk‘ (Go)R(z,5) F R(t,s) . P(s)F P(s)

vk

X(4) FR(t g\ /@k (Va)P(x V:l'r (VX)X (s) F R(t,s) P(s) - (Vo) P(x)
VX )X (s) VPW’*/M (Vx)P(:c) vk (VX)X (s) v P(s) - R(t,5), (Vo) P(z) .,
(V2) (VX)X (@) V P(x) F R(ts)(a)P(x) ~ (Va)((VX)X(2) V P(2)) F R(t,s), (Y2)P(z)
(z), (Vo) P(z)

contr:l

(V) (VX)X (I)VP( )) (v I)((VX)X( ) V P(@)) F Rtes) A R(t, 5), (Var) P(x),

(Va) (VX)X (x) V P(x)) F R(t, ) N R(t, 5), (Vo) P(x), (Vo) P(x)
(V) (VX)X (z) v P(x)) - (3 )(Ev)(ﬂw)(ﬂw)(R(u v) A R(w, )), (Vo) P(z), (Vz) P(z)
where T = Az.(32)R(x, 2), t = f(T,s), and s € K,, f € K,—o,,, and
sequent labels have been left out for readability. The two 3**: [ inferences are
homomorphic, and the two V**: r inferences are disconnected, so 7 is weakly+
regular. Hence we may apply Theorem 4.1.57. The two V**:7 inferences
are the only pair of inferences with identical Skolem term which are not
homomorphic, so we replace s by a new r € I, according to Lemma 4.1.56.
One of the two relevant paths is indicated in the figure; the other goes through

the sequent labels into an occurrence of t. The result of the replacement is
R(t',r) - R(t',r) " R(t,s) - R(t,s) .

(3z)R(z,r) - R(t',7) v;k. . P(r)F P(r) e, (Fz)R(z, s) F R(t, s) V: . 5
(VXOX() FR({C,r) " P F (a)P(x) " (VX)X(s)F R(t.s) " Pls)F (Va
(VX)X (r)Vv P(r)F R(t,r), (Va)P(zx) ok, (VX)X (s)V P(s) F R(t,s), (Vx)P(x

(V2) (VX)X (2) V P(z)) = R(t',7), (Vo) P(z) "~ (Ya)((VX)X () V Pz )
(Vo) (VX)X (2) v P(x)), (Vo) (VX)X (2) V P(x)) = R(t',r) A R(t, 5), (V&) P(
(Vo) (VX)X (= ) E R, 1) AR(, ), (Vo) Px), (Vo) P(x)
(Vo) (VX)X (2) v P(x)) b (Fu) (Fv) Gw) (F2) (R(u, v) A R(w, 7)), (V) P(x), (V2) P(x)

3%k x4

where t' = f(T,r). Now all V**:7 and 3**: inferences have pairwise
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different Skolem terms, and hence this is an LKg.-proof.

Theorem 4.1.59 (Soundness). Let 7 be a weakly+ regular, proper LKy -tree
of S. Then there exists a cut-free LK-proof of S.

Proof. By Theorems 4.1.57 and 4.1.41. O]

4.2 The resolution calculus R,

In this section, we introduce the resolution calculus R,; we will use to define
the CERES” method in the next section. As in LK, we deal with labelled
sequents. Note that R will include rules for CNF transformation: this is
standard in higher-order resolution, as the notion of clause is not closed
under substitution. It is also done in the ENAR calculus from [21] for a
similar reason.

Definition 4.2.1 (R rules, deductions and refutations).

TEA (A" (CA)' THA

(AY' THA Tk A, (A)
THA(AVB)" <AvB)£,FI—AvF (AVB)' ,TFA
TEA (A (B Y A TFA BY . TFA 7
TEA (A (VLAY T HA . g
TF A, (AX)™X (A(fS;...S,) . TFA SX — 1 O
THA (A (A (A (AY™ T A
DI AA Cut

In Cut, A is atomic. In V7, X is a variable of appropriate type which does
not occur in I' A, A. In V5, £ =S;,...,S, and if 7(S;) = for 1 <i < n
then f € Ky, an.e is a Skolem symbol. An application of this rule is called
source inference of £S1...S,,, and fS;...S,, is called the Skolem term of this
inference.

Let C be a set of sequents. A sequence of sequents Sy, ...,.S, is an Ry-
deduction of S, from C if for all 1 <7 < n either
1. Sz € C or

2. S; is derived from S; (and S;) by an R rule, where j, k < .

In addition, we require that all V¥ inferences used have pairwise distinct
Skolem symbols. An R,-deduction of the empty sequent from C is called an
Ra-refutation of C.
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The calculus R,; is quite close to Andrews’ resolution calculus R pre-
sented in Section 2.3. Just like in R, R,-deductions are defined in a linear
fashion (in contrast to LK-proofs and LK-trees). The two main differences
to R are (1) the use of labels to control the arguments of the Skolem terms
introduced by the V" rule, and (2) the incorporation of Andrews’ rules of
Simplification and Cut into the Cut rule of R,;. Regarding the latter, note
that this restriction is not as serious as it may appear at first glance: For
example, the sentence F' = Vo P(x) — (P(a)AP(b)) cannot be proved in LK,
restricted to atomic cut, without using non-atomic contraction. Still, =F can
be refuted in R,;. Relative completeness of R, is still an open problem:

Conjecture 4.2.2. Let S be a set of labelled sequents. If there exists an
R-refutation of the reduct of S, then there exists an Ry -refutation of S.

This conjecture will imply completeness of the CERES® method, in con-
junction with the following result from [1] (which still holds in the presence
of Miller’s restriction):

Theorem 4.2.3. Let S be a set of sentences. If there exists a T -refutation
of S then there exists an R-refutation of S.

Note that the above formulation of the conjecture is not the only way
to attain this goal: completeness with respect to an appropriate intensional
model class (see [10, 45]) for higher-order logic would also suffice (together
with a soundness theorem for that class for LK). The formulation above
has the advantage that an effective proof of it would give an algorithm to
transform ‘R-refutations into R,-refutations, allowing proof search to be
done in practice in the more convenient R calculus.

The following subsection will present results which indicate that the con-
jecture can indeed be resolved positively by studying whether the R calculus
can be sufficiently restricted.

4.2.1 Restricting R (towards R,;)

In this section, we will consider the following calculus:

Definition 4.2.4 (Resolution calculus R,). We define the calculus R, anal-
ogously to the calculus R (see Definition 2.3.1); it consists of the rules:

TFA-A . -ATHFA _ TFAAVB

ATFA ™ TFAA r-FAAB VY
AVBTHFA . AVBTIFA
— =V — =V
ATFA Vi B.TFA '
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T'FA,VA VAT FA . g

TEAAX 7" AKX, X TFAY  SX<1 >
'EAA,...,A A ..., A/ITFA c
TITF A, A mtut
where in V¥, X;,...,X,, are all the free variables occuring in A, and if

7(X;) =t for 1 <i<nand 7(A) =t — o, then f € K, 4, ; InmCut, A
is atomic.

Note that R, is “in-between” R and R it does not have the Sim?,
Sim® rules of R, but the V" and V” rules work as they do in R. In this
section, we are interested in the question whether R, is still complete (with
respect to R). The answer will be positive for a fragment of R:

Definition 4.2.5. Let 7 be an R-deduction such that all Skolem terms of
VF inferences in 7 are constants. Then 7 is called an R.-deduction.

Let v be an R-deduction, and py, po inferences in v. Then we say that
p1 is direct ancestor of py if the conclusion of p; is a premise of ps. po
is a direct descendant of p; if p; is a direct ancestor of ps. Similarily, if
S1, 59 are sequent occurrences in y then Sy is a direct ancestor of Sy if there
exists an inference with premise S; and conclusion S5 in 7, and then S; is
a direct descendant of S;. The proper ancestor (descendant) relations are
the transitive closures of the direct ancestor (direct descendant) relations.
The ancestor (descendant) relations are the reflexive closures of the proper
ancestor (descendant) relations. If Sy is a descendant of Sy then we also say
that Sy depends on Sy. Furthermore, we say that an inference p operates on
a formula occurrence w if w is an auxiliary or main formula of p (note that
the Sub rule does not operate on any formula occurrences).

For notational convenience we will refer to Sim? and Sim! inferences
simply as Sim inferences.

Definition 4.2.6. We say that a Sim inference p is locked if all the direct
descendants of p operate on the main formula of p. Let w be a formula
occurrence in . Then a sequence of sequents St, ..., .S, is a path starting at
w if Sy contains w and for all 1 < i < n, S; is a direct ancestor of S;;1. A
path p starting at w is called uninterrupted if no inference on p operates on
a descendant of w.

