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Abstract. In this paper we define the concept of a profile, which is
a characteristic clause set, corresponding to an LK-proof in first-order
logic, which is invariant under rule permutations. It is shown (via cut-
elimination) that the profile is even invariant under a large class of proof
transformations (called “simple transformations”), which includes trans-
formations to negation normal form. As proofs having the same profile
show the same behavior w.r.t. cut-elimination (which can be formally
defined via the method CERES), proofs obtained by simple transforma-
tions can be considered as equal in this sense. A comparison with related
results based on proof nets is given: in particular it is shown that proofs
having the same profile define a larger equivalence class than those hav-
ing the same proof net.

1 Introduction

Cut-elimination introduced by Gerhard Gentzen [7] is the most prominent form
of proof transformation in logic and plays an important role in automating the
analysis of mathematical proofs. The removal of cuts corresponds to the elim-
ination of intermediate statements (lemmas) from proofs resulting in a proof
which is analytic in the sense, that all statements in the proof are subformulas
of the result. Therefore, the proof of a combinatorial statement is converted into
a purely combinatorial proof. Cut-elimination is therefore an essential tool for
the analysis of proofs, especially to make implicit parameters explicit.

In [3] the cut-elimination method CERES has been defined that works by
employing the resolution technique from automated theorem proving. It has
been shown in [4] that it can be considered as a generalization of the usual
reductive cut-elimination methods. The main proof-theoretic tool of CERES is
the characteristic clause set which gives a concise representation of the logical
material that is used to build the cut-formulas. From the fact that two proofs
have the same characteristic clause set one can deduce that they basically have
the same set of cut-free proofs under the CERES-method.

In this paper we define the profile of a proof as an improved version of the
characteristic clause set that, among others, has the property of being invariant
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under arbitrary rule permutations. This implies that two proofs having the same
proof net (in the sense of [10]) also have the same profile.

The central part of this paper is an investigation of a certain class of proof
transformations, so called simple transformations, containing as a special case
for example the transformation of formulas into negation-normal-form. We show
that the profile is invariant under application of simple transformations to cut
formulas. This result means that proofs differing only by such a transformation
show the same behavior w.r.t. cut-elimination (by the method CERES).

1.1 Related Work

In [5] Danos, Joinet and Schellinx give an elegant formulation of a class of con-
fluent and strongly terminating cut-elimination procedures for classical logic. In
[6] they build on this work to show that the normal forms are not changed after
application of transformations called computational isomorphisms. Our work is
similar to [6] in its conceptual aims: to isolate a class of transformations that
have no effect on the cut-elimination of a proof. However, the frameworks in
which these analyses are carried out are very different: [6] builds on the conflu-
ence (and termination) result established in [5] to show that the normal form
is preserved. In this paper, we isolate a structural invariant, the proof profile
whose preservation induces the equality of the set of normal forms of the cut-
elimination method CERES. The former can be considered a restriction, the
latter an extension of Gentzen’s original cut-elimination procedure. In contrast
to [6] however, we have to restrict the application of our transformations to the
parts of a proof that go into cuts. We conjecture that our result also holds with-
out this restriction, but proving this will be more difficult because the profile
changes in a more complicated way.

2 Sequent Calculus

In order to distinguish different occurrences of the same formula in a sequent
without having to introduce exchange rules to the calculus, we formally use
sequents of indexed formulas.

Definition 1 (indexed formula). An indezed formula is pair consisting of a
formula and an index from some countable infinite index set T.

A sequent is a pair of multisets of formulas. An indexed sequent is a pair of
sets of indexed formulas.

We distinguish countable sets of free and bound variables.

We use the following variant of sequent calculus for classical first-order logic:

Definition 2 (LK-proof). An LK-proof ¢ is a tree. The nodes of ¢ are labelled
with indexed sequents, the edges are labelled with rules and the leaves are axiom
sequents. Furthermore each formula index occurs at most once in a proof.



. Aziom sequents are of the form
A A for an atomic formula A

. Logical Rules
(a) Congunction
I'FAA IT-AB A B TFA

raraaAne N7 aAsBrra’il

(b) Disjunction

ATFA BHFA reAAB
averaraa Vit TEaave VT

(¢) Implication
I'FAA BITHA ATH+AB

ASBILIFAA r'cFaA-B "
(d) Negation
I'tAA AT+-A .
“ATrA Vb TrRa-a T
(e) Universal Quantification
A{z —t},’'F A l I't A A{z — a}
Vo)A, TFA " 't A (o)A T

For the variable o and the term t the following must hold:
1. t must not contain bound variables,
1. « is a free variable, called eigenvariable, which must not occur in
I'u AU{A} (eigenvariable condition,).
(f) Existential Quantification

'+ A A{z —t} Az —a}, T'HA
F'FAGxA ~°7 (Gx)A, T+ A

The restrictions on o and t are the same as for universal quantification.
. Structural Rules
(a) Weakening

reA o rea o

T'FAA ATFAYS
(b) Contraction

AATEA - TEAAA

AT+HA ¢ I'FAA

(c) Cut
'tAA AIIEA
rnm-AA

cut



Definition 3 (pseudo-LK-proof). A pseudo-LK-proof (also called an LKps-
proof) is an LK-proof where the following rules are replaced:

1. Contraction by pseudo-contraction:

if A and B are logically equivalent (in first-order logic).
2. Cut by pseudo-cut:
I'tAJA B/ ITEA

TIIFAA

pscut

if A and B are logically equivalent (in first-order logic).

We need the technical notion of pseudo-LK-proofs, as many useful proof
transformations destroy the proof property in intermediary steps, but keep this
of a pseudo-proof. Moreover the analysis of proofs via profiles and characteristic
clause sets (see [3] and Section 3) can be generalized to pseudo-proofs without
any problems.

Definition 4. An LKps-proof is called regular if all eigenvariables are different
from each other.

Definition 5 (main and auxiliary occurrence). Let ¢ be an LK-proof and
let p be a rule in . The formula occurrence whose main symbol has been in-
troduced by p in the sequent immediately below p is called the main occurrence
of p. The formula occurrence(s) that has/have been used to compose the main
occurrence of p is/are called auxiliary occurrence(s) of p.

Definition 6 (—¢). We define the Gentzen-style cut-elimination as the reduc-
tion relation —q on reqular LK -proofs which is the union of the reduction rela-
Lions —q,, —Cq» —Gas —CGy> —Co> —C, defined as follows:

Let ¢ be an LK-proof of the form:

(¢1) (¢2)
PEAA AllEA
TIIFAA e

1. Reduction of propositional rules —g,:
The cut formula is introduced by propositional rules on both sides immedi-
ately above the cut.
(a) A=BAC, o=
(1) (1) (#5)
IN+AL,B IhF Ay C B,C,IT+ A
nLFAL 2, BAC VT BacmEa N
Ty I I F Ay, Ay A cut




then ¢ —q, ¢ =

(¥1) (¢5)
() I'+-A,B B,C,I+ A

b Ay, C C.ILITF AL A tWt
F13F27H|_A17A23A u

(b) A= BV C: symmetric to case 1a.
(C) A=B—C, p=

(v1) (¥3) (¥3)
B.I'FA,C , MEAB CILEdy
BIrrac¢ .
I'-AB—C B — C I, I, - Ay, Ay HI;

I, Il F A, Ay, Ay e

then ¢ —q, ¢ =

(¢5) (1)
I FA,B B, TFAC (o)

m.IFALAC Y ok A, t
[T, I F A Ay Ay cu

(d) A=-B, p=

(¥1) (%)
B, TF A I+ AB

FkAﬂBﬁﬂ1ﬁRHFAﬁ:
TIFAA e

then ¢ —q, ¢’ =
(¥5) (1)
IFAB BTHFA
TIFAA

2. Reduction of quantifier rules —g,:

The cut formula is introduced by quantifier rules on both sides immediately
above the cut.

