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Abstract

This work is about eliminating lemmas from constructive proofs. Proofs are represented using
intuitionistic sequent calculus and lemmas are cut inferences. So in the end we are actually
eliminating cuts from intuitionistic sequent calculus proofs. The way we do this is via a method
based on resolution. Why do we want to eliminate lemmas? Because it is important for proof
analysis. Different proofs of the same theorem might give us different insights on the theorem
itself. We use intuitionistic sequent calculus because we are interested in constructive proofs,
which, in principle, give us more information than a non-constructive proof. A constructive
proof can actually provide a concrete algorithm for solving a problem. We use a method based on
resolution inspired by CERES, which is cut-elimination by resolution for classical logic. CERES
can perform better than reductive cut-elimination, complexity-wise speaking, on some types of
proofs. Also, the resulting proof after eliminating the cuts via CERES can be different than
the ones reductive cut-elimination will yield, which means more information for mathematical
proof analysis. Our main goal is to develop a CERES-like method for intuitionistic logic such
that it has the same advantages as CERES for classical logic.

The CERES method, as is, for classical logic cannot be straightforwardly applied to intu-
itionistic calculi. The main difficulty comes from the fact that intuitionistic calculi are often
defined by some structural restriction on the sequent. These restrictions are bound to be violated
when performing some of CERES’ operations and because of this the resulting proof tends to be
classical. We need to modify the method such that it accommodates these restrictions and yields
intuitionistic cut-free proofs. This change can be done in many ways along the steps of CERES,
and several methods were developed.

Our first solution is based on the application of extra inferences to avoid the violations.
This turned out to work only for a subclass of intuitionistic logic. It involves using a new
resolution calculus and redefining the elements of CERES. The second solution works for the
same subclass, but with the original elements of CERES and a simple post-processing of the
final proof.

The third approach required an extensive study of rule permutations in the sequent calculus
for intuitionistic logic LJ. It is based on the observation that if the input proof is of a specific
shape, the final proof can be transformed into an intuitionistic proof by an operation we define.
The rule permutations are necessary to transform the input proof into this shape, and interest-
ingly enough, some unsoundness is allowed. This unsoundness comes from the permutation of
strong quantifier inferences. Usually, these are not allowed for they might generate eigenvariable
violations, but in our case, we can live with the violations and guarantee that they will not occur
on the final proof.



The fourth and fifth methods are not methods per se. The former defines a new way to
assemble the final proof in CERES and the latter is a resolution refinement that approximates
CERES to reductive cut-elimination. We conjecture that, by combining these operations we
obtain a cut-elimination method by resolution for intuitionistic logic (without strong quantifiers
in the theorem to be proven).

This thesis summarizes the main results in developing a method of cut-elimination by res-
olution for intuitionistic logic. Besides the methods already mentioned for sub-classes of this
logic, we also discuss the relation between CERES’ operations and intuitionistic logic, and pin-
point exactly where the problem lies. We finish the thesis with a conjecture that such a method
is possible. The proof of which we leave as future work.



Kurzfassung

Diese Arbeit behandelt die Elimination von Lemmata in konstruktiven Beweisen. Beweise wer-
den im ituitionistischen Sequentialkalkiil dargestellt, Lemmata durch Gebrauch der Schnittre-
gel. Somit handelt diese Arbeit iiber Schnittelimination im intuitionistischen Sequentialkalkiil.
Die dafiir verwendete Methode beruht auf dem Resolutionsprinzip. Warum sollten wir Lemmata
iiberhaupt eliminieren? Der Grund dafiir liegt in der Bedeutung fiir die Beweisanalyse. Verschie-
dene Beweise des selben Satzes konnen uns verschiedene Einsichten in den Satz selbst vermit-
teln. Wir verwenden den intuitionistischen Sequentialkalkiil weil wir an konstruktiven Beweisen
interessiert sind, welche uns im Prinzip mehr Information liefern kénnen als nicht-konstruktive.
Aus einem konstruktiver Beweis kann auch einen konkreter Algorithmus zur Losung eines Pro-
blems gewonnen werden. Wir verwenden eine resolutions-basierte Methode inspiriert durch CE-
RES, welches eine Schnitteliminationsmethode fiir die klassische Logik auf Basis des Resolu-
tionskalkiils ist. Auf bestimmten Beweistypen ist CERES der reduktiven Schnitteliminations-
methode in komplexititstheoretischer Hinsicht iiberlegen. Auch die durch CERES gewonnenen
Beweise konnen von denen durch reduktive Methoden erhaltenen verschieden sein, und daher
mehr Information in der mathematischen Beweisanalyse liefern. Die Hauptaufgabe dieser Arbeit
ist es eine CERES-Typ Methode fiir die intuitionistische Logik zu entwickeln welche die selben
Vorteile bietet wie CERES in der klassischen Logik.