Proposition 4.2.7. Let w be the occurrence of F in the sequent I' H A, F
(F,I' = A) in an R-deduction vy, and let p be an uninterrupted path starting
at w. Then all sequents in p are of the form I+ A, Fo (Fo,II = A) for some
IT, A and substitution o.
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Proof. By induction on the length of p. ¢ is determined by the Sub inferences
on p. O]

Proposition 4.2.8. Let v be an R-refutation of C. Then there exists an
R-refutation v of C such that all Sim inferences in 1 are locked and such
that the Skolem terms occuring in v are exactly those occuring in 1.

Proof. We may assume that there exists a Sim inference p in ~ that is not
locked. W.lo.g. assume that p is a Sim” inference. We construct an R-
refutation 7’ of C such that +' contains strictly less non-locked Sim inferences
than ~, and conclude by induction.

Let v =51, ..., Sk As vy is an R-refutation, Sy does not contain formula
occurrences and hence (1) every formula occurrence w has a descendant which
is an auxiliary formula. Let w be the main formula of p, let S; = I'
A, A, A be the premise of p (where the A’s are the auxiliary formulas of
p), and let S; = I' F A A be the conclusion of p. As p is not locked
and by (1), there exist non-trivial uninterrupted paths pi,...,p, from w
to some auxiliary formulas occurring in sequents 7; (1 < ¢ < n). Define
Y= X1,...,%51, 2541, 2 Where

(1) if S; occurs on some p; then by Proposition 4.2.7, S; is of the form
ITH A, Ao and we define ¥, =11+ A, Ao, Ao,

(2) if 5; is inferred from some 7} then ¥; = T3, 5,
(3) otherwise ¥; = 5.

¥ is an R-refutation of C: W.l.o.g. we treat the case of 5; being inferred in
Y by a unary inference. In case (1) if S; is inferred from S; in v then we can
infer 3J; from ¥; = S; in ¥. Otherwise it is inferred from some .S,,, for which
also case (1) holds, and we can infer ¥; from %,,. In case (2), we can infer
T; from %; by Sim” and S; from T} as in 7. In case (3) if S; was inferred
from S, in v then ¥,, ends in S,, and we can infer S; from X, just as .5
was inferred from S, in 7.

Note that we have only introduced locked Sim inferences, and have re-
moved one non-locked Sim inference. Hence i contains strictly less non-
locked Sim inferences than ~, which concludes the proof. ]
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Example 4.2.9. Consider the R-deduction ~:

1| PxVQx,PrV QrtF VyRy

2| PxV QxtFYyRy Sim® : 1
3| PxVQxt Rz v 2
4| P2V QzF Rz Sub : 3
5| Pz Rz Vi 4
6| PcVQctk Rc Sub : 4
7| Qct Rc VE 6

Applying Proposition 4.2.8 to v yields the R-deduction

1| PxVQx,PxV QrtF YyRy

2| PxVQx,PrVvQxF Rz |VF:1
3| Pz2VQz,PzVQzF Rz Sub : 2
4| PzVQzF Rz Sim’ : 3
5| PzF Rz Vi 4
6| PcV Qc,PcV Qct Rc Sub : 3
7| PcV Qctk Re Sim’ : 6
8| Qct Re vE T

Hence from now on we will focus on the following set of rules:
Definition 4.2.10 (Rules for R/).

TFA-A,...,~A  -A...,-ATFA

ATFA TFAA
AVB,. . AVBIFA . AVB.  AVBIFA ,
ATFA l B.IFA -
r-A,AvB,...,AVvB A
FAAB Vi TFA) X <1 b

PFAVA,....VA VA,...,.VATFA
TFAAX 7V A(X,.. . X, [FAY
'EAA...,A A,...,AIIFA
LI AA
with conditions on mCut, V" as in Definition 4.2.4 (rules of R,)). An inference
is called restricted if it has at most one auxiliary formula.

mCut

Hence the following follows immediately from Proposition 4.2.8:

Proposition 4.2.11. Let v be an R-refutation of C. Then there exists an
R. -refutation 1 of C such that the Skolem terms occuring in vy are exactly
those occuring in 1.
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Note that an R-deduction v is an R,-deduction iff all inferences in =y
except mCut are restricted. We introduce some notions regarding the status
of inferences in R/ deductions:

Definition 4.2.12. An inference is called relevant if it is not an mCut or V¥
inference. Let p be an V¥ inference. p is called unfinished if there exists an
inference p operating on a proper ancestor of an auxiliary formula of p such
that p is not restricted. Otherwise p is called prefinished. p is called finished
if it is prefinished and restricted.

Example 4.2.13. Consider the R/ -deduction

1| AVvVxPx, AVVxPx F
2 | VePzx vE .1
3| Pst vE .2

Then inference 3 is unfinished since inference 2 operates on a proper ancestor
of the auxiliary formula of 3, and 2 is not restricted. Now consider

1| AVvVxPzx,AVVxPxF

2| AVVzrPx,VePx - vE 1
3 | VePx,VxPx + vE 2
4| Pst- Vi3

Here, inference 4 is prefinished but not finished since it is not restricted.

Definition 4.2.14. Let S=F;,...,F, F Gq,...,G,, be a sequent. If there
exist ki,...,k,, l1,..., ¢, € N such that

S,:k}1XF1,...,anFn'_f1XGI,...,EmXGm,

then S’ is a multiple of S, where the notation k; x F; means “k; occurrences
of F;”. Abusing notation, we write F1,...,F, -, Gq,...,G,, for S’ if S" is
a multiple of S.

If all relevant inferences in an R/ -deduction ~ are restricted, then we say
that ~ is restricted. We define NF(v) to be the number of V" inferences in
which are not finished (i.e. unfinished or not restricted).

Proposition 4.2.15. Let v be an R, -deduction of =T from C. Then there
exists an R, -deduction ¥ of b, I' from C such that 1) is restricted.

Furthermore, the Skolem terms occuring in ¢ are the same as those oc-
curing in vy, and NF(y) = NF(¢).
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Proof. Assume + is not restricted. Let v = S51,...,.5,, and let ¢ be the least
such that S; is inferred by a relevant inference p such that p is not restricted.
We will construct an R),-deduction ¢ = Si,...,51,3,5;,4,...,S, from C
such that (1) if p is an inference in ¢ with conclusion in Sy, ..., S;_1,%,
then p is restricted and furthermore, (2) a sequent in v is inferred by an V¥
inference p iff its corresponding sequent in v is inferred by an V! inference
i, and g is not finished iff ¢/ is. We may then conclude by induction on
n — 1, where 7 is defined as above.

S1,...,5;_1 are inferred in 1) as they were in 7. By assumption, all these
inferences are restricted if they are relevant. ¥ is defined as follows: We
treat the case of p being an VT inference. The other cases are analogous.
Let ' H A AV B,...,AV B be the premise of p, and let I' - AJA'B
be the conclusion. Then X is the sequence of sequents starting with I' -
AJAVB,...;AVB,A B and ending with I' - A, A B, ..., A, B, such that
every sequent in Y is inferred from the previous one by the restricted version
of p. The first sequent in X can be inferred from the same S;, j < 7, as it was
in 7, using the restricted version of p. By construction, (1) holds. For (2),
note that by assumption p cannot be V', as p is relevant. All other inferences
are as they were in 7, so (2) holds for this part of .

Now, define S} for i < j < n. Let w be the main formula of p, and
let S; = I'’ A where A are all the descendants of w in S; in 7. Define
Sj’~ = I',A, ..., A if there exists an uninterrupted path starting at w and
ending at S; in v (for some suitable number of copies of A), and S = §;
otherwise. .S} can be derived in

1. If S; was derived in v from S, with k& < 7, then A is empty and we can
derive S} = S; from S,

2. If Sj was derived from S; in 7, we can derive S’ from the last element
of 3.

3. If S; was derived from Sg, with k > i, in 7y then again we can derive 5]
from S} in 4. If the inference with conclusion S; is the first inference
operating on a descendant of w in v, we have to increase the number
of auxiliary formulas to derive the correct sequent in 1. For example,
if Sy =TFHAAVBand S; =T+ A, A B is derived by V', then
S, =TFA/AVB,...,AVB and we derive S} = 5; from S} by vT
in .

For (2), it is clear by construction that S7 is inferred by V¥ iff S; is. Note that
inferences from ~ are changed iff they operate on descendants of w, in which
case they are unfinished if they are instances of V¥ in both v and . O
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The second R/ -deduction in Example 4.2.13 is obtained from the first by
applying Proposition 4.2.15.