(a) A= (V2)B, ¢ =

cut

(¢1) (2)
I'+ A B{z — a} B{x —t}, I+ A
I'tANz)B 7 (Va)B, DT+ A
TIF A4 cut
then ¢ —q, ¢’ =
(p1{o —t}) (3)

IEAB{z—t) Blze—t)IFA
TIFAA cut




(b) A= (3x)B: symmetric to case 2a.

. Reduction of axioms —q, :

The cut formula is introduced by an axiom on (at least) one of the two sides
immediately above the cut.

(a) @1 is an axiom sequent, p =

(802)
AbA AITEA
Amgra

then ¢ —a, ¥2
(b) w2 is an aziom sequent, then ¢ —q, P1
. Reduction of weakening —a,,:
The cut formula is introduced by weakening on (at least) one of the two sides
immediately above the cut.
(a) p1 ends with w:r, ¢ =

(1)
Mw:T (¢2)
I'-AA AITE A

TIIFA A

cut

then ¢ —q,, ¢’ =
(¢1)
' A w -
riaraa®

(b) @2 ends with w : 1: symmetric to case 3b.

. The cut formula is introduced by a contraction on (at least) one of the two
sitdes immediately above the cut.

(a) p1 ends withc:r, p =

(1)
I'FAAA oy (©2)
r-AA4  AIlkA
I'IIT-AA

cut

then ¢ —q, ¢ =

(1) (2)
I'-AAJA AIIEA ; (©h)
TIOFAAA Y AmTFA
LI - A A A

T ITF A A

where @} is a variant of o, defined by renaming all eigenvariables in o
by fresh ones (in order to keep the regularity of the proof).
(b) w2 ends with ¢ : 1: symmetric to case 5a



6. rank-reduction —q,:
The cut formula is not introduced immediately above the cut on (at least)
one of the two sides.
(a) on the right side
i. o ends with a unary rule, ¢ =

(¢3)
(¢1) AT A .
reAA ATEA
TIIFAA e
Then ¢ —g, @' ==
(1) (¢5)
I'FAA AIF A
niranr
LIIFAA

which is a valid LK-proof. Note that reqularity ensures that the eigen-
variable condition cannot be violated.

1. pg ends with a binary rule p
A. the ancestor of A is in the left premise of u, ¢ =

(¢3) (¢2)
(¢1) A Ay I A
I'FAA ALFA
TIIFAA o
Then ¢ —¢, ¢’ ==
(¢1) (Sf'z) /
I'-AA A A cut (©})
I F A A I, - A,
TIFAA "

which is a valid LK-proof.
B. the ancestor of A is in the right premise of u: symmetric to the

previous case.
(b) on the left side: symmetric to case 6a

The reduction relation —g, can be carried over to LKps-proofs; however
—g, 18 not capable of eliminating all cuts in LKps-proofs (in contrast to the
CERES-method [3] which also eliminates pseudo-cuts).

3 The Profile

The profile of an LKps-proof is a set of labelled clauses. In order to give the
definition of the profile, we first explain labelled clause logic.



3.1 Labelled Clauses
We use L to denote a countable infinite set of labels (e.g. £ = N).

Definition 7 (clause). A clause is a sequent consisting only of atomic formu-
las. A labelled clause is a clause that is assigned a non-empty set of labels from
L. For a clause ¢ we write L(c) to denote this set.

We will use the notation Ay, ..., A4, Ftb} By .. B, for the clause
Ai,...,A, F Bi,...,B, with the set of labels {ly,...,l;}. For the sake of
readability we will sometimes omit the curly braces.

Definition 8 (merge, product). Let ¢ = I' F:1 A and d = IT 12 A be
labelled clauses. We define the merge of ¢ and d as cod := I', IT F-1Yl2 A A, Let
C, D be sets of labelled clauses. We define the product of C' and D as C' x D :=
{cod|ceC,de D}.

The labels will be used in order to describe subsets of sets of labelled clauses
as follows: For a clause ¢ and a set of labels L we will say that ¢ is an L-clause
if there exists a label [ that is both in L and £L(c).

Definition 9 (clause selection based on labels). Let C be a set of labelled
clauses. Let F,G be propositional formulas built up from label sets L, Ly, Lo, ...
as atoms and the connectives \,V,—. We define C¥ as follows:

1. CF :={ce C|cis an L-clause}

2. c°F.=C\CF

8. CFNG .= P ne’

4. CPVG .= CcFuy @

Example 1. Let C :={F P; PF?3 R; R-3; PF23% Q; Q F>*}. Then
C{4}Vﬁ{3} _ 0{4} U (C \ C{S}) — {}_1 P, P |_2,3,4 Q7 Q }_374}

Definition 10 (restricted product). Let C, D be sets of labelled clauses and
L be a set of labels. We define the operation X, as

Cx,D:=(CtxDYuctubp™*
Example 2. Let C = {P+'; Q 2}, D = {3 P; +* Q}. Then

CUD={Pr'; Qr*;F P; ' Q}
CxD={PrH?P;PF*Q;QFH*P;Qr>"Q}
CxpayD={P-"Q;Q+; P}

The reader can easily convice himself that - under the usual interpretation
of a clause set as a universally quantified conjunctive normal form - the logical
meaning of the union (U) is conjunction, the meaning of the product (x) is
disjunction and that the restricted product is in-between in the sense that CUD
implies C' x 1, D, which in turn implies C' x D, for all L C L.



Lemma 1. Let C, D, E be sets of labelled clauses and L, Ly, Ly C L. Then

1. C XL D=D XL C
2. If C contains no Lo-clauses and E contains no Ly-clauses then

CXL1 (D)(LQE‘):(C'XL1 D) XLQE

Proof. 1. follows easily from commutativity of x and U
2. We start with the left-hand side of the equation:

C xp, (D xp, E) = (C x (D'2 x EX2)u D2 y L2yl U
c™bru((DP2 x Ef2yu DRy E7L2) 7

by definition. Note that (X UY)Z = X2 U YT for all sets of labelled clauses

X,Y and all label sets L, so we have:

(C’L1 % ((DL2 > ELg)Ll U DLiA-Le UELl/\ﬁLg)) U
C_‘Ll U (DLz % EL2)ﬂL1 U D_‘L1/\—‘L2 U E—|L1/\ﬂL2

Distributing x over U we get:

(CEr x (DP2 x EL2)lvyy (Cfr x DIanL2yy (CFr x BB A2y
CﬁLl U (DL2 X ELZ)“LI U DﬁLl/\ﬁLg U E‘\Ll/\ﬁLg

As E contains no Li-clauses we can write (D12 x EL2)l1 = plinkz » pls

and (DL2 x BL2)~Lr = p~Linke x plz and obtain:

(CL1 X (DLl/\LQ % ELz)) U (CL1 X DLl/\_‘LQ) U (CL1 % ELl/\—|L2) U
Cly (DENe i pleyy prkaAtle y priancls

As E does not contain Li-clauses, i.e. EX* = () also C%t x ElnA~L2 = (),
Furthermore we can write £ = E7I1 and - as C does not contain Ls-clauses

- also C' = C™L2, We obtain

(CLl/\—\LQ X (DLl/\LQ X E_‘Ll/\LQ)) U

(CL]/\“LQ % DL]/\“LQ) U (D‘\L]/\LQ X E‘!Ll/\Lg) U
C—\Ll/\—‘Lz U D—‘Ll/\—‘Lz U E“Ll/\—‘LQ

The right-hand side can be rewritten to the same expression in an analogous

way.
q.e.d.