Die CERES-Methode, so wie sie fiir die klassische Logik definiert ist, kann nicht einfach
auf intuitionistische Kalkiile tibertragen werden. Das Hauptproblem kommt daher dass intui-
tionistische Kalkiile vielfach iiber strukturelle Einschriankungen der Sequente definiert werden.
Diese Einschriankungen werden typischerweise durch die CERES-Operationen verletzt wodurch
ein nur klassischer Beweis entsteht. Aus diesem Grund muss die Methode modifiziert werden
sodass sie diese Einschrinkungen beachtet und ein intuitionistischer Beweis resultiert. Diese
Modifikation (an den Schritten von CERES) kann auf verschiedene Weise geschehen und fiihrt
zur Entwicklung verschiedener neuer Methoden.

Die erste Losung besteht in der Anwendung zusitzlicher Inferenzen um die Regelverletzun-
gen zu vermeiden. Dieser Ansatz stellte sich fiir eine Unterklasse intuitionitischer Beweise als
sinnvoll heraus. Hier wird ein neuer Resolutionskaliil entwickelt und die einzelnen Phasen von
CERES neu definiert. Die zweite Losung, welche fiir die selbe Subklasse gilt, verwendet die
urspriingliche CERES-Methode und wendet ein Postprocessing auf den resultierenden Beweis
an.

Der dritte Ansatz erforderte eine ausfiihrliche Untersuchung der Regelpermutationen im Se-
quentialkalkiil LJ fiir die intuitionistiche Logik. Der Ansatz beruht auf der Beobachtung, dass
fiir gewisse Beweisformen der CERES-Beweis durch Postprocessing in einen intuitionistischen
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Beweis transformiert werden kann (mit Transformationen die in dieser Arbeit definiert werden).
Die Regelpermutationen sind dabei nétig um die Beweise in diese Formen iiberzufiihren, wo-
bei interessanterweise auch inkorrekte Beweistransformationen erlaubt sind. Die Inkorrektheit
entsteht dabei durch Permutation starker Quantorenregeln. Diese Inkorrektheit ist natiirlich im
Allgemeinen inakzeptabel, in diesem Falle aber harmlos, da gezeigt werden kann dass diese im
Endbeweis wieder verschwinden.

Die vierte und fiinfte Methode sind nicht Methoden per se. Die vierte liefert eine neue Me-
thode um den Endbeweis in CERES zusammen zu setzen, die fiinfte ist eine Resolutionsver-
feinerung welche mittels CERES die reduktive Schnitteliminationsmethode approximiert. Wir
vermuten dass, durch Kombination von vier und fiinf, eine vollstindige Schnitteliminationsme-
thode fiir intuitionistischen Beweise von skolemisierten Sétzen entsteht.

Diese Arbeit fasst die Hauptresultate in der Entwicklung einer resolutions-basierten Metho-
de fiir die intuitionistische Logik zusammen. Aufer den beschriebenen Methoden fiir Subklassen
der intuitionistischen Logik beschreiben wir auch das Verhalten zwischen CERES-Operationen
und der intuitionistischen Logik, und zeigen auf, wo genau die Probleme liegen. Am Ende der
Arbeit wird die Vermutung definiert, dass (wie oben beschrieben) eine vollstindige Methode fiir
die intuitionistische Logik gewonnen werden kann; der Beweis davon ist Aufgabe zukiinftiger
Forschung.
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CHAPTER

The Big Picture

“What is your PhD?” This is probably the first thing we get asked when people find out we are
doing a PhD. Unfortunately, this is also the most dreaded question of almost every PhD student
I know. I think it is because we get so involved in the work, and we worry so much about the
details to make something work, that we end up forgetting what that something is. And when
we get asked this question, we can immediately think of a million tiny things that need to be
solved, and that is effectively what we are doing in a daily basis, but that is not the answer the
other person is expecting. They want the big picture.

It is important not to loose track of what is the big picture. We must be able to understand
the purpose of what we are doing and to explain this to other people. Otherwise, how can we
convince funding agencies, employers, relatives and even ourselves of the importance of our
work? This chapter is dedicated to the big picture of my PhD.