Proposition 4.2.16. Let py, ps be VI inferences in an R.,-deduction such
that p1 operates on an ancestor of the main formula of po. Then if p1 is not
finished, ps is not finished.

Proof. As pp is not finished, an inference operating on an ancestor of the
main formula w of p; is not restricted. By assumption w is an ancestor of
the main formula of ps, so ps is unfinished and hence not finished. O

For the final results, we will allow the rule of weakening in R/ -deductions
to ease the presentation of the proofs:

I'EA "
[,IIF A, A Y

Proposition 4.2.17. Let v be an R, -refutation of C using weakening. Then
there exists an R, -refutation ¢ of C without weakening such that NF (1)) <
NF(7).

Proof. By deleting formula occurrences, sequents and inferences. ]

Proposition 4.2.18. Let v be an R -refutation of C such that all Skolem
terms of VX' inferences in v are constants. Then there exists an R,-refutation

of C.

Proof. Note that if 7 is restricted and NF(y) = 0, v is the desired R-
refutation.

By Proposition 4.2.15, we may assume that 7 is restricted. We proceed
by induction on NF(7v), showing that if « is a restricted R/-deduction of
S from C, then there exists a restricted R, -deduction ¢ of S from C with
NF(y) = 0.

If NF(v) = 0, we may take 1) = . Hence assume as inductive hypothesis
that for all R/ -deductions A of S from C with NF(\) < NF(y), there exists
an R!-deduction ' of S from C with NF()\) = 0.

We say that an V¥ inference p is uppermost if no unfinished V¥ inference
operates on a proper ancestor of the auxiliary formula of p. By assumption,
there exists an V¥ inference in v that is not finished. Then there exists
an uppermost V! inference p in v that is not finished. Observe that p is
prefinished and not restricted, as it is uppermost and all relevant inferences
are restricted.

Let v = S51,...,95,, and let the premise of p be 5; =VA,... VA, T+ A
(containing k+1 > 2 auxiliary formulas), the conclusion be S; = Ac,I' - A,
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and denote the main formula of p by w. Note that S, is the empty sequent
since 7 is an R -refutation. If S, does not depend on S;, then clearly we
can simply remove \S; and the sequents that depend on it from v to obtain
a restricted R/,-deduction of S, from C containing strictly less V" inferences
which are not finished, and we may conclude by the inductive hypothesis.
Hence assume S,, depends on S;. Note that A does not contain free variables
since ¢ is a constant. Let cq, ..., c; be fresh Skolem constants.
For 1 < ¢ <k, we will construct restricted R/-deductions

1. ¢gof (' A)o(Acy,...,Ack Fy,) from C, and
2. Y, of ('FA)o(Acyyq, ..., Acy bpy,) from

CU{(TFA)o(Acy,...,AciFm)}.

such that for 0 < p <k, NF(¢,) < NF(y). We may then apply the inductive
hypothesis to v, to obtain restricted R[-deductions ¢, with NF(¢;) = 0.
Hence all inferences except mCut are restricted in ¢,. We may then rename
the Skolem symbols of the v such that their sets of Skolem symbols are
pairwise disjoint. Then clearly ¥ = 1, ..., has NF(¢) = 0 and is therefore
the desired R/ -refutation.

We start by defining ¢y. For 74+ 1 < r < n, if S, does not depend on
S; then S! = S,, and otherwise S, = S, o (Acy,...,Acy ). Note that
S/ = Acy,...,Acy Fp. So let

@bo:Sl,...,Sj_l,E,S]/-+1,...,S7I,L,(F|_A)O(Acl,...,Ack l_m),

where ¥ is a sequence of sequents deriving Ac, Acy,...,Ac,, I' - A from S;
using only restricted V. Clearly Si,...,S;_; can be derived from C as they
were in 7. Since p is prefinished, all the V" inferences introduced in deriving
3 are finished. Letting S} be the last sequent in X, we show that S| can be
derived in ¢y for j < r < n. Distinguish:

1. If S, does not depend on S, then neither do its premise(s) S, (.S,).
Hence S; = S, and S, = S, (and 5] = S;) and S can be inferred from
S, (Sp) just as it was in 7.

2. If S, depends on S; and was inferred by a unary inference p from
Sp, then p > j and hence we can infer S] from S), by the same unary
inference. If 1 is Sub, remember that A is closed and hence not affected
by the substitution.
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3. If S, depends on S; and was inferred by mCut from S, and S;, then
at least one of the premises depends on S;. Hence we may infer S
from S}, and S; by mCut. Note that if both premises depend on S}, the
multiplicities of the Ac, increase.

Note that S! = (Acy,...,Ack ), so the last sequent of ¢y can be derived
from S! by weakening. By construction, for every V" inference in ¢, that is
not finished there exists a unique V" inference in v that is not finished, hence
NF () < NF(v) (because p induces only finished inferences in ). Since
all relevant inferences in ~ are restricted, this is also the case for 9. Hence
Yy is as desired.

We turn to the construction of 9, for 1 < ¢ < k. Let

lp; = (F F A) ©) (ACq, e ,Ack l_m), SLq, ch ey Sj—l,q7 Sj—l—l,qv ceey qu
where S, , is defined in the following way:
1. If S, does not depend on S;, then S, , = S, [c « ¢,].

2. If S, depends on S;, denote the inference whose conclusion S, is by p.
Distinguish:

(a) If no inference in v on the path from w to S, operates on a
descendant of w, then S, is of the form Ac,II = A. Then let
Srg=(IIFA)o(Acy,...,Acy ).

(b) p is the first inference operating on a descendant of w. We treat
the case where p is V7, the other cases are similar. So if S, =
IT+ A, B, C is inferred from S, =IIF A, BV C then Sy, = (Il -
ABVC,....BVC)o(Acyi1,...,Ack Fy) by the previous case
(note that by assumption Ac, = BV C). Then let S5,, = (Il -
A, B,C)o(Acyt1,...,Ack Fp).

(c) Otherwise, S, , = S, 0 (Acys1,...,Aci Fp).

For r € {1,...,j — 1,7 +1,...,n}, we show that S, , can be derived in 9,
by distinguishing how S, is derived in ~:

1. S, € C. Then S, does not contain ¢ and does not depend on S}, hence

Srq €C.

2. If S, is inferred by Sub with [X « T| from S,, then we may use Sub
with [X « T [c < ¢,]] to derive S, , from S, ,, again noting that A is
closed.
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3. S, is derived from S, by a CNF inference. We may use the same
inference to infer S, , from S, , (In case S, , is constructed in case 2(b)
above, the number of auxiliary formulas of the inference increases).

4. S, is derived from S, and S; by an mCut. We may derive S, , from S, ,
and S;, using mCut. Again if S, , is constructed in case 2(b) above,
the number of auxiliary formulas of the inference increases. Also, note
again that if both premises depend on S}, then the multiplicities of the
Acy increase.

By construction, for every V" inference in 1, that is not finished there exists a
unique V" inference in v that is not finished, hence NF (1) < NF(y) (because
p does not induce an V¥ inference in ¢}). Note that due to 2(b), also the
V¥ inferences operating on descendants of Ac, are not finished, but their
corresponding inferences in v operate on descendants of w and are hence not
finished, too.

Set ¢y = ¥y, (I' = A) o (Acgyr, ..., Acy, ) Note that the last sequent
of ¢y is Sn 4 = Acgy1,..., Acy, -y, hence the last sequent of ¢ can again
be derived by weakening. Finally, we may apply Proposition 4.2.15 to ¢,
to obtain a restricted v, such that NF(¢,) = NF(¢]) = NF(¢;) < NF(y).
Hence 1, is as desired. Finally, we apply Proposition 4.2.17 to v, which
completes the proof. O

Example 4.2.19. Consider the R/ -refutation of {Va(Pz V —~Px),Va(Pz V
-Px) F}:

1 |Vz(PxV —Px),Ve(Px V -Pz) F

2| PsV—-Psk vE 1

3| Psk Vi 2

4| —=Pst \/f 12
5|F Ps -4
6|+ mCut : 5,3

In the proof of Proposition 4.2.18 we obtain g

1 | Vz(Pz V —Pz),VYe(Px V - Px) -

2 | Vo(Px V —Pz), PsV —Ps - vl

3| Ps;V-Ps;,PsV -Psk vE .2

4| Ps;V-Ps;,PstE \/lF 03

5| Ps;V-Ps;,~Psk \/f 03

6 | Ps; V =Ps;, - Ps -5

7| PsyV—-Psy,Ps;V-Ps; mCut : 6,4
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and ]

8 P81V_|P817P81\/_\P81|—

9 PSll_ \/ZFZ8

10 | =Ps; = vE s

11| F Ps; .10

12 |+ mCut : 9,11

1] is not restricted, but after application of Proposition 4.2.15 we obtain the
restricted 1

8 PSl\/_'PSl,PSl\/_'PSl'_

9 | Ps;V—Psy,Ps; \/lF 0 8

10 | Psy, Psy \/lF 19

11 | Ps; V = Psy,—Ps; \/fnF 08

12 | =Psy,—Ps; \/f 111

13 | =Ps; + Psy - .12

14 I—Psl,Psl _|F213

15 |+ mCut : 10, 14

Clearly ¥ = 1o, 1 is the desired R,-refutation of {Vz(Px V —Px),Vx(Px V
-Pz) F}.