3.2 Definition of the Profile

In addition to labelled clauses we will consider labelled LKps-proofs to define

the profile of a proof.



Definition 11 (labelled LKps-proof). A labelled LKps-proof is a pseudo-
proof where each axiom is assigned a unique label from L. Furthermore each
formula occurrence p is assigned a set of labels in the following way:

1. If p occurs in an azxiom its set of labels is the singleton set containing the
axiom label.

2. If u does not occur in an axiom its set of labels is the union of the sets of
labels of its immediate ancestor formula occurrences.

So the set of labels of a formula occurrence describes the set of axioms that
were used to build up this formula occurrence. For a formula occurrence p in a
labelled LK ps-proof we write £(1) for its set of labels. For a rule p in a labelled
LK-proof L(p) denotes the union of the label sets of the auxiliary formula oc-
currences of p. The cut-elimination rules defined in Definition 6 can be carried
over to labelled LK-proofs with only minor modifications: in case of contrac-
tion elimination (—¢,) the renaming of eigenvariables has to be extended to the
renaming of labels.

From now on we consider only proofs with skolemized end-sequents; skolem-
ization is necessary for cut-elimination based on profiles and characteristic clause
sets [3]. Note that every proof can be transformed into a skolemized version [2].

Let {2 denote the set of all formula occurrences which are ancestors of pseudo-
cut formulas. A rule with auxiliary formulas in (2 is called an {2-rule, with
auxiliary formulas not in 2 a X-rule. For a sequent occurrence v and a set of
formula occurrences M, let S(v, M) denote the sub-sequent of the sequent at v
that contains only the formulas whose occurrences are in M.

Definition 12 (proof profile). Let ¢ be a regular labelled LKps-proof. We
define the profile P(p) of ¢ by induction on a position v in .
1. If v is an aziom:
Pp)w = {S(r, )},
2. If v is a unary rule with ancestor rule u, then:

P(p).v:=P(p).u

3. If v is a binary rule with ancestor rules uy, o then
(a) If v is an 2-rule:

P(p).v :=P(p).pn UP(p).12
(b) If v is a X-rule:

P(p).v :=P(p).p1 x £ Plp).pe

Note that this definition of a proof profile does not depend on syntactic
details of the sequent calculus variant. Exactly the same definition can be used
for example for additive calculi or for a calculus with arbitrary atomic axiom
sequents, etc. Another important feature of the proof profile is that for the
CERES method [3] it can be used instead of the characteristic clause set and
will always yield cut-free proofs that are at most as long as those corresponding
to the characteristic clause set.



3.3 Compatibility

Lemma 2 (compatibility of P). Let x[¢], be an LKps-proof, let ¢ be an-
other LK-proof with the same end-sequent as . Let 01,...,0, be the formula
occurrences in the end-sequent of ¢ and let o1, ..., 0, be the corresponding for-
mula occurrences in the end-sequent of ¢'. Let 0 be a substitution whose domain
is included in the set of eigenvariables of . We write X" for x[¢'],. If

1. P(X').p = (P(x)-p)0 and

2. fori=1,...,n:L(c}) = L(0o;)

then

P(x') =P(x)0
Proof. Let v be a formula occurrence in y that is not in ¢, let v/ be the corre-
sponding formula occurrence in x’. If v is not on the path between u and the
end-sequent then we clearly have £(v') = L(v). If it is then by induction on the
length of this path and by using 2 we have L(v') = L(v).

Now, using L(v') = L(v) we proceed by induction on the length of the path
between p and the end-sequent. If the last rule is unary then the induction
step obviously extends to give P(x’) = P(x)6. If the last rule is binary, observe
that 6 cannot change variables of the part that does not contain p because its
domain is restricted to the eigenvariables of ¢ and the proof is regular, so also

P(x') =P(x)0 q.ed.

3.4 Permutation of Independent Rules

It is a well-known fact about the sequent calculus that the order of rule applica-
tions can be permuted up to a high degree (see e.g. [8]). In this section we will
formally define these rule permutations and show that the proof profile is not
changed by permuting rules.

Definition 13 (adjacent). Two rules in an LKps-proof are said to be adjacent
if one occurs immediately above the other.

Definition 14 (independent). Two adjacent rules in an LKps-proof are said
to be independent if neither

1. the main occurrence of the upper rule is an auziliary occurrence of the lower
rule, nor

2. the lower rule is unary with two auziliary occurrences that are split by the
binary upper rule, nor

3. the lower rule is a strong quantifier rule and the upper rule is a weak quan-
tifier rule introducing a term that contains the eigenvariable of the lower
rule

Definition 15 (permutation of independent rules). Let ¢ be an LKps-
proof whose last two rules are independent. Let @' be the proof that differs from
@ only by swapping the order of the last two rules. Then we write ¢ ~ . ¢'.

We will denote with ~, the reflexive, transitive and compatible closure of the
rule swapping relation ~.



Lemma 3 (invariance under =.). Let x, X’ be two LKps-proofs with x =
/
x'. Then

P(x') =P(x)

Proof. By transitivity of =, it suffices to show the invariance of P for a single
rule swapping. Let p be the position in x where the rule swapping occurs, so we
have ¢ ~r @' with x = x[¢], and X" = x[¢] ..

We will first show P(x’)..e = P(x).p.

If both swapped rules are unary rules, then we simply have

P(x).u=C=P().p

For some set of labelled clauses C.
If one of the swapped rules is a unary rule and one a binary rule, we have

P(x).u=CoD
where o = U or o = x(,) where p is the binary rule. In both cases also
P(X).u=CoD

because L(p) clearly is not changed by the swapping of two rules.
If both rules are binary then the last rules p; and ps of ¢, ¢’ have the form
(omitting the sequents and concrete rule types):

(90170) (SDQvD) (@1 C) (3027D) (QOJ,E) P2

E
pl (@3? ) p2 a,nd pl

From the existence of the left proof one can deduce that E does not contain any
clauses with labels from L(p;) because all labels in E refer to axioms in @3 and
L(p1) cannot contain any labels from axioms in ¢3 because it is parallel to it.
Symmetrically from the right proof one can deduce that C' does not contain any
clauses with labels from £(p2).

For the profiles at u we have

P(x).u=(Coy D)os E and P(x')p=Co1 (Dos E)

for operators o1, 0o associated to the rules p; and ps.

If both o; = U and oy = U then P(x).u = P(x’).p follows from associativity
of U. If o; = X(p1) and oy = X2 (p2) then with the observation above we can
apply Lemma 1 to obtain P(x).ux = P(x').p.