1.1 Cut-elimination

Mathematicians are exact and precise people. Maybe because mathematics is an exact and
precise science. Problems need to be well defined, as well as solutions. Theorems need to be
proved. A correct proof is the utmost guarantee that a statement is true, while just one counter-
example is enough to state that a statement is false. We can say that mathematics revolves around
theorems and its proofs. This work is about proofs.

Proofs can be seen as mathematical objects themselves. Like any decent mathematical ob-
ject, there are some operations that can be performed with them. The problem with proofs is that
they are generally presented to people not as mathematical objects, but as a text in natural lan-
guage proving stuff about other mathematical objects. So it can be a bit hard to convince them
that we can work with proofs as we work with natural numbers, real numbers, graphs, trees, etc.
But take my word for it, they are also mathematical objects.

Have you ever thought how hard it would be to multiply one hundred and twenty three by
forty four? This looks much easier:




123
x44

Defining operations to a text might be a bit hard, so we have a formal language to represent
these proofs. This language is logic. We present it in Chapter 2]

So what can we do with proofs? Well, lots of things! We can for example develop computer
programs that will try to prove statements (semi-)automatically or that will check if a proof is
correct [1,/2. We can compare proofs and identify common structures that might become new
mathematical concepts [[29]]. We can transform them in a systematic way and have new insights
from a different proof of a theorem [7]. We can develop ways of finding counter-examples of a
theorem from a failed proof [26]]. We can extract algorithms from it [|32]]. Just to cite a few. The
research field that deals with formal proofs is called proof theory.

This work concerns proof transformation. More specifically, we try to develop an operation
that will eliminate the use of lemmas in a proof. Lemmas are helper statements that are used to
prove something. Suppose for example that you want to prove (x + y)? = 22 + 2xy + y%. You
can use the definition of exponentiation and do the following:

(r+y)(z+y) =2z +2y+yz+yy

Again using the definition of exponentiation, we obtain 22 and y?. Now we can use the fact
that multiplication is commutative as a lemma, and get 2xy. Formally, we would have to prove
that multiplication is commutative, and then carry on the proof of our main theorem.

The thing about lemmas is that they can be anything. They don’t even need to be within
the same theory of the theorem you are proving. We can, for example, prove something about
number theory using lemmas of topology [3]]. Math can be tricky. By removing the lemmas of
a proof, we guarantee that this proof will be “pure”, meaning that it will use statements only of
the theory we are working with. Although the “lemmaless” proofs can be much longer, they can
also be conceptually simpler.

In the formal language we are using, lemmas corresponds to structures called cuts. There-
fore, cut-elimination will stand for lemma elimination.

1.2 Intuitionistic logic

We said before that, in order to define operations on proofs, we must represent them using a
formal language. In our case, this language is logic. But this is less exact than it sounds. There
are in fact hundreds of logics scattered around, so we have to pick one. We choose intuitionistic
logic.

“Why?”, you ask. Because intuitionistic proofs are special. Well, actually, constructive
proofs are special, and intuitionistic logic has a nice constructive flavor. One can argue that there
are better logics to deal with constructivism, but intuitionistic logic is one that has a solid math-
ematical justification and it makes sense to choose a more established and well-founded logic.
Although not the best constructive logic, the motivation for intuitionistic logic was Brouwer’s
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philosophy of intuitionism, in which a proposition is valid only if it can be constructed from a
set of axioms. This is the definition of constructivism itself.

But why is constructiveness so important? In general, constructive proofs are more informa-
tive than non-constructive proofs. Take for example the triangle inequality theorem:

Theorem 1. Let a, b and c be the lenghts of the sides of an arbitrary triangle such that c is the
length of the side opposite to the biggest angle. Then ¢ < a + b.

There is a non-constructive and a constructive proof for that.

Non-constructive Proof. Assume that ¢ > a + b. We know that a,b,c > 0, since these are
lengths of a triangle’s sides. Then we can square both sides:

2 >a’+2ab+ b >a®+ b

From the transitivity of the operators, we conclude that c¢? > a? + b

But note that the Pythagorean theorem states that, for right triangles, ¢> = a? + b?, where c
is the hypotenuse, i.e., the side opposite to the biggest angle.