We can now state the main result of this section, showing that a restricted
class of R-refutations can indeed be translated into R,:

Theorem 4.2.20. Let v be an R.-refutation of C. Then there exists an
R, -refutation of C.

Proof. By Propositions 4.2.11 and 4.2.18. [

4.3 Cut-elimination by resolution

So far, we have investigated the cut-free fragment of LK. To deal with the
problem of cut-elimination, we first connect ordinary LK with the rules of
LK. The following definition will provide the analogue to the normal form
provided by proof Skolemization in first-order logic, but in higher-order logic:

Definition 4.3.1 (LK-trees). An LK -tree is a tree formed according to
the rules of LK and LK such that

1. rules of LK operate only on cut-ancestors, and

2. rules of LK, operate only on end-sequent ancestors.
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We extend the notions of paths, homomorphic inferences, and weak reg-
ularity to LKg.-trees. Let m be an LK.-tree with end-sequent S. We say
that 7 is an LKg.-proof if it is weakly regular and proper.

Definition 4.3.2. Let m be an LK -tree. 7 is called reqular if

1. each V**: 7 inference has a unique Skolem symbol and

2. the eigenvariable of each V:r inference p only occurs above p in 7.

Proposition 4.3.3. Let w be an LK -tree. If m is reqular, then w is weakly
reqular.

Lemma 4.3.4 (Skolemization). Let m be a reqular LK-proof of S. Then
there exists a reqular LK g.-proof 1 of S.

Proof. Let p be a inference in 7 with conclusion ¥y,... F, FF, ., ... . F,,.
By induction on the height of p, we define a regular LKg-tree m, with
conclusion (F1)™ ... (F)" b (F, )", ... (F,,)™ such that for all 1 <

1 < m, {; is the sequence of substitution terms of V:[ inferences operating
on descendants of F; in 7, and such that m, fulfills an eigenterm condition,
i.e. every Skolem symbol occurs only above its source inference.!

1. pis an axiom A F A. Let /; be the sequence of substitution terms of
the V: [ inferences operating on the descendants of the left occurrence of
A, and let /5 be the sequence of substitution terms of the V: [ inferences

operating on descendants of the right occurrence of A. Then take as
7, the axiom (A)" F (A)®.

2. pis a V:[ inference operating on an end-sequent ancestor:
()

FT.T+A e
V.F TFA "

By (IH) we obtain a regular LKg.-tree ¢’ of <ﬁ>€’T 7+ A" where
IV, A" are I', A with the respective labels. We take for 7,

(")
(FT)" T+ A
(VB T F A

sk ]

Tt is possible to assign arbitrary labels to cut-ancestors in LK .-trees. To avoid a case
distinction, cut-ancestors are assigned labels in the same way as end-sequent ancestors in
this proof.
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3. pis a V:[ inference operating on a cut-ancestor. Then we simply take
the regular LK -tree obtained by (IH) and apply p to it.

4. pis a V:r inference operating on an end-sequent ancestor:

()

I'AFX

TEAVE V7
By (IH) we obtain a regular LK -tree ¢’ of IV = A, <W>Tl """ T", with
I, A" as above. Let f € Ky, . 4.0, where for 1 <i < n 7(T;) = o,
be a new Skolem symbol, and let S = £(T;...T,). Let o be the
substitution [X « S]. By regularity, X is not an eigenvariable in ¢/,
and does not occur in Ty, ..., T,. Hence ¢'o is a regular LK -tree of

(¢'o)
I A, (FS)
F/ l_ A/7 <vaF>T1 ..... T,

5. p is a V:r inference operating on a cut ancestor. Again we take the
regular LK .-tree obtained by (IH) and apply p to it.

6. p is a cut inference

(%) (\)
I'-AF  FIFA

I A, A

cut

By (IH) we obtain regular LKgec-trees ¢/, N of IV + A’ (F)"* and
<F>Z2 I = A, respectively. If the intersection of the Skolem sym-
bols of ¢', X' is non-empty, by the eigenterm condition we can rename
Skolem symbols to achieve this. Hence the LK y-tree 7,

(¢") (X)
I'E AN (B ()2 I - A
I - AN

cut
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is regular.

7. pis a contr:r inference

(¥)
I'AFF
TFAF

contr: r

By (IH) we obtain a regular LK gc-tree ¢ of I' = A/ (F)* | (F)®. Note
that the inferences operating on descendants of the occurrences of F
coincide, so ¢; = ¢, and we may take for m,

(¥')
I = A (F)(F)"
' = A (F)

contr: r

8. pis a contr: [ inference: symmetric.

9. p is a propositional inference or weakening: analogous to the previous
cases.

Let p be the last inference in 7, then ¢ = 7, is the desired regular LKg.-
proof. O

We will now set up some notation for the main definitions of CERES”.
Let m be an LK-tree, and let S be a sequent in w. Then by cutanc(S)
we denote the sub-sequent of S consisting of the cut-ancestors of S, and
by esanc(S) we denote the sub-sequent of S consisting of the end-sequent
ancestors of S. Note that for any sequent S = cutanc(S) o esanc(S). Let
p be a unary inference, o a binary inference, 1, x LK-trees, then p(1)) is
the LK -tree obtained by applying p to the end-sequent of ¢, and o (1, x)
is the LK -tree obtained from the LK -trees v and y by applying . Note
that while this notation is ambigous, it will always be clear from the context
what the auxiliary formulas of the p(¢) and o(%, x) are. Let P,Q be sets
of LKg-trees. Then P2 = {42 | ¢p € P}, where ¢!'"™2 is ¢ followed by
weakenings adding I' - A, and P x, Q = {o(¢,x) | ¥ € P,x € Q}.

Definition 4.3.5 (Characteristic sequent set and proof projections). Let
7 be a regular LKg-proof. For each inference p in 7w, we define a set of
LK-trees, the set of projections P,(m), and a set of labelled sequents, the
characteristic sequent set CS,().
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e If p is an axiom with conclusion S = (A)"  (A)®, distinguish:

— cutanc(S) = S. Then CS,(7) = P,(7) = 0.
— cutanc(S) # S. Distinguish:
(a) If cutanc(S) = F (A)* then CS,(7) = {- (A)"} and P,(n) =
{(A)" F(a)"},
(b) if cutanc(S) = (A)" F then CS,(7) = {(A)? F} and P,(r) =
{(A)" F (A)"),
(c) if cutanc(S) =t then CS,(7) = {F} and P,(7) = {S}.

o If p is a unary inference with immediate predecessor p’ with P, (m) =
{1, ..., ¢}, distinguish:

(a) p operates on ancestors of cut formulas. Then
Py(m) = Py ()
(b) p operates on ancestors of the end-sequent. Then

Po(m) = {p(¥n), ..., p(¥n)}
In any case, CS,(m) = CS, ().
e Let p be a binary inference with immediate predecessors p; and ps.

(a) If p operates on ancestors of cut-formulas, let I'; = A; be the

ancestors of the end-sequent in the conclusion sequent of p; and
define
Po(m) =Py, (W)FQFAQ U Pp, (W)FIFAl

For the characteristic sequent set, define
CS,(m) = CS,, (m) U CS,, ()
(b) If p operates on ancestors of the end-sequent, then
Pp(m) = Py, () Xp Ppy ().
For the characteristic sequent set, define
CS,(m) = C8S,, () x CSp,(m)

The set of projections of w, P(m) is defined as P, (), and the characteristic
sequent set of m, CS(7) is defined as CS, (), where py is the last inference
of .
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Note that for LKg.-proofs 7 containing only atomic axioms, CS(7) con-
sists of sequents containing only atomic formulas. This is not required,
though.

Proposition 4.3.6. Let m be a reqular LKq.-proof. Then there exists an
LK-refutation of the reduct of CS(m).

Proof. We inductively define, for each inference p with conclusion S in 7, an
LK-tree v, of the reduct of cutanc(S) from the reduct of CS,().

e If pis an axiom (A)" F (A)®, distinguish:

— cutanc(S) = S. Take the axiom p for ~,.