Now, let oy = X £(,,) and oy = U. Then — abbreviating £(p1) as L — we have

Cxp,(DUE)=(C*x(DuBE)"uctu(DuUE)™*
= (Ct x (D*uUEM)uCctuDtUEE
but as E does not contain labels from L we know that E* = () and E™% = F
and so

= (Cctxphyuctupturk
=Pd (O x, D)UE



If o = U and og = X (), the proof proceeds analogously using the observa-
tion that C' does not contain labels from L(p3).

Condition 2 of Lemma 2 is fulfilled, because rule swappings do not change the
ancestor relation in the proof, so we can apply Lemma 2 and conclude P(x’) =

P(x) q.e.d.

In [10] E. Robinson defines proof nets for classical propositional logic and
shows ([10], proposition 6.2):
Proposition 1. Two LK-proofs ¢ and ¢’ (for classical propositional logic) in-

duce isomorphic proof nets iff ¢ ~. .

Building on this and Lemma 3 we can easily conclude

Corollary 1. If two LK-proofs ¢ and ¢’ (for classical propositional logic) in-
duce isomorphic proof nets then P(p) = P(¢).

R. McKinley defines in his PhD thesis [9] an extension of Robinson’s proof
nets to first-order classical logic by treating quantifiers with boxes. We conjecture
that the result of Corollary 1 also extends to this notion of proof net.

4 The Profile and Cut-Elimination

In [4] an analysis of the behavior of the original characteristic clause sets under
Gentzen’s cut-elimination procedure has been given. It has been shown that,
if ¢ is reduced to ¢’ by cut-elimination steps, the characteristic clause set of
¢ subsumes that of ¢’. The subsumption relation consists of the three basic
parts of 1) duplication of clauses (including variable renaming), 2) instantiation
of clauses and 3) deletion of clauses. However, due to the nature of this cut-
elimination procedure and the characteristic clause sets these three parts occur
in a mixed fashion at different cut-elimination steps.

In this section we carry out an analogous analysis but with the important
difference that we move from Gentzen’s original calculus (which is a mixture of
multiplicative and additive rules) to the purely multiplicative calculus LKps and
from the original characteristic clause sets to the proof profiles defined in this
paper. This allows to carry out the analysis of [4] in a much “cleaner” fashion
which will make it possible to use the lemmas in the analysis of the effect of
transformations defined by cut-elimination (as done in Section 5). We will now
show that

1. duplication of clauses arises iff a contraction rule is eliminated, that
2. instantiation of clauses arises iff a quantifier rule is eliminated and that
3. deletion of clauses arises iff a weakening rule is eliminated.

In all other cases the profile remains unchanged.

Lemma 4 (rank-reduction).

X —a X = P(X') =P(x)



Proof. As rank-reduction —¢, is contained in the permutation of adjacent in-
dependent rules =, we can apply Lemma 3. g.e.d.

Lemma 5 (propositional reduction).
X —a, X = P(X) =P(x)

Proof. Let p be the position where the reduction is applied, so x = x[¢], and
X' = xl¢']u. We first show P(x').. = P(x).u by case distinction on the main
connective of the cut at u:

1. Conjunction: Then ¢ has the form:

(90170) (‘pQﬂD) (9037E)
T'FAA TFAB  ABGOFXE
THFAAAAB 77 AAR@FEAJ
II,eF AAY e
and ¢’ has the form:
I'FA, B.OF X
(2, D) cut

II+-AB B.I,OF A Y
II,O0FAAY

cut

So we have
Plx)p=(CUD)UE

and
P(xX)u=DU(CUE)

which are equal by commutativity and associativity of U.
2. Disjunction: analogous: by commutativity and associativity of U
. Implication: analogous: by commutativity and associativity of U
4. Negation: analogous: by commutativity and associativity of U

w

Also condition 2 of Lemma 2 is fulfilled because —q, does not change the
ancestor axioms of the formula occurrences in the end-sequent of the rewritten
part. So we can use Lemma 2 to conclude P(x’) = P(x) q.e.d.

Lemma 6 (quantifier reduction). Let x be a reqular LKps-proof and let
X —Gq X

where the substitution {a «— t} is applied to the reduced sub-proof of x. Then

P(x') = P(x){o — t}



Proof. Let p be the position where the reduction is applied, so x = x[¢], and
X' = x[¢'],.. We will show this only for the universal quantifier, for the existential
quantifier the proof is analogous:

Then ¢ has the form

(¢1,C) (2, D)
I'+ A B{z «— a} B{x —t}, I A
T'FA V2B " (Vo)B,ITF A
C

ut

T I FAA
and ¢’ has the form

(pr{o =}, Clar —1}) (p2, D)
I'+ A B{z — t} Bz —t}, I+ A

TIIFAA

cut

So we have
P(x)py=CUD

and
P(x)u=C{a—ttUD

but « does not occur in D so

P(X').p = (P(x)-u){er — t}

And as the label sets of the formula occurrences in the sequent at p do not
change we can apply Lemma 2. q.e.d.

The reduction of a weakening rule deletes a sub-proof and - by introducing
new weakening rules - makes some formula occurrences further down in the
proof weak that have not been weak before. This may have the result that an
auxiliary formula of a binary rule, that goes into the end-sequent, becomes weak
and thus this binary rule becomes superfluous (because it could be replaced by
a weakening). The effect of this transformation on the profile is that of deletion
of certain clauses: All clauses from the deleted sub-proof as well as all clauses
that share a label with a superfluous binary rule are deleted.

Lemma 7 (weakening reduction). Let x be an LKps-proof and p a position
in x of a cut that can be reduced by —q,,. Then

X[l —aw X9

We write X" for x[¢'],.. Let D be the set of axiom labels of the sub-proof deleted
by this —q, -step. Let furthermore o1,...,0, be those binary X-rules on the
path between p and the end-sequent of x that each have an auziliary occurrence
a1y, ap with L(a;) € D. Let By, ..., By, be the other auziliary formula occur-
rences of these rules and abbreviate L; :== L(8;). Then

P(X/) _ P(X)—‘D/\—'Ll/\.../\—\Ln



Proof. Let v be a formula occurrence in y but not in ¢ and let v/ be the cor-
responding formula occurrence in x’. Then one can easily show by induction on
the length [ of the path between p and the end-sequent of x that:

(*) L) =LW)\D

We abbreviate D* := =D A—=L; A ... A =L, and show P(x’) = P(x)?" again
by induction on the length [ of the path between p and the end-sequent.

If I = 0 then n = 0. Furthermore, P(x) = X UY for sets of labelled clauses
X and Y and P(x’) = X. But X contains no labels from D while Y contains
only labels from D, so P(y/) = X = (X UY)™? =P(x)"P.