By assuming the contrary of the theorem, we reached a contradiction, therefore the theorem
holds. O

Constructive Proof. Suppose we have the following triangle:

Then we know that ¢ = x + y. Using the trigonometric functions we can compute:

T = acCoSs«

y =bcosf

We also know that 0° < «, 8 < 90°, therefore 0 < cosa,cos 8 < 1 and acosa < a and
bcos 8 < b. Using the equation we obtain:

c=x+y=acosa+bcosB<a-+bd

We can conclude then that the inequality holds. O



Note how different these proofs are. Although the constructive one seems a bit more com-
plicated, it proves the inequality by actually showing how to compute the value for ¢, and then
concluding that it holds. That’s the kind of information we like about constructive proofs. From
the non-constructive one, we simply know that the theorem holds, and nothing more.

Intuitionistic logic is an attempt to formalize this constructivism in a deductive system. An-
other reason why we choose this logic is the Curry-Howard isomorphism, which relates math-
ematical proofs to computer programs. In principle, we could extract algorithms from proofs
of statements. In our example, we can use the constructive proof to obtain an algorithm that
computes c in a triangle.

So there. We want to eliminate lemmas from constructive proofs. From now on we start
going into the details. We will show the formal language with which we represent proofs, then
we present a well-known method for eliminating these lemmas in this formalism (Chapter [2).
Then we go on to present another method to eliminate lemmas, on which our solution is based
(Chapter [3). The following chapters are dedicated to studying proof transformations inspired by
that of Chapter 3| which can work for a fragment of intuitionistic logic.

You might notice that nothing more will look constructive or like a proof at all, but let’s try
to keep the big picture in mind.



CHAPTER
Logic

In order to facilitate, and possibly automate, the analysis of proofs, it is necessary to represent
them using a formal language. We are aware that using this language does not necessarily make
proofs more readable for humans, but it is essential for automation. In our case, we will use the
language of first-order logic.

2.1 Basic concepts

We start introducing basic concepts of logic. These are the building blocks of formal proofs.
Propositions (statements or theories) are represented using formulas, steps of reasoning are rep-
resented with inference rules and proofs are a set of structured inferences. We will explain each
of these elements now.

Formulas

The definition of formulas in first-order logic depends on the signature of the theory being
considered. This signature is simply a set of symbols and their roles. First of all, there is a set of
constant symbols, usually represented by lowercase letters from the beginning of the alphabet,
such as a, b and c. There is also a set of function symbols, which need to be specified with their
arities. These are represented by lowercase letters such as f, g and h. Variable symbols use
letters from the end of the alphabet, like x, v and z. Finally, there is a set of relation symbols
and their respective arities, represented by uppercase letters.
The most basic elements of a formula are terms.

Definition 1 (Term). A term is defined as follows:

o Any variable is a term.

e Any constant is a term.




e [f f is an n-ary function symbol, and t1, ..., t,, are terms, then f(t1,...,t,) is a term.

Since we are working on first-order logic, all terms have type ¢, meaning that they are of one
simple elementary type, and not composed type such as ¢ — ¢. That said, ¢ could be instantiated
as any type, e.g., natural number, real number, fruits, animals, etc.

Using the terms, we can construct formulas.

Definition 2 (Formula). A formula is defined as follows:

e If R is an n-ary relation symbol and t1, ..., t,, are terms, then R(ty,...,t,) is a formula
(also called atomic formula).

o [f F'is a formula and x is a variable symbol, then Vx.Fx and 3x.Fx are formulas.
o [f F'is a formula, then —F is a formula.

o [f Fy and F>5 are formulas, then F1 \ Fs, 1 V Iy and 'y — F5 are formulas.

Each connective V, 3, =, A, V, — takes its usual meaning, i.e., universal quantification, exis-
tential quantification, negation, conjunction, disjunction and implication, respectively.

Note that the only difference between function and relation symbols is that function symbols
are applied to a tuple of terms of type ¢ forming an expression of type ¢, while relation symbols
are applied to tuples of terms of type ¢ but form an expression of type o (i.e. true or false).

In general, we will construct formulas using uppercase letters which are simply placeholders
for other formulas (possibly more complex).

Given a formula, it will be useful in the future to classify its sub-formulas as positive or
negative occurrences. For that we define the polarity of sub-formulas.

Definition 3 (polarity in a formula). Let F' be a formula and F' a sub-formula of F. Then we
can define the polarity of F' in F, i.e., F' can be positive or negative in F, according to the
following criteria:

o IfF = F', then F' is positive in F.

e fF=ANBorF=AVBorF =Vz.Aor F =3z.Aand F’ is positive (negative) in
A or B, then F' is positive (negative) in F.

e I[fF = A — Band F' is positive (negative) in B, then F' is positive (negative) in F.
e I[fFF = A — Band F' is positive (negative) in A, then F’ is negative (positive) in F.
e If F = —Aand F' is positive (negative) in A, then F’ is negative (positive) in F.