— cutanc(S) # S. Then CS,(7) = {5’} and we may take the reduct
of §'.

e If p is a unary inference with immediate predecessor p’, let S’ be the
conclusion of p’ and distinguish:

— p operates on ancestors of cut formulas. By (IH) we have an
LK-tree 7, of cutanc(S’) from CS, (7). Apply p to v, to ob-
tain ,. Note that as cutanc(S’) is a sub-sequent of &', if p’ is a
strong quantifier inference, its eigenvariable condition is fulfilled.
As CS,(m) = CS, () by definition, v, is the desired LK-tree of
cutanc(S).

— p operates on ancestors of the end-sequent. Then cutanc(S) =
cutanc(S’) and CS,(7) = CS,(7) and hence we may take for 7,
the LK-tree obtained by (IH).

e If p is a binary inference with immediate predecessors p1, pa, let v,,, ¥,
be the LK-trees obtained by (IH) and distinguish:

— p operates on ancestors of cut-formulas. Then obtain v, by apply-
ing p to v,,, 7, As CS,(m) = CS,, (1) UCS,, (7) it is the desired
LK-tree.

— p operates on ancestors of the end-sequent. Then CS,(7) =
CS,, (m) x CS,,(m). We may assume that the eigenvariables of
Vp: are distinct from the variables occurring in v,, and vice-versa,
otherwise we perform renamings. Let Si,Ss be the conclusions
of p1, po respectively. For every C' € CS, (7), construct an LK-
tree y¢ of cutanc(Sy) o C' from CS,,(7) x {C'} by taking ~,, and
adding C to every sequent, and appending contractions on C at
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the end. As the eigenvariables of «,, are distinct from the vari-
ables of C' by the consideration above, 7o is really an LK-tree.
Now, construct 7, by taking 7, and appending, at every leaf
of the form C' € CS,,(7), the LK-tree 7¢, and adding contrac-
tions on cutanc(Ss) at the end. Again, no eigenvariable conditions
are violated by the above consideration and ~¢ is an LK-tree of
cutanc(Sy) o cutanc(Ss) from CS,(7), as required.

Let p be the last inference in 7, then v, is the desired LK-refutation. ]

We will now address a central problem of CERES”: how to combine an
Ra-refutation of CS(7) with the LK,-trees from P(7) into an LKg-proof
of the end-sequent of w. The following definitions set up the main properties
of the LKg-trees in P(7):

Definition 4.3.7 (Restrictedness). Let S be a set of formula occurrences
in an LKg-tree 7. We say that 7 is S-linear if no inferences operate on
ancestors of occurrences in S. We say that m is S-restricted if no inferences
except contraction operate on ancestors of occurrences in S.

If S is the set of occurrences of cut-formulas of 7 and 7 is S-restricted,
we say that 7 is restricted.

Example 4.3.8. Consider the LK -tree
Y(b) E (Y 0)" () p)"

Y (b),Y(b) F (Y(b) AY (b)" C:I;t: I
Pl Ple) YOEY®) YO EFOAYE)
P(a) VY () Pa). ¥ () YO ENX0)

Y(b
P(a) VY(b) = (3X)X(b), P(a)
Y(x

where T' = A\z.Y(x) A ). Let S be the ancestors of P(a) in the end-
sequent, and let C' be the ancestors of cut-formulas in 7. Then 7 is S-linear
and C-restricted, and thus restricted.

In principle, labels of linear occurrences in LK .-trees may be deleted:

Proposition 4.3.9. Let w be an LK. -tree, and S a set of formula occur-
rences in w that is closed under descendants, and let m be S-linear. If ' is
obtained from w by replacing all labels of ancestors of occurrences in S by the
empty label, then 7' is an LK. -tree.

Proof. As 7 is S-linear, no inferences operate on the respective occurrences.
As no inference has restrictions on labels of context formulas (except that
direct descendants have the same labels as their direct ancestors), and also
axioms pose no restrictions on labels, the proposition holds. ]

101



Definition 4.3.10 (Skolem parallel). Let p;,ps be a V**:r inferences in
LK .-trees 7, mo with Skolem terms S;, Sy respectively. pi, po are called
Skolem parallel if for all substitutions oy, 09, if S;07 = So0y then py04, pao
are homomorphic, where p1, p1o are the maximal downwards paths starting at
S1, S, respectively. 7y, T, are called Skolem parallel if for all V**: 7 inferences
p1, P2 in 7y, me respectively, pq, po are Skolem parallel.

Example 4.3.11. Consider the LK -trees 7

o) - B0)°
o©) - (o) "
O(f(©)) F B3X)(Vy) X (y)
and
PU@) FPUD) Q) F @)
PUT)) v Qa) F (PUT))T Q)"
P(f(T)) vV Q(a) F (P(f(T)) V Q(er))" ok o
P(f(T>)( v Qo) - )<<Vy(><P)<y> Vo) "

where T = Az.P(z) V Q(a) and f € K,—,,. Then 7 and 1 are Skolem
parallel.

Proposition 4.3.12. Let my, w9 be LK .-trees and o a substitution. If m,ms
are Skolem parallel, then 7 o, 7o are.

Proof. Consider Skolem terms S;, S, occurring as auxiliary formulas of V**: r
inferences pi, po in m o, T respectively. Then by construction of w0, S; =
S’ o for some Skolem term S/ occurring as auxiliary formula of a V**: 7 in-
ference p| in m. Let u} be the maximal downwards path starting at S,
and o the maximal downwards path in m starting at Ss. Let o1,05 be
substitutions such that Syoy = Sy07 = S{o0oy. As p), pe are Skolem paral-
lel, F(p)ooy) = F(pue02). But by construction of mo, pjo is the maximal
downwards path starting at S; in m 0, so p1, po are Skolem parallel. O]

Definition 4.3.13 (Axiom labels). Let m be an LK -tree, let w be a formula
occurrence in 7, and let p be an ancestor of w that occurs in an axiom A.
Then A is called a source axiom for w. Let S be a set of formula occurrences in
m. We say that 7 has suitable aziom labels with respect to S if for all formula
occurrences w in S, the source axioms of w are of the form (F)’ F (F)".
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Example 4.3.14. Consider the LKg-tree 7

where T = A\z.Y (z) A Y (z). Let w be the occurrence of (Y (b))” in the end-
sequent. Then 7 has suitable axiom labels with respect to {w}. Note that 7
does not have suitable axiom labels with respect to the occurrence of Y (b)
in the end-sequent.

Definition 4.3.15 (Balancedness). Let m be an LKg-tree, and let S be
a set of formula occurrences in m. We call m S-balanced if for every axiom
(FY" F (F)* in 7, at least one occurrence of F is an ancestor of a formula
occurrence in S.

Example 4.3.16. Consider the LKg-tree 7 from Example 4.3.8. Let w;
be the occurrence of P(a) Vv O(b) in the end-sequent of 7, and let wy be the
occurrence of (3X)X(b) in the end-sequent of m. Then 7 is neither {w }-
balanced nor {w,}-balanced, but 7 is {w;,ws }-balanced.

Definition 4.3.17 (CERES-projections). Let S be a proper sequent, and C'
be a sequent. Then an LK -tree 7 is called a CERES-projection for (S, C')
if the end-sequent of 7 is SoC and 7 is weakly regular, C-linear, S-balanced,
restricted, and has suitable axiom labels with respect to C, where S resp. C
is the set of formula occurrences of S resp. C' in the end-sequent of .

Let C be a set of sequents. A set of LK-trees P is called a set of
CERES-projections for (S,C) if for all C' € C there exists a 7(C') € P such
that 7(C') is a CERES-projection for (S, C') and moreover, for all 71, 75 € P,
m and 7y are Skolem parallel.

Lemma 4.3.18. Let w be a reqular LKg-proof of S. Then P(x) is a set of
CERES-projections for (S, CS()). Furthermore, for ally € P(w), [¢] < |nx|.

Proof. By inspecting Definition 4.3.5. Let p be an inference in 7 with conclu-
sion R. By induction on height(p), it is easy to see that for every C' € CS, (),
P,(m) contains an LKg-tree of esanc(R) o C. Hence P(m) contains an LKg-
tree m(C') of SoC for every C' € CS(7). It remains to verify that (1) 7(C') is a
CERES-projection for (S,C) and (2) every n(C1),7(Cy) € P(w) are Skolem
parallel.

Regarding (1): m(C) is regular, which follows from the fact that = is
regular, and that in constructing 7(C') from , every inference in 7 induces
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at most one copy of it in 7(C). Hence n(C) is also weakly regular. S-
balancedness, C-linearity and suitable axiom labels follow immediately from
the definition. As w(C) is cut-free, it is trivially restricted.