If I > 0 we make a case distinction according to the type of the last rule p in
x: If p is unary then the result follows immediately from (IH). If p is a binary
Q-rule then P(y) = X UY and P(y/) = XP  UY, but Y contains no labels
from D nor any from Li,...,L,, so Y = Y and thus P(y/) = XP " UY =
XPTUYP" = (XUY)P" = P(x)P . If pis a binary X-rule, let a be the auxiliary
occurrence on the path between p and the root. We distinguish two cases:

1. L(a) C D, ie. a becomes weak after the reduction, so @ = 41, the
other auxiliary occurrence is (8,41 and its labels £(8,+1) = Lp+1. We have
P(x) = X Xg(aur,,, Y and by (x) and (IH) that P(x) = XP" x, ., Y.
By algebraic manipulations one shows that P(y’) = (X UY)P A ~Ln+1 and
P(x)P A Entr = XPE(@AD AL g Y P ARLnt1 | By our case assumption
L(a) € D, so =L(a) AD* can be simplified to D* because —D is contained in
D* and thus P(x)P A lntt = XP A Lnia gy P A s — (X UY)P A Bt

2. L(a) € D: In this case we have P(x) = X x Y for a set of labels L, and
by (x) and (IH) that P(x') = XP" xp\p Y. Writing L\ D as L A —D,
using algebraic manipulations and simplifying D* A L A =D to D* A L gives
P(x') = (XL xYE)PTyXx P A~(LA=D) yy ~(LA=D) By further simplifications
one shows that P(y') = (XX xYE)P U(X~ )P u(Y 5P = P(x)P" qed.

Corollary 2. Let x be an LKps-proof and p a position in x of a cut that can
be reduced by —q,, . Let D be the set of axiom labels of the sub-proof deleted by

this —q,, -step. If all formula occurrences in the deleted sub-proof are ancestors
of cut formulas then

P(x') =P(x)™"
Proof. By applying Lemma 7 and observing that in this case there can be no
binary X-rule with an auxiliary formula « s.t. £(a) € D, thus n = 0 and

P(x') =P(x)"P qe.d.
Lemma 8 (contraction reduction). Let x be an LKps-proof and p a position
in x of a cut that can be reduced by —¢.. Then

X[l —a. X[¢']

Let D be the set of axiom labels of the sub-proof duplicated by this —q,-step and
let ™ be the permutation on labels and variables applied to the new copy of the
duplicated sub-proof. We write X' for x[¢'],,. Then

P(x') =P(x) UP(x)



Proof. Let v be a formula occurrence in y but not in ¢ and let v/ be the cor-
responding formula occurrence in x’. Then one can show by induction on the
length [ of the path between p and the end-sequent of y that:

(x) L) =Lw)U(Ly)ND)r

We show P(x') = P(x) UP(x)P7 again by induction on the length I of
the path between p and the end-sequent. If [ = 0 then P(x) = X UY and
P(x') = XUXmUY but as (X UY)P = X we obtain P(x)Pn = X7. If [ >0
we make a case distinction according to the type of the last rule p: If p is a
unary rule then the result holds immediately by (IH). If p is a binary {2-rule
then P(x) = X UY and by (IH): P(x') = X UXP7rUY but as Y contains no
labels from D we have P(x)Pm = XPr.

If p is a binary X-rule then P(x) = X x1 Y and by (IH) and (x): P(x/) =
(XUXPr) X pu(LnDyx Y - By observing that neither X nor Y contain any labels
from the image of 7 and that thus for Z € {X,Y} and any label sets M, N:
ZMVNT — 7M and z~(MVN™) — 7=M one shows that

P(x') = P(x) U (XPr)LVEADIT o yLy [ (X D) ~(LV(EAD)T)
So it remains to show
P(x)Pr = (XPm)LVEADIT o YLy (X D) (LV(EAD)T)
As Y cannot contain any labels from D, we have
P(x)Pr = (X% x YE)P U X" UMDY = (XLAP g 5 YLy u X LDy

By algebraic manipulations concerning the variable and label permutation 7 one
shows the remaining equations:

XL/\D7r — (XDﬂ_)L\/(L/\D)n and XﬁL/\D7T _ (XDTr)ﬁ(L\/(L/\D)w)

q.e.d.

5 A General Invariance Property

Definition 16. Let A and B be formulas. Then any cut-free proof of A+ B is
called o transformation of A to B (generally denoted by T4 ).

We define the effect of transformations on proofs via cut-elimination. To this
aim we define a refinement of —¢ and corresponding normal forms:

Definition 17. Let 74 g be a transformation, ¢ be a proof of a sequent I' = A, A
and ¢ be a proof of a sequent B,II = A . We consider the proofs T(p,Ta,B):
® TA,B
I'-AJA A-B
I'-AB

cut



and T(Ta,B,v):

TA,B P
AL B B.IIF A
anra

We mark in T (o, 7a,8)(T(Ta,B,%)) all ancestors of the final cut and refine —¢
to —q, by the following restrictions:

(1) apply the reduction rules only cuts whose auxiliary formulas are marked.

(2) apply the elimination rules for axioms only if all other —g-reduction rules
on marked formulas fail.

(3) Eliminate a cut between two (atomic) axioms by eliminating the axiom com-
ing from T4 g (i.e. the aziom with the labels coming from T4 g). In more
detail: replace the subproof

Blit v plit Bl - gl
Blit v pli}

cut

(where i is a label in the @-part (in the Y-part) and j is a label in the T4 p-
part) by
Bl plit,

Then by 74, 5(¢¥)((¢)Ta,B) we denote the set of all —g,-normal forms of
T(7a,B,¢) (T(,74.8))-

Remark 1. Note that Gentzen normal forms of proofs are not unique in general.
Therefore the elimination of the cut with the transformation 74 p may yield
different proofs. So any element from the set (¢)74,p can be considered as the
transformed proof.

Below we investigate a class of transformations 74 g where A is logically
equivalent to B:

Definition 18. Two formulas A, B are called V-equivalent if they contain the
same variables.

Definition 19. Let 7 be a transformation T4 p and let A, B be V -equivalent.
Moreover let x1,...,x, be the bound variables in A (respectively in B). Then T
is called @Q-simple if

(a) For every variable z; there are exactly two quantifier introductions in .

(b) If {x; — «;} is a substitution corresponding to a strong quantifier introduc-
tion on an ancestor of A then {x; — «;} is also a substitution corresponding
to a weak quantifier introduction on an ancestor of B.

(c) If {x; — «;} is a substitution corresponding to a strong quantifier introduc-
tion on an ancestor of B then {x; «— «;} is also a substitution corresponding
to a weak quantifier introduction on an ancestor of A.



Remark 2. In a Q-simple transformation the strong substitutions for A are the
weak ones for B and vice versa. In particular, all quantifier introductions have
variable substitutions.

Ezample 3. The following transformation 7 is @-simple:
P(ag,a2) F Plag, as) _
F—P(ay,as), Plag, as)
F—P(a1, a2), (3y)Poa, y)
F (Vy)~P(oa,y), Gy)Ploa, y)
F (Bz)(Vy)-P(z,y), (Fy)Plas,y)
F (3z)(Vy)-P(z,y), (Vo) Fy) P(x,y)
~(Va)(Fy)P(w,y) - (Gz)(Vy)-~Plw,y)
No transformation with end-sequent (Vx)Q(x) F (32)Q(x) is @Q-simple.

Definition 20. A transformation 74 p is called simple if it is Q-simple and
does not contain structural rules.

Ezample 4. The transformation 7 defined in Example 3 is simple. Moreover the
identical transformation I is simple. I can be defined in the following way:

If A is an atom then I(A) = A+ A. If A contains logical operators, then I(A)
can be defined inductively. We consider the cases A = B — C and A = (Vz)B,
the others are straightforward.