Another important concept that will be mentioned frequently is that of strong and week
quantifiers.
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Definition 4 (Strong and weak quantifiers). Let F' be a formula. If Vx occurs positively (neg-
atively) in F, then Yz is called a strong (weak) quantifier. If Jx occurs positively (negatively)
in F, then Jx is called a weak (strong) quantifier. Let Aq,..., A, b B, ..., By, be a sequent.
A quantifier is called strong (weak) on this sequent if it is strong (weak) on the corresponding
Sformula Ay N ... N A, — B1 V...V By,

Using formulas we can represent propositions such as “the sum of even numbers is an even
number”:

Va.Vy.(even(x) A even(y) — even(x + y))

The signature of the theory in which this formula is being considered would need to have x
and y as variable symbols, + as a binary function symbol and even as a unary relational symbol.
Moreover, we could infer that ¢, the type of terms, is the type of integers.

Sequents

Now that we can represent propositions using formulas, we need something to represent that
from a set of propositions other propositions can be derived (or proven). This is the role of
sequents.

Definition 5. A sequent is of the form T = A, where T and A are multi-sets of formulas. We say
that T is the antecedent while A is the succedent.

Intuitively, it denotes that the conjunction of the formulas in I' entails (or implies, repre-
sented by the symbol F) the disjunction of the formulas in A. This means that a sequent:

Ay, ..., Ay & By, ..., Bm

where A; and B; are formulas, can actually be represented by the formula:

AN NA,— B1V..VB,

Why use sequents then? Because sequents (and not formulas) are used to specify deduction
steps that compose a proof in sequent calculus, which is presented next.
Analogous to the formula case, we can also define polarity of formulas within a sequent.

Definition 6 (polarity in a sequent). Let S = Ay, ..., Ay - Bi, ..., By, be a sequent. A formula
is said be positive (negative) in S if it is positive (negative) in the corresponding formula: A; N
W NA, - B1V..V B,

Sequent Calculus

Sequent calculus is a deduction system in which proofs can be represented. The system is a set
of inference rules that operate on sequents. An example of such a rule is:

'AA THA,B
I'FA,AAB "




Bottom-up this rule can be read as: in order to prove A A B we need to prove A and we need
to prove B. Alternatively, we can read this rule top-down as: if we could prove A and we could
prove B, then we can certainly assume A A B.

I" and A are called the left and right contexts respectively. The sequent below the horizontal
line is called the conclusion and the sequents above the horizontal line are the premises. In
principle a sequent calculus rule can have any number of premises, but the systems used in this
work have only 0-, 1- or 2-premise rules. Moreover, A — B is referred to as the main formula,
while A and B in the premises are auxiliary formulas.

In these rules, it is always the case that a proof of the premises implies in a proof of the
conclusion. Additionally, for some rules, the converse also holds, meaning that a proof of the
conclusion implies in a proof of the premises. We call these bidirectional rules invertible, while
the others are non-invertible.

Most of the rules in a sequent calculus system are what we call logical rules, meaning that
they operate on a formula and its sub-formulas, like the A, rule presented previously. But there
are also structural rules, like contraction (copies a formula - bottom-up), weakening (erases a
formula - bottom-up) and the famous cut (which will be explained soon with more details). Here
are left contraction, left weakening and the cut:

PAAFA  TrA , THEAA ATEA
TAFA ' T,AFA TFA

cut

The other type of rule in sequent calculus systems is the axiom, which is a O-premise rule:

AFA

Observe that the 2-premise, or binary, rules presented (A, and cut) have the same left and
right contexts in the premises and conclusion. This is because they are additive rules. We can
also specify them as multiplicative rules:

'FAA T'FAB PFAA AT FA
O,V FAAN,ANB " D, T FA,A

cut

Note that in multiplicative rules the contexts from the conclusion are split among the premises.
When the structural rules of weakening and contraction are available in the calculus, it does not
matter if we use additive or multiplicative rules. In this work, we use mostly multiplicative
calculi.

Depending on which rules are available in a sequent calculus systems, some formulas are
derivable (meaning that they can be proved) while others are not. So naturally, different logics
have different sequent calculus systems. Of course the relation is not one to one. There are sets
of rules that do not represent any logic, while there are different sets of rules that represent the
same logic.