Regarding (2): Consider ug, 2, S1,Sa, 01, 09 as in Definition 4.3.10. By
construction, if an inference p of 7 is applied in both 7(C} ) and 7(C5), also all
inferences operating on descendants of the main formula of p are applied in
both 7(CY) and 7(Cs). Therefore by regularity of m, u; = po. p3 = po implies
S; = S,, hence Syo1 = Sj09 and therefore o7 [ FV(S;) = 02 | FV(Ss).
Therefore pyo1 = poos by Proposition 4.1.9. O

Lemma 4.3.19. Let S be a proper sequent. Let C be a set of sequents, and P
a set of CERES-projections for (S,C). Then, if there exists an R-refutation
of C, there exists a restricted, weakly reqular, balanced LK g.-tree of S.

Proof. Let v : S1,...,S, be an R-refutation of C (hence S, = ). Let
S =T+ A. By induction on 0 < i < n, we construct sets of LK.-trees
P; 2 P such that P; is a set of CERES-projections for (S,C U {Si,...,S;})
and such that P; contains only Skolem symbols from P and Sy, ...,.S;. Then
P,, contains a CERES-projection for (S,F) which is the desired LKy-tree
of S. We set Py = P.

For ¢ > 0, distinguish how S; is inferred in ~:

1. S; € C. Then we may take P; = P;_1 by P C P;_; and (IH).

2. S; is derived from S; (and Sy). Then by (IH) we obtain a set of CERES-
projections P;_; for (S,C U {Si,...,S;_1). By definition there exist
CERES-projections m; € P;_; for (5,5;) (and 7, € P,y for (S, Sk)).
We set P; = Py U {m;}, where 7; is an LKg.-tree defined by distin-
guishing how S; is inferred in ~:

(a) S; = (A, T F A is derived from S; = I F A, (=A)" by =7,
Then the end-sequent of 7; is So §; = I'II F A, A, <—|A)£. By
Sj-linearity of 7;, the maximal upwards path p starting at (~A)*
is unique. Let g end in (=A)" F (=A)" (the labels are identical

because 7; has suitable axiom labels with respect to S;). By S-
balancedness, we may replace this axiom in 7; by

(A) @A)
(A) (A

to obtain 7; of (A)K I IIE A, A = SoS;. The desired properties
of m; and P; follow trivially from the fact that they hold for =;
and P;_; respectively.
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(b) S; is derived from S; by either =, VT v} VI analogously to

the previous case, there exists a unique axiom introducing the
auxiliary formula of the inference in 7;. Depending on the rule
applied, we perform one of the following replacements to obtain
;.

(A)' - (A)
1 (SA) F (A ~ F(=A) (A)

VI (AVB) F(AVB)' ~  (AvB)F (A), (B)

VI (AVB) F(AVB)" ~ (A) | (AVB)

(B) - (B)' v,
VI (AVB) F(AVB) ~ B)F (AVvB) "

r

As in the previous case, the desired properties of m; and P; follow
from those of 7; and P;_;.

S; = (AS)",II - A is derived from S; = (VA)",II - A by V¥,
Then the end-sequent of 7; is (VA>Z JLT F A, A By Sj-linearity
and suitable axiom labels there exists a unique axiom <VA>E -
(VA)" introducing the ancestor of (VA)". By S-balancedness, we
may replace it by
(AS)" I (AS)
(AS)'  (VA)"

to obtain 7; of (AS}Z LT EAJA. As 7; is weakly regular, so is ;
(note that the Skolem symbol of this inference does not occur in 7;
by assumption and the fact that it is fresh in ). As 7; is Skolem
parallel to the LK -trees in P;_1, so is 7; as the downwards paths
of auxiliary formulas of V**: 7 inferences are unchanged, except for
the new inference which has a fresh symbol. Restrictedness, S-
balancedness and suitable axiom labels carry over from ;.

S; =T+ A, (AX)"® is derived from S; = IT = A, (VA)" by V7.
By (IH) we have an LKg-tree m; of I, T - A, A, (VA)'. By S;-
linearity there exists a unique axiom (VA)" F (VA)" introducing

sk
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the ancestor of <VA)€. By S-balancedness, we may replace it by

(AX)5X - (AX)5X
(VA) + (AX)"*

sk ]

to obtain 7m; of II, ' = A A, (AX}E’X. Again the desired properties
carry over from 7.

S; is inferred from S; by Sub with substitution o. As S is proper,
m; = mjo is an LK y-tree of Sjoo0S which is restricted, S-balanced,
weakly regular, and Skolem parallel to the LK-trees in P;_; by
Proposition 4.3.12 and (IH).

S; =1,y F Aj, Apisderived from S; = T'; F A, (A)é1 e <A>Z”
and S, = (A" .. (A)™ Iy - A by Cut. By Proposi-
tion 4.3.9, we may delete labels from the ancestors of occurrences
of A from m;, m; respectively, denote these trees by 7, . Take
for m;
(m3) (%)
T EAALGA A A AT TEALA
IT,FAA, A contr: r AT, TFALA contr: [
TT, 0, ThF AN A A, cut
LD T B AA A

contr: *

As m;, m, are Skolem parallel and weakly regular, and we contract
on ', A, m; is weakly regular. As the downwards paths of ancestors
of S only change by some repetitions, m; and the LK.-trees in
Pi_1 are Skolem parallel. m; is restricted because 7;, m; are S;-
linear and Si-linear, respectively. S;-linearity follows from S;-
linearity and Si-linearity. As 7;, 7, are S-balanced, also 7; is. As
7, T have suitable axiom labels, also 7; has: going from 7; to 7T§»,
we only delete labels of occurrences that are cut-ancestors in m;
(analogously for 7). The suitable axiom labels hence remain by
S-balancedness.

[]

Lemma 4.3.20. Let m be a restricted LK .-proof of S. Then there exists a
LK -proof of S.

Proof. We proceed by induction on the number of Cut inferences in 7. Con-
sider a subtree ¢ of 7 that ends in an uppermost Cut p. Let the end-sequent
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of ¢ be S} 0.5, where S; are the end-sequent ancestors and S, are the
cut-ancestors (in 7)). We will transform ¢ into an LKg-tree ¢’ such that
replacing ¢ by ¢’ in 7 results in a restricted LKg.-proof of S (in particular
¢ will be Sy-restricted). We proceed by induction on the height of p.

1. p occurs directly below axioms. Then p is
(A)" F(A)" (A)"F(A)"
(A)" (A"
and we replace it by (A)" F (A)™.

Cut

2. p does not occur directly below axioms. Then we permute p up. The
only interesting case is permuting p over a contraction — here, the Cut
is duplicated and the context contracted. By this contraction, weak
regularity is preserved. Since the heights of both cuts is decreased, we
may apply the induction hypothesis twice to obtain the desired LK.~
proof.

]

Theorem 4.3.21. Let 7 be a reqular, proper LK g.-proof of S such that there
exists an Ry -refutation of CS(m). Then there ezists a cul-free LK-proof of
S.

Proof. By Lemma 4.3.18 and Lemma 4.3.19, there exists a restricted LKg.-
proof of S. By Lemma 4.3.20, there exists an LKg-proof of S. By Theo-
rem 4.1.41, there exists a cut-free LK-proof of S. O]

Conjecture 4.2.2 implies completeness of the cut-elimination method:

Theorem 4.3.22. Assume Conjecture 4.2.2. Let w be an LK-proof of a
proper sequent S. Then there exists a cut-free LK-proof of S.