1B I I(B{z — a})

2B Ie) ) Bla—alb Blz—a)

B,B—CrC (Vo)BF B{x —a} -
IB-C)=B=CFB—=C " I(v&)B)= (Vz)BF (vo)B "

Definition 21. Two formulas A, B are called strongly equivalent (notation
A ~4 B) if there exist simple transformations T4 p and Tp 4.

Remark 3. Note that, in contrast to full logical equivalence, it is decidable
whether two formulas are strongly equivalent. This is clear as the number of
inferences in a simple transformation 74 g is bounded by the logical complexity
of A+ B.

Ezample 5. Note that the existence of a simple transformation from A to B does
not imply the existence of a simple transformation from B to A. Let P(x) and
@ be atom formulas. Then there is a simple transformation from (Vz)P(x) A Q
to (Vz)(P(z) A Q):
P@)FPl0) QHQ
P(),QFP@)AQ "
(Va)P(x),QF Pla) AQ " °
Vo) P@)AQFPla)AQ
(Vo) P(x) A Q F (V) (P(x) A Q)

But there is no simple transformation from (Va)(P(x) A Q) to (Vz)P(z) A Q.

l

T




Definition 22. A binary relation 7 on formulas is called compatible if, for all
formulas A and B, Axy B implies C[A]x~7 C[B]a for any formula context C[ |x.

Proposition 2. ~; is a compatible equivalence relation on formulas.

Proof. reflexivity: Define 74 4 as I(A); I(A) is simple for all A.
symmetry: immediate by definition.
transitivity:
Assume A ~¢ B and B ~, C. Then there exist simple transformations 74, g and
TB,c; we may assume w.l.o.g. that 74 p and 7p,c do not share eigenvariables.
By V(X) we denote the set of variables in X.
By definition of ~; we have V(A4) = V(B), V(B) = V(C) and thus V(A) =
V(C). We consider the proof nsc:
TA,B  TB,C
AFB BFEC
AFC

cut

As 74,5 and 7, do not contain weakening and contractions, the same holds
for nac as well. Clearly nac is not a transformation; but it is enough to show
that any cut-elimination sequence ¥ on ns¢ yields a transformation which is
also simple.

Let nac —¢& & Then, by definition of the reduction rules for —¢, £ does
not contain weakenings and/or contractions (indeed no additional weakenings
and contractions are introduced by the cut-reduction rules). So let ¥ be a cut-
elimination sequence on nac; then its result is a transformation 74 ¢ which is
weakening- and contraction-free. It remains to show that 74 ¢ is also @-simple.

Let us assume that X: {z1,...,x,} are the bound variables in A, B,C. As 74 p
is simple, X can be partitioned into two sets

{y17"'aym} {zla---;zk}

s.t. the y; are the strong variables of quantifier introductions on ancestors of
A, and the z; are the weak variables of quantifier introductions on ancestors
of A. Moreover, as 74 g is -simple, the y; are the weak variables of quantifier
introductions on ancestors of B, and the z; are the strong variables of quantifier
introductions on ancestors of B. Now let us list the vectors of variables in the
following order:

(1) strong, ancestor of A, (2) weak, ancestor of A,
(3) strong, ancestor of B, (4) weak, ancestor of B.

This way we obtain a tuple

XAB: < (yh--~7ym)a(217~-~a2k)7(2’1,-~-a2'k)a(yl7---7ym) >

Now consider the tuple X 4p under substitution of the bound variables by the
quantifier substitutions. Then we obtain the quantifier-introduction vector for
TA,B:

YAB: < (ala-nvam)v(ﬂla"'aﬁk)?(ﬁla"'aﬂk)?(ala"'aam) >



For 75 ¢ we obtain (replacing A by B, B by C in the tuple notation)

XBC: < (yla'"7y’m)7(zl7"'7Zk)7(Z17~"7Zk)7(y17"'7ym) > .

and the quantifier introduction vector

YBC: < (617"'7ﬁ;n)a(717"'77/€)a(717"'77/€)a(ﬁi7"',ﬁ;n) >

Note that nac is regular and so the 3] are different from the £;.

Now let ¥ be a cut-elimination sequence on nac. According to the cut-
reduction rules for quantifiers, strong variables are replaced by weak terms. As
the proofs in ¥ do not contain weakenings and contractions, ¥ contains exactly
m + k (= n) quantifier-elimination steps. Therefore these steps can be charac-
terized by the single substitution

{ﬁi%al,...,ﬁ;r“—am, ﬁl<—’}/l7~-~,ﬁk‘_’7k}~

Hence the quantifier introduction vector for the result 74, of ¥ is

YAC: < (a17' . 7am)v (717 e 7716)3 (717 e 77’6)3 (alv . .,Otm) >
But this quantifier introduction vector is that of a @-simple transformation.
Therefore 74,¢ is simple.

It remains to show that ~, is compatible.
We proceed by induction on the logical complexity of the context. The case
of the empty context is trivial.

(IH) Let C[A]) ~s C[B]x whenever A ~¢ B, for any C of complexity < n
and any position A in C.
Now let C' be of complexity n + 1. Then C' is of one of the following forms
(a) 0501 /\CQ, (b) CEC1\/CQ, (C) C’EC’l —>C2,
(d) C =~C", (e) C = Vx)C', (f) C=(3x)C".
We only show the cases c,d,e, the others are analogous.
(c) We consider the formulas (Cq — C2)[A],, and (Cy — C3)[B],. There are two
possibilities:
(c1) p is an occurrence in Cy, and

(¢2) p is an occurrence in Cj.
(c1) There exists a position A in C (corresponding to u in C) s.t.

C[A]M = Cl[A],\ — CQ, C[B]H = CI[B])\ — CQ.

We define a transformation 7 transforming C1[A]y — Cs into C1[B]y —
C5 (the other direction can be obtained by exchanging A and B).
T’ I(Cs)
Ci[B]xF Ci[A]n Ca2F Oy .
C1[B]x, C1[A]x — C2 F Cy —;_ .
Ol[A])\*)CQFC&[B])\*)CQ '

By (IH) a simple 7’ exists, and I(Cs) is simple; obviously 7 itself is
simple.



(c2) symmetric to (cl).

(d) We have to show (~C")[A4],, ~s (=C")[B],. Again there exists a position A in
C’" with =C"[A] = (=C")[4],, (the same for B). The desired transformation
Tis

7_/
C'[B]a F C'[A]A
—~C'[A],C"[B]x F
~C'[A]y F =C'[B]5

By (IH) such a simple transformation 7/ exists. Clearly 7 is also simple. The
transformation from —C’[B]y into =C’[A]x can be obtained by exchanging
A and B.

() We have to prove ((Vz)C")[A], ~s ((Vx)C')[B],. Again there must be a
position A s.t. ((Va)C’)[A], = (Vz)C’'[A]x (the same for B). We define 7 as

/

C'[Alx{z « 04}7|: C'[Blx{z — o} vl
(Va)C'[Ax F C'[Blx{z —a} -

(Va)C'[A]x F (V2)C'[B]» T

A simple transformation 7 exists by (IH).
Let A’ = A{x «— a}, B’ = B{z < «a}. Then

C'fr — a}[A)x = C'[AL{z — a}, C'{a — a}[B']x = C'[Blx{a — a}.