Proofs

So we have formulas that represent propositions, they can be organized in sequents to which
rules of a sequent calculus are applied. How does this make a proof?

A proof of a sequent I' - A in a sequent calculus S is a tree composed by rules of .S having
I' = A as the root, or end-sequent, and axioms as the leaves. In general, this “tree” is upside-
down of the usual way trees are represented in computer science. Here’s a proof of a simple
statement:

even(2) F even(2) even(4) - even(4)
even(2), even(4) - even(2) Aeven(4) " even(2+4) F even(2 + 4)
even(2), even(4), even(2) A even(4) — even(2+4) - even(2 + 4)
even(2), even(4), Vy.(even(2) A even(y) — even(2 + y)) b even(2 + 4)
even(2), even(4), Ve Vy.(even(z) A even(y) — even(z +y)) - even(2 + 4)

W7

A7

Sometimes we will use a double line to indicate that more than one inference rule was
applied.

One thing I learned in the past years is that people read proofs differently. Some read them
bottom-up, others read them top-down, and it is often unclear to refer to an inference application
“before” or “after’” another. I also learned that both directions have their merits, and in this thesis
there are some situations in which one or the other makes sense. I try to make it always clear in
which direction I am working.

2.2 Logics

Earlier I said that different sequent calculus systems correspond to different logics. Yes, logics,
in plural. You’d think that a logic is what is logical, it is correct reasoning, so how can there be
more than one? Well, first of all, you might have found out by now that there’s no such thing
as the correct reasoning. Secondly, the logic as we learn in school (ands and ors operations,
negations, etc.) is not the logic our brains reasons with. There is research in this direction
though [31]], they try to find what is the brain’s logic basically.

A logic can be defined in many ways. And “what is a logic” can be a very philosophical
question. Since I did not study philosophy, I apologize to the philosophers in advance, and
define a logic as I think suits best for this work.

Since a logic can be represented by different sequent calculi, this is obviously not a good
way to define it. At the same time, it is not all that bad. But in this work there are different
calculi for the same logic, so it is not a reasonable definition. First of all, a logic has a set of
operators. All the logics we are dealing with in this work use the operators: A, V, -, —, V and
3. When we work with formulas that do not contain the quantifiers V and 3, we say that we
are in propositional logic. If the quantifiers are present, we call it predicate logic. Then there
is a meaning for each of those operators, what we call semantics. The semantics might seem
clear to you now, but there are subtle differences which result in different logics. Apart from the
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operators, a logic has also a set of truth values, which can be two, three, finitely or even infinitely
many. In our case, we have two truth values: frue and false.

Given a signature and these operators, we can construct well-defined formulas in a logic.
Depending on the semantics of the operators, the interpretation given to each symbol and the
domain considered, these formulas might be satisfiable, valid or neither. We say that the in-
terpretation of the symbols and the domain compose a model. A formula is satisfiable if it is
evaluated to true in at least one model, and it is valid if it is evaluated to true in every model.
Take for example the formula:

Va.(A(z) = B(x))

If we interpret A(x) as x is natural and B(x) as x is an integer and take Z as the domain, then
the formula is of course true (considering the most natural semantics of V and —). Therefore,
the formula is satisfiable. If, on the other hand, we interpret A(x) as x is an integer and B(x) as
x is natural, then the formula will be false if we consider the domain Z. We can conclude then
that it is not valid.

In contrast to that, the formula Vz.(A(z) — A(x)) is valid. Note that this will be true
independently of how we interpret A(x) and which domain we choose. We will define a logic
as the set of valid formulas. Moreover, this set should be closed under consequence, i.e., if
Ay, ..., A, are valid formulas and they entail another formula B, then B must also be valid.

In this work we will use two logics: classical and intuitionistic. We can say that the set
of valid first-order formulas in intuitionistic logic is a subset of valid first-order formulas in
classical logic. The same holds for proofs. In the next sessions we define each logic in detail.