Proof. 7 can be transformed into a regular LK-proof of S. By Lemma 4.3.4,
there exists a regular LK.-proof of S. Let CSg(7) be the reduct of CS(7).
By Proposition 4.3.6, Proposition 2.2.3, and Theorem 4.2.3, there exists an
R/ -refutation v of F(CSg(n)). By deleting some VT and - inferences from
7, we obtain an R/ -refutation of CSg(7). By Conjecture 4.2.2, we may apply
Theorem 4.3.21. ]

Of course, cut-elimination implies consistency. Hence by the seminal
result of Gédel from [28] and by the fact that through relativization (see [59])
it can be shown that cut-elimination for LK implies the consistency of higher-
order arithmetic, at some point in the proof of the theorem above we must
use assumptions which can not be proven in higher-order arithmetic. This
strength is to be found in the proof of Theorem 4.2.3.
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4.3.1 A simple example

In this section, we apply the CERES® method to a simple example for il-

lustration. Let X,Y, Xy, Yy be variables of type ¢« — o, Z a variable of type

(t — 0) — o, x, xy variables of type ¢, and f a constant of type ¢ — ¢. Since

all our symbols are unary, we will not write superflous parentheses.
Consider the regular LK-proof 7

(m1) (m2)
VZ(ZXy — ZYy), Ve(Xor — Xofz) F Vo (Yoxr — Yo f fx)
FVZ(ZXy — ZYy) — (Vo(Xor — Xofr) — Vo (Yor — Yof fx))
FVX(VZ(ZX — ZYy) — (Vo(Xz — X fz) — Va(Yor — Yof fz))) -
FIYVX(VZ(ZX = 2Y) — (Va(Xt — X f2) = Va(Yo = Y ffz))) "

cut

2X —:ir

where 7 is
FFF GFG N
Va(Xox — Xofzr) — Ve(Yor — Yofx), FFEG l
VZ(ZXo — ZYy),FF G

l

where the substitution term of the V:[ inference is AXy.Vz(Xox — Xofz),
F = (Vz(Xox — Xofz), G =Va(Yor — Yo fz), and mo is

Yowo = Yoxo Yofxo b Yofxo Yoffxot Yoffxo
Yoxo, Yoro — Yo 2o, Yofro — Yof fxo = Yof fo
Yowg — Yo fxo, Yofwo — Yof foo - Yoo — Yo f fg
Va(Yor — Yofx) = Yore — Yo f fao
Vo (Yor — Yofz) F Va(Yor — Yof fx)

2x —:
—r
contr:[,2 x V:1

Y:r

Let h € K,—0,—0, and g € K,_,,,. Then application of Lemma 4.3.4 yields
the regular LKg.-proof ¢:

(1) (o)
(VZ(ZRhYy — ZY))°  (Va(hYox — hYyfz))"° F (Yo (Yor — Yof fz)
- (VZ(ZhYy — ZYy) — (Va(hYyx — hYyfz) — Va(Yox — Yof fz)))™
- (VX (VZ(ZX — ZYy) = (Ve(Xo — X fx) = Va(Yor — Yof fa))™*
- WVX(VZ(ZX = 2Y) — (Va(Xz — X fz) = Vae(Yaz = Y ffo))) o

>Yo cut

2X —:r

sk.p

where 1), is
<F/>Yo = <F’>YO’T <G>YO’T e
(Vo (hYpx — hYofx) — Vo(Yor — Yofa))™" (FHY° F G
(VZ(ZRhYy — ZYy ) (FY° F G

—:l
sk ]
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where T' = A X.Va(Xox — Xofz) and F' = (Vz(hYox — hYyfz), and s is

(YogYo)™ F YogYe YofgYol YofgYo YoffgYot (YoffgYo)™
0g¥o , YogY¥o — XoJgY¥o, YoJg¥o — YoJJgXo oJJ3gro
(YogYo)™® , YogYo — YofgYo, YofgYo — Yof fa¥o b (Yof fgYo)™
YogYo — YofgYo, YofaYo — Yof faYo F (Yog¥o — Yof fg¥o) ™
Vo (Yor — Yo fz) b (YogYo — Yof fgYo)™
Vo (Yoz — Yo fz) F (Va(Yor — Yof fz))™°

x —:1

contr:[,2 x V:1

sk.

Then

CS(p) = {F ("YU {F (YogYo) YU B U {(Yof fgYo)™ I}
_ { = (Yo (Yox — Y fa)) o N0 eoe =X, }
- (YogYo) s (Yof fgYo)™ '

Proposition 4.3.6 yields the following LK-refutation of the reduct of CS(¢p):
- YogYo YofgYot YofgYo YoffgYol
YogYo — Yo fgYo, Yo fgYo — Yo/ fgYo b

FVz(Yor — Yofx) Va(Yoxr — Yofz) F
= cut

2x —:
contr:[,2 x V: 1

Let S be the end-sequent of ¢. Then P(y) consists of the following LKg.-

trees: 1 is
() (YT () ()T

(F' = Q)" (P H (@)™

(VZ(ZhYo — ZY0))™ . (F)" F (G)

(VZ(ZhYo — ZYp))™  (F)" H(G)", (Va(Yor — Yof fo))""

-G (YZ(ZhYy — ZY5) — (F' — Va(Yor — Yof fx)))™

(F(@™")os

Yo, T VSk: l

sk 35k

Yy is
(Yog¥o) " F (YogYo) ™
(YogYo) ™ F (YogYo)™ , (Yof fgYo) ™
- (Yog¥o)"", (Yog¥o = Yol fg¥)*
- (YogYo) ™, (Yo (Yor — Yof fa))®

weak: r

v v % v 2 x weak: [
(YZ(ZhYo — ZYa))™  (F)" b (Yog¥)™ , (va(Yor — Yo fa))"*
—. T
F (YogYo)™®, (VZ(ZhYy — ZYy) — (F' — Vx(Yox — Yof fz)))™ —
. T, T

(F (YogYo)®) o S
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and 3 is

Ooffg¥0) F Oof Sy
(Yog¥o)™ . (Yo f fg¥o) " = (Yof fg¥o)"™ ~ "
(Yof fgYo)" b (YogYo — Yof fgYo)™

sk

T
(Yof fgYo)™ - (Va(Yor — Yof fz))™
Yo NG Y 0 2 x weak: [
(VZ(ZhYo — ZY) " (F) " (Yo  fg¥o) " b (Va(Vor = Yof fa)™ |~
(Yof fa¥o)™ F (YZ(ZhYy — 2Y5) = (F = Ya(Yor — Yof f)))™ ",
. 7“, T
(YoffgYo)® F)osS
Consider the following R-refutation of CS(y):
1 |+ (Ve(Yox — Yofa))™T CS(y)
2 | F(Yoxe — Yofxg>Y°’T’x° vl 1
3| (Yoxo) T (Yo fa) O —T:2
4| (YogYo) Ol 1 (Y, fgYp) 0 Tom Sub : 3 [z «— gV
5 | F (YogYo)™ CS(p)
6 | F (YyfgYp)oTer Cut : 4,5
7| (YofgYo) P I  (Yo f FaYo) T | Sub - 3 [mg — fgYol
8 | F (Yof fgYo) T Iom Cut : 6,7
9 | (YoffgYo)™ CS(p)
10 | - Cut : 8,9

We sketch the application of Lemma 4.3.19: To improve readability, we sup-
press the labels in the following figures. The V', -7 inferences (steps 2-3)
cause 11 to become v]:

Yoxo = Yoro  Yofwo b Yofzo
Yoo, Yoro — Yo fro F Yo fxo <k
F'r Yowo, G I Yof 10 Ve
Youo, F' — G, F' I Yofag L
Yowo, VZ(ZhYy — ZYo), F' F Yofao 7+
Yoxo, VZ(ZhYy — ZYy), F' = Yy fxg, Vo (Yor — Yo f fx
Yoxo F Yofxo,VZ(ZhYy — ZYy) — (F' — Ve (Yoxr — Yo f fz))
(Yoxo F Yofzg) oS

—:l

) weak: r

2X —:r
sk 35k
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Eventually we obtain the following LKg.-proof v:

Yy Yy [T0 < gYo

cut

SoSo(FYyfgYo) V) [zo — fgYo) cut
SoSoSo(FYyffgYo) s
S0S0505 cut
fcontr:*

Applying Lemma 4.3.20 and Lemma 4.1.27 yields a sequentially pruned
LK -proof of S. We summarize the instantiation information of this proof in
the following figure (based on the Skolem expansion tree formalism of [44]).