Clearly the complexity of C'{z < «a} is that of C” itself. It remains to show
that A’ ~; B’: consider a simple transformation 74 p. Either z is a free
variable in A and B or it does not occur in both of them. As « is a variable
not occurring in A and B, the transformation 74 g{z < «} is also simple.
Therefore the transformation 7 above is simple as well qg.e.d.

Ezample 6. —(Vz)(3y)P(z,y) ~s (3z)(Vy)~P(z, y):

we have shown in Example 3 that there exists a simple transformation of
—(Vz)(3y) P(z,y) to (3z)(Vy)—P(z,y). It is easy to construct a simple transfor-
mation of (3z)(Vy)-P(x,y) to ~(Vx)By)P(x,y).

We give an example of logically equivalent formulas which are not strongly
equivalent:

(Vo) P(z) — Q(a) s (3x)(P(z) — Q(a)).

Indeed, all transformations of (Vz)P(z) — Q(a) to (3z)(P(x) — Q(a)) require
the use of contractions and thus are not simple. In fact, the quantifier (Vz) in

S: (Vo) P(x) — Q(a) - (3x)(P(x) — Q(a)).

is strong in S and thus (going from the end-sequent to the axioms) must be
eliminated prior to (3z) (which is weak in S). We see that, in general, the
quantifier shifting principles go beyond strong equivalence.



Definition 23. A formula A is in negation normal form (NNF) if it does not
contain — and — occurs only immediately above atoms (i.e. for any subformula

-C of A, C is an atom).

Lemma 9. A formula is in negation normal from iff it is a normal form under
the rewrite rules R (applied to arbitrary occurrences of subformulas):

(1) —A= A, (2) ~«(AANB)=-AV-B, (3) «(AVB)=-AA-B,
(4) A— B= -AV B, (5) ~(Vz)A = (3z)-A, (6) ~(Fz)A = (Vz)-A.

Moreover all formulas A can be transformed to a NNF B via R (we say that B
is the NNF of A).

Proof. In [1], proposition 4.6.

Proposition 3. A formula A is strongly equivalent to its negation normal form.
Proof. 1t is enough to show that, for the rewrite rules defined in Lemma 9, the
left and right sides are strongly equivalent. Then the result follows from Lemma 9

and the fact that ~ is compatible and transitive (Proposition 2).
We give the simple transformations corresponding to the rules in R:

(1) ~—A ~y A
I(A) I(A)
AFA .. ArA
FA,-A T SA AR

—Ara b ar——a T
(2) "(AAB) ~s AV -B:

1(4)  1(B)
AAEE e w aw
: L AbA . BEB
ABA(ANB)F " A -AF 7' B-BF
A-(ANB)F-B A B —AvV-BF _Vl'l
~(ANB)F-4,-B ANB,-Av-BF "'
“(AAB)F-Av-B '~ SAV-BF —~(AAB)
(3) =(AV B) ~; =A A =B: symmetric to (2).
(4) A— B~s;-AV B:
1(A)  I(B) 1(4)
AbA BEB ., ARA . I(B)
AAHBFB‘fT A-A+ " BFB
A—-BF-AB A-AVBFB

Vir —
A—BF-AVB -AVBFA—B



(5) ~(Va)A ~, (Fx)-A:

[(Afz — a}) I(Afz — a})
A{r — a} +F A{x — o} . A{z — o} F A{x — o} L
F-A{z « a}, A{z — a} _‘ . Az — o}, ~A{z —aj b
F (3x)-A, A{z — o} ' (Vz)A,-A{r — a} F '
F @A, (iAo " V)4, Go)-Ar !
~(V2)AF (Gz)-A Ga)-AF (Vo)A

(6) =(Fx)A ~4 (Va)—A: symmetric to (5).
q.e.d.

The following lemma is the technical key to the main result. It shows that
simple transformations applied to ancestors of cuts do not change the proof
profile modulo variable renaming. In particular, this holds for the transformation
to negation normal form.

Lemma 10. Let ¢’ be a subproof of an LKps-proof ¢ s.t. ¢ is an LK-proof of
a sequent I' = A, A at node v, and A is an ancestor of a pseudo-cut. Let T4 p be
a simple transformation. Then, for any proof ¢ in (¢")1a B, P(e[Y].) = P(p)m,
where w is a permutation of eigenvariables.

Remark 4. Note that, in general, ¢[1], is a pseudo-proof, even if ¢ is a proof,
as the substitution of ¢ for ¢’ may violate cut- and contraction rules. But note
that ¢’ must be an LK-proof!

Proof. We proceed by cut-elimination on the proof T'(¢’, 74, 5):

/

TAB
I'-AA AFB
rAB Y

The profile at the node v is of the form
P(SD)V = CI U D7 Where D = {Al l_ll A17 e 7Am l_ln' Am}

for a set of atoms A; and labels /;. Note that all binary inferences in 74 g work
on ancestors of a cut, so D is the union of all axiom sequents in 74 g.
Moreover we obtain
P(p)=CUD

For a clause set C, because — on successors of B (which goes into a pseudo-cut)
— only unions are performed in the construction of the proof profile.

We apply cut-elimination based on —¢, in two phases (as defined in Defi-
nition 17): in the first step we eliminate all marked cuts without applying the
elimination rule for axioms. In a second step we eliminate the atomic cuts be-
tween axioms.



In every phase of cut-elimination by —¢, we distinguish a ¢’-part (i.e. the
part labelled by F, the original label set of ¢) and a 74 p-part. Indeed, every
cut appearing in a proof x obtained by cut-elimination is of the form &:

14 o
IoI+-AC C I+ A
LI F AN

cut

where p is an (possibly instantiated) subproof of ¢’, and o one of 74 . For
simplicity we assume that the ¢'-part is to the left and the 74 p-part to the
right (in fact the sides my change by elimination on negated formulas).

We prove that for all x with (¢")74, 5 —§, X ;we have

(%) P(elxly) = Cru D",

where 7 is a permutation of eigenvariables and D* is a set of instances of clauses
(modulo label renaming) in D.

We know by Lemmas 4 and 5 that —¢g, and —q, do not change the profile,
so we may assume that the cut in ¢ is introduced (1) by weakening, or (2) by
contraction, or (3) by quantifier introductions on both sides. Let us furthermore
assume inductively that (x) holds for x.

(1) & is of the form

/

I

m-A .

arac " oo
T - AN cut

Indeed, weakening can only appear in the ¢’-part, not in the 74 g-part (as
Ta,B is simple). According to the rules of —¢,, § reduces to &’ for & =

/

m-A
I, F AN

From now on (for the remaining part of the proof) let us assume that the
root node of € is pp and ' = x[¢'],,. Then, as IT" and A’ contain only ancestors
of a cut, we may apply Corollary 2 and obtain

P(p[x]y) =Cnu D',

where D’ is a subset of D*.
(2) contraction: as in (1) contractions can only occur in the ¢’-part, not in the
Ta,B-part. So ¢ is of the form

p/

II+-A,C,C

————— C:.T a

IrAC C, I+ A
I, F AN

cut



Then & —¢, & for & =
o o
nrACC C,IoreA /
cut a
mmnm-ANC C, e A
I, meAA A
I AN

cut

c

where ¢’ is o after renaming of eigenvariables and labels. Again, let \/ =
x[&'],- Then, by Lemma 8,

P(plx]y) =CruD UD,

where D’ is a set of instances of clauses in D*.
(3) Elimination of a quantifier:

(3a) € = ,
p o’
T+ A A{x — t} Al —a}, I'H A
oA GnA 7 Go)A I A
T - AN cut

Then & —¢, & for ¢ =

/

p o{a —t}
OEANA{z —t} Ao —1¢}, I A
I F AN cut

Then, by Lemma 6,
P(o[x']y) = Cm U D*{a « t}.