2.3 Classical Logic

Classical logic is probably the logic that non-logicians have in mind when I say that I work with
logic. Its sequent calculus, called LK, is depicted in Figure [2.1| and every valid formula has a
proof using these rules. Classical logic can be seen as the logic of stable truth, in the sense that
every sentence is always either true or false. One evidence of this is the fact that the principle of
excluded middle holds in this logic. This is a proof of this principle in the sequent calculus LK:

AF A
A4
FA,AV-A "
FAV A AV oA
FAV-A "

T

The operators of classical logic have a most natural semantics, which use exactly their natural
language counterparts. In order to describe the semantics of logics, we will use the satisfiability
relation . The expression M F F' denotes that F' is evaluated to true in model M (remember
that a model is simply an interpretation Z of the symbols and a domain D). Then the semantics
of classical logic can be stated as:
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T FALP To,PHA,

AFA [I] Fla FQ F A17 AQ [Cut]
T'FA,P - I,PFA [
[L-PFA 'Y TFA-P'"
P,THA ] Ty AP Fgl—Ag,Q[/\]
PAAP,TFA " Ty ToFALAL,PAQ VT
PTiFA, QTsk A, i THAP o]
PVQ, T, T,FAL, A, VY TFAP VR W
T FALP QTsk A, I,PFA,Q
PO, oA A, 7 TrapSg
P{z+a},TFA . I+ A, P{z + t}
wprra G Trraspe B
P{x+t},TFA v L'+ A, P{z + o}
Vz.P,T F A Vil =5 A, Vz.P r
P,PTHA THA,PP
PTFA [ TFA,P 1G]
kA I'A
P,FPA[WZ] F%A,P[WT]

Figure 2.1: LK: Sequent calculus for classical logic. It is assumed that « is a variable not
contained in P, I" or A, ¢ does not contain variables bound in P and i € {1, 2}.

M E —F iff it is not the case that M = F
MEFR NFEiff ME Fpand M E F
MEFRVEiff MEFyLor ME Fy
ME Fy — Fyiftif M F Fy then M E F5
M E Vz.F(z) iff for every d € D then M E F[z < d|
M E Jz.F(z) iff there exists a d € D such that M F F[z < d|

A formula F' is valid in classical logic if it is satisfied by every model, i.e., for all M,
M E F. Observe that F[x < d] stands for interpreting = with d in F.

For untrained eyes, this might seem a lot of formalism for something very simple (almost
stupid). But I hope you will be convinced otherwise when the semantics of intuitionistic logic is
presented. A very small change in the interpretation of these symbols turn out to make a huge
difference.

Note that the semantic description of the operators of a logic might not be unique.
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2.4 Intuitionistic Logic

If classical logic can be seen as the logic of stable truth, intuitionistic logic can be seen as the
logic of stable proof. In this logic, a sentence is only considered to be valid if there is a proof
of it, and we cannot emphasize enough that a lack of proof of the negation of a sentence is not
a proof of the sentence. As you may suspect, the principle of excluded middle does not hold in
intuitionistic logic, and you will not be able to prove it with either calculi presented here (Figures
[2.2]and 2.3). For this reason, intuitionistic logic has some interesting properties.

If one wants an intuitionistic proof of a disjunction of facts A; V...V A, then this proof will
indicate exactly which disjunct(s) is(are) true. This is called the disjunctive property. Also, from
an intuitionistic proof (without V;) of an existential statement, such as 3x.P(z), one can obtain
a term a for which P(a) holds. This is called the witness property. Although every intuitionistic
proof is also a classical proof, these properties of course do not always hold in classical logic.
For this reason, intuitionistic logic is often referred to as a constructive logicﬂ This constructive
flavor is useful in a number of situations, for example, when we want not only to find whether
something has a solution but also what is the solution and ~ow to obtain it. In the book “A Course
in Constructive Algebra”, by Mines, Richman and Ruitenburg, there is a nice comparison of the
two worlds:

The classical view of mathematics is essentially descriptive: we try to describe the
facts about a static mathematical universe. Thus, for example, we report that every
polynomial of odd degree has a root, and that there is a digit that occurs infinitely
often in the decimal expansion of 7. In opposition to this is the constructive view of
mathematics, which focuses the attention to the dynamic interaction of the individ-
ual with the mathematical universe; in the words of Hao Wang, it is a mathematics
of doing, rather then a mathematics of being. The constructive mathematician must
show how to construct a root of a polynomial of odd degree, and how to find a digit
that occurs infinitely many often in the decimal expansion of .