FYVXNVZ(ZX — ZY) — (Ve(Xx — X fz) > V(Yo - Y ffx)))

|

VXVZ(ZX — ZYy) — (Va(Xz — X fz) — Vo (Yox — Yo f fx)))

|

VZ(ZhYy — ZYy) — (Vz(hYox — hYyfz) — Va(Yor — Yo f fz))

AN

VZ(ZhYy — ZYy) Va(hYor — hYyfz) — Va(Yor — Yof fa)
| N
Va(hYor — hYyfz) — Va(Yoz — Yofz) Va(hYor — hYyfz) Va(Yor — Yof fx)
/N |
Va(hYor — hYofx) Va(Yor — Yo fx) YogYo — Yo f fgYo
/ \
YogYo — Yo fgYo Yofg¥o — Yof fg¥o

Observe that this basically corresponds to the proof obtained by applying
reductive cut-elimination (i.e. the reduction rules extracted from Gentzen’s
cut-elimination proof from [23]) to ¢.
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Now, let R = Ax.Xox A = Xpx and consider a second R-refutation of

CS(p):

L[F (YogY)™ CS(¢)

2 | (XogR A ~XogR)™ | Sub : 1[Y, « R]
3|k (XogR)" AT 2

4 |+ (~XogR)" AL -2

5| (XogR)™ T4

6|+ Cut : 3,5

Steps 1-3 transform (via Lemma 4.3.19) 15 into 15:

(XogR)" - (XogR)"
(RgR)" F (XogR)"™
(RgR)" - (XogR)" , (RffgR)
- (XogR)", (RgR - RIfgR)"
F (XogR)", (Va(Re — Rffa))" " "
VZ(ZhR — ZR)® (F\* F (XogR)® , (V&(Rz — Rf fx))"
F(XogR)", (VZ(ZhR — ZR) — (F' — Va(Rx — Rf fx)))"
(- (XogR)™) 0 S

Sl

5 weak:r

sk 3ok

and steps 1,2,4,5 yield ¥:

(XogR)™ - (XogR)"

CXogR)" (XogR)E
(RgR)" , (XogR)" F
(RgR)" , (XogR)" - (RffgR)
(XogR)" - (RgR — Rf fgR)"
(XogR)* F (Va(Rz — Rf fx))"
VZ(ZhR — ZR)™ (F)\* (XogR)" + (Vo(Rx — Rf fx))"
(XogR)® + (VZ(ZhR — ZR) — (F' — Yx(Rx — Rf fz)))"
((XogR)*F)o S

7 weak:r

sk

sk 3k

Finally we obtain the LKg.-proof '

W 2

cut
SLSS contr: x
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Application of Lemma 4.3.20 yields the LK-proof ¢":
(XogR)" b (XogR)"
<ﬁX09R>R ) <X09R>R -
(RgR)®, (XogR)*+ 7
(RgR)"™ , (XogR)" - (RffgR)
(XogR)" - (RgR — RffgR)"
(XogR)* + (Vo(Rx — Rffx))* ~

7 weak:r

(VZ(ZhR — ZR))" , (F)" , (XogR)" - (Vz(Re — Rffx))" ;:zeik l
(XogR)" F (VZ(ZhR — ZR) — (F' — Ya(Rz — Rf fx)))" ok k.
(XogR)"H)oS o
(Rgm)THyes
(RgR)" I (RffgR)Pos ™"
(- (RgR — RffgR)®) 0 S vs;f-
(F (Va(Re — Rffz))Hos = "
2 x weak: [
(vZ(zhR — ZR)", ()" F (Va(Re — Rffz))") oS~
(- WZ(ZhR — ZF) — (F = Ya(Re — REf0)M oS

SofS

S contr: x

Application of Lemma 4.1.27 yields the sequentially pruned LKg.-proof "
<X09R>R - <XOQR>R
(XogR)", (-XogR)"E
(XogR)", (RgR)" -
(RgR)", (RgR)" -
(RgR)"
(RgR)" b (RffgR
- (RgR — RffgR)"
F(Vz(Rx — Rf fz >R v
(VZ(ZhR — ZR)® (F\* + (Va(Rx — Rf fx))"
- (VZ(ZhR — ZR) — (F' — Va(Rx — Rf fz)))"
FIYVXNVZ(ZX - ZY) — (Ve(Xe — Xfr) > Ve (Yo — Yffx)))

~

—r

sk. p

2 x weak: [

2X —:r

ok 35k

Note that in v, all V**:r inferences are already correctly placed. Hence
Theorem 4.1.41 yields the following LK-proof, where © is a variable of type
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t — o and « is a variable of type ¢

(Xoa)" F (Xoa)" _
<X0a>R , <—|X004>R -
(Xoa)™  (Ra)" +
(Ra)™  (Ra)"
(Ra>R -
(Ra)™ = (Rffa)
F (R — Rf fa)"
F (Vz(Rx — Rf fx))
VZ(ZO — ZR)*, (V&(0x — O fx))* F (Va(Rz — Rf fz))"
- (YZ(Z8 — ZR) — (Vz(Oz — Ofx) — Ya(Rx — Rf fz)))"
FAYVX(VZ(ZX — ZY) - (Ve (Xoe — X fz) > Ve(Yo — Y ffx)))

D)

Sl

contr: (

7 weak:r

= sk g

2 x weak: [

—. T
Vir,dir

Intuitively, this proof shows that one can prove the end-sequent of 7 by
instantiating Y not by an arbitrary set Yy, but by the empty set (represented
here by the term R). Even though this observation is trivial in itself, observe
that the proof " (or any proof using the empty set as witness for V') cannot
be obtained by applying reductive cut-elimination to 7! This shows that the
CERES” method can really produce more cut-free proofs than the reductive
methods. Hence, when applied to a more sophisticated proof, the CERES®
method may produce interesting cut-free proofs not obtainable by reductive
methods.

4.3.2 An application of non-standard projections

In Section 4.3, the notion of CERES-projection was defined and the stan-
dard set of CERES-projections P(m) was constructed for use in the CERES®
method. Using the machinery we have developed, together with non-standard
sets of CERES-projections, we can give an easy constructive proof of the fact
that LK is relatively complete to R;:

Proposition 4.3.23. Let F be a closed formula such that an Ry -refutation
of {F -} exists. Then there exists an LK-proof of - F.

Proof. Let S = F, C = {F F} and let m be the LKg-proof F - F. It is
easy to check that {r} is a set of CERES-projections for (S,C). The result
then follows from Lemmas 4.3.19 and 4.3.20, and Theorem 4.1.41. O
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Chapter 5

Conclusion

In this thesis, we have worked towards a generalization of the cut-elimination
method CERES to higher-order logic. In Chapter 3, we have given a prelim-
inary formulation of CERES for the class of QFC-proofs, which is roughly
the class of proofs in second-order logic using only quantifier-free compre-
hension. We have shown that in this setting, one of the main ingredients
of the first-order CERES method, proof Skolemization, can still be applied
successfully.

In Chapter 4, we formulate the CERES® method, which generalizes the
CERES method to full higher-order logic. To this end, we introduced the
cut-free calculus LK, in Section 4.1. The point of LK was to transfer
the essential properties of proof Skolemization from first-order to the higher-
order logic setting. This was achieved by using Skolem terms in place of the
eigenvariables of LK, and abandoning the eigenvariable condition.

To achieve soundness for LKy, two notions of regularity (weak regularity
and weak+ regularity) where introduced. Soundness was shown by giving
an algorithm transforming weakly regular LK -trees to LK-proofs, and by
reducing soundness of weak+ regularity to soundness of weak regularity.

In Section 4.2, we introduced the resolution calculus R,. In order to
relate this non-standard calculus to the standard resolution calculus R, we
introduced an intermediary calculus R, and showed a restricted relative com-
pleteness result. We conjectured that R,; is indeed relatively complete to R
and left the proof of this for future work.

Finally, in Section 4.3, we put together the results of this chapter to
define the CERES® method. We first define a calculus with cut, LK., by
combining the rules of LKy and LK. We give a translation from LK-proofs
to LK.-proofs and state the central definitions of the method, culminating
in the notions of CERES-projection and characteristic sequent sets. Using
these notions we show that we can eliminate the cuts from an LKg.-proof

115



by modifying its set of CERES-projections according to a R,-refutation
of its characteristic sequent set. Our conjecture implies that such a R,-
refutation always exists, which in turn implies completeness of the method.
We conclude by illustrating the CERES® method by applying it to a simple
example, observing that the method may produce cut-free proofs that cannot
be obtained by traditional reductive cut-elimination methods.

The main motivation of this work was to define a cut-elimination method
that can be successfully used in practice; i.e. to apply cut-elimination to con-
crete mathematical proofs (formalized in LK). This thesis therefore provides
a theoretical basis for such applications, but there is still much to be done:
As mentioned, completeness of the method relies on a conjecture which, al-
though likely to have a positive resolution, still needs to be proven. Also,
the calculus R we consider here is quite basic and does not have some of the
features that modern higher-order resolution calculi have (e.g. integration of
unification, treatment of extensionality). Such calculi should be integrated
into the method in the future. In general, the behaviour of extensionality
with respect to CERES® remains to be investigated — this is such a natural
feature that practical proof analysis will greatly benefit from its incorpora-
tion. Furthermore, since sequent calculus proofs are hard to read, and since
there exist more convenient formats like the Skolem expansion trees of [44],
for practical purposes it will be useful to develop an algorithm transforming
LK-proofs to Skolem expansion trees (without the detour via LK).

It remains to note that some parts of this thesis have been implemented
in the context of the GAPT framework!. In particular, the calculi LK, LK
and LK. have been implemented, along with the translation from LK to
LK., and the extraction of the characteristic sequent set. It is therefore
already now possible to semi-automatically analyse higher-order proofs using
the CERES* method.

!See http://www.logic.at/ceres and http://code.google.com/p/gapt/
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