Note that o does not occur in Cwr! Again, the ¢’-part remains unchanged,
and the 74 p-part is instantiated.

(3b) €=
o' o’
IIEAA{z — a} Al — p}, ' A
oA N)A " T (Vo)A I A
T+ AN cut

As o' is a T4 p-part, the quantifier substitution for V : [ is of the form
{z < ([} where 3 is an eigenvariable in the proof ¢[¢], . Note that no sub-
stitution of an eigenvariable in the 74 p-part (see case (3a)) can change
the weak quantifier substitutions in this part, because 74 p is simple.
Now ¢ —¢, & for & =

pla — B} o'
O+-AAz— )y Ale— By, A
LI F AN

cut



Again, by Lemma 6, we obtain
P(eX]v) = Cm{a < g} U D"

We know that (§ is a variable. But 8 cannot occur in Cm (i.e. in the
¢'-part of the proof) as § is an eigenvariable in 74 g-part and the proof
X is regular. So we obtain

Crn{a — p} =Cr{a < B, f— a}
where m{a «+ 3, 8 < a} is a permutation of eigenvariables.

We have seen that in all cases (1), (2), (3) the property (x) is preserved. Thus
it holds after the first phase of cut-elimination, before the axioms are eliminated.
It remains to investigate the elimination of the axioms. Let x* be the normal
form of T'(¢’, 74 g) under the first phase of cut-elimination. Then

Pe[x*y) = Cru D™
where 7 is a permutation and
D*={B, "' By,...,B, F" B,}.
Now the only cuts left in x* are of the form & =

Blit v it plit - plit
Blit v gt

cut
Where i is a label in the ¢’-part and j is a label in the 74 p-part. According to
the definition of —¢, (Definition 17), £ is replaced by &' =
Bl - pli},
Let p be the node of this cut and x’' = x*[¢’]. Then
P(¢[xX'],) = CruD* — {B+ B}.

This procedure is repeated till all the clauses in the set D* are used up. Let us
call the resulting proof v, which does not contain any marked cuts. Then

P(e[y],) = Cr.
q.e.d.

Corollary 3. Let ¢’ be a subproof of an LKps-proof ¢ s.t. ¢’ is a proof of a
sequent B,I' = A at node v, and B is an ancestor of a pseudo-cut. Let T4 p be
a simple transformation. Then, for any proof ¢ in 174 5(¢"), P(¢[Y],) = P(p)m,
where w is a permutation of eigenvariables.

Proof. completely symmetric to the proof of Lemma 10.



Lemma 11. Let ¢ be an LK-proof and o be a subproof of ¢ (at node v) of the
form

g1 g9
I'tAA AITFA
roraa
and let A be strongly equivalent to B. Then there exists an LK-proof ¥ of the
form
U1 P2
I'tAB B/II-A .
TIFAA cu

and a permutation of eigenvariables w s.t. p[v], is an LK-proof and P(p[¢],) =
P(p)m.

Proof. Apply Lemma 10 to the subproof o; with the transformation 74 5. The
result is a pseudo-proof ¢1: ¢[p], with P(¢1) = P(¢)m for a permutation 7; and
for p =

1/)1 g2
I'tAB AII+A
- A A

Then apply Corollary 3 to o2 (within ¢7) and obtain a pseudo-proof s, for
w2 = p1[Y],, with P(ps) = P(¢1)ms for a permutation 7o and for ¢ =

pscut

P o
I'AB BII+A
TIIFAA

cut

Then

P(p2) = P(p[¢],) = P(p)mima.
Clearly w179 is a variable permutation. Moreover - is not only a pseudo-proof
but also a proof (note that 1 is a proof and has the same end-sequent as o)
q.e.d.

The following theorem shows that we can transform the cuts in an LK-
proof into arbitrary strongly equivalent form without changing the proof pro-
file (indeed, variants that differ only by variable permutations can be consid-
ered as equal). All these forms can thus be considered as equivalent w.r.t. cut-
elimination.

Theorem 1. Let ¢ be an LK-proof with cut formulas Aq,..., A, and By ~y
Aq,...,B, ~s A,. Then there exists a proof 1 with cut formulas By, ..., B, and
P(¢) = P(p)7 for a variable permutation .

Proof. We iterate the construction defined in Lemma 11, by transforming the
cuts with Ay, ..., A, successively into cuts with By, ..., B,. This way we obtain
a proof ¢ and permutations 7y, ..., m, with

P() =Plp)my ... 7.

But 7y ...m, is also a permutation q.e.d.



Corollary 4. Let ¢ be a proof with cut formulas Ay, ..., A,. Then there exists
a proof ¥ with cut formulas B,...,B,, where the B; are the negation normal
forms of the A; and P(¢) = P(p)7 for a permutation 7.

Proof. By Proposition 3 and Theorem 1.

Corollary 4 does not hold for prenex normal from in place of NNF. This is
based on the fact, that quantifier shifting does not preserve strong equivalence in
general (see Example 6); so Theorem 1 is not applicable in case of prenex normal
forms. Moreover, a proof transformation to prenex form, under preservation of
cut-homomorphism, is impossible in principle (see [2]).

In Section 3.4 we have shown that profiles define equivalence classes of proofs
at least as large as proof nets. Theorem 1 proves that the equivalence classes
defined by profiles are in fact larger, due to the strong abstraction from the
syntax of cuts.

6 Summary

We have shown that proofs with strongly equivalent cut-formulas (obtained via
simple transformations) have the same profile (under variable renaming) and
thus can be considered as equal w.r.t. cut-elimination. We did not prove that
the profile remains the same when the whole proof (i.e. also the formulas in the
end-sequent) undergoes simple transformations. We conjecture that even this
stronger result holds (e.g. it is easy to show that it holds for transformations
to negation normal form), but it is much harder to prove: indeed, if we apply a
transformation to a formula which goes to the end-sequent, the original formula
changes its status (as it now goes to the cut with the transformation), and the
whole profile changes in a more complicated way.

We defined profiles as sets of labelled clauses, i.e. two clauses that differ only
in their labels are treated as two different clauses. If profiles are defined as sets of
clauses (dropping the labels after generation of the profile), the class of equivalent
proofs becomes even larger while still having the same set of normal forms of the
CERES method. Then, however, cut-elimination on propositional proofs would
not increase the profile (it can only shrink by weakening), and thus would not
express the duplication of subproofs.

Furthermore, it is possible to apply redundancy-elimination techniques from
automated theorem proving like tautology-deletion and subsumption to the pro-
file which results in a smaller and thus more readable version of it. While these
transformations formally change the set of normal forms, the logical meaning
of them is preserved. On the other hand we clearly can regard profiles as equal
if they are equivalent w.r.t. variable renaming. Moreover we believe that the
analysis can be carried over to LK-proofs in second-order logic.
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