The change from classical to intuitionistic truth can be observed on the Brouwer-Heyting-
Kolmogorov intepretation, which states what is intended to be a proof of a formula:

Fy A Fy : is a pair (p1, p2), where p; is a proof of F; and py is a proof of F;
Fy VvV F5 :is a proof p of either F or F5 (with an indication as to which conjunct p proves)
Fy — F5 : is a function that transforms a proof of F} into a proof of Fy
—F': interpreted as F' — |
Va.F : is a function that converts any element @ of the domain into a proof of F'(a)
Jz.F : is an element a of the domain and a proof p of F'(a)
atomic F' : the interpretation of primitive propositions is assumed to be known from the context

L : there is no proof of absurdity

'But this is disputable
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We can observe, using this interpretation, how the logical connectives are independent in
intuitionistic logic. In classical logic, A VV B is equivalent to —(—A A —B), hence the validity of
DeMorgan’s rules. Using the BHK-interpretation, A \V B indicates either a proof of A or a proof
of B, while —=(—A A —B) indicates a function capable of transforming a pair of proofs of —A
and —B into a proof of a contradiction. Since these formulas have different interpretations, we
can expect that the DeMorgan rules are no longer valid in intuitionistic logic.

Note an interesting thing about this interpretation: V and — (and consequently —) are in-
terpreted as functions. This already hints to a connection between intuitionistic logic and com-
putation which is formalized by the Curry-Howard isomorphism. Also known as the proofs-
as-programs interpretation, it describes the relationship between computer programs and math-
ematical proofs. This relationship relies heavily on type theory, developed by Russel on the
beginning of the 20" century.

In the Curry-Howard isomorphism, proofs are seen as programs and formulas are interpreted
as types, while the logical connectives are operations between types (e.g., — is the functional
type, as expected, A is the product type, such as that of pairs, tuples or lists, and V is the sum type,
in which the conjuncts are eliminated via pattern matching). Using this interpretation, interesting
connections were found. Relevant to this work is the correspondence between intuitionistic
natural deduction and simply typed A-calculus, which is a computation model. This is what
makes intuitionistic logic so interesting for computer science.

As we mentioned before, the semantics of intuitionistic logic is slightly different from the
classical one. We present here the Kripke semantics, also called possible world semantics, which
is based on the existence of worlds containing models that can satisfy formulas. These worlds
are connected via an accessibility relation denoted by <. Let’s say that w and v are worlds, then
w = v means that v can be reached from w. We can see these worlds and relations as a directed
graph. This graph will be a Kripke structure if it satisfies some properties. First of all, the set of
worlds plus the accessibility relation must be a partially ordered set, i.e., the relation < has the
following properties:

w =X w (reflexivity)
w=vandv R wthenw =v (antisymmetry)
w=<vandv <uthenw < u (transitivity)

Moreover, the structure should be monotone on the domain available and on the truth value
assignment. Let D,, denote the domain of the model in world w. Then:

w=v=D, CD,
w<vAwkEF=vEF

This characteristic can be interpreted as an ever growing knowledge. Every step further in
the graph, the information you have is at least what you had in the previous state, possibly more.
Now, given the Kripke structure, we define the Kripke semantics for intuitionistic logic:
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wE Fy A By iff wE Fyandw E Fy

wkE VvV E iffwkE FyorwFE Fy

wkE F — Fy iff for every v such that w < v, if v F F} then v F Fy
wE —F iff there is no v, w < v, such that v F F'

w FE Vr.F(x) iff for every v, w < v, and every d € D, then v F F(d)
wkE Jz.F(x) iff there exists a d € D such that w F F(d)

Observe that the semantics of —, — and V depends not only on this world, but on all the
followings.

A formula F' is valid in intuitionistic logic if and only if it is satisfied in every world of every
possible Kripke structure. On the other hand, to show that a formula is not valid, we need only
to show a Kripke structure in which it is not satisfied in every world.

As a deductive system for intuitionistic logic, we will use two different sequent calculi. One
of them, probably the most well-known sequent calculus for this logic, is called LJ. If you
compare this to LK, you will see that they are very similar. In fact, LJ is basically LK with
the restriction that the consequent of the sequent can have at most one formula. This calculus is
depicted in Figure 2.2]

For some reasons that we will point out later on, we will also use what is called a multi-
conclusion calculus for intuitionistic logic. This is depicted in Figure [2.3] You can notice that
L)’ is somewhere between LK and LJ, with some rules having multiple formulas on the right
while other only allow the main formula, namely —,., =, and V..

As mentioned before, the principle of excluded middle, A vV —A, is not valid in intuitionistic
logic. You can check that it is not derivable in either of the calculi presented.

2.5 Cut-elimination

An important proof transformation for proof analysis is the elimination of unnecessary lemmas
for obtaining potentially simpler (or at least more direct) proofs. When a mathematical proof is
formalized in the sequent calculus LK, LJ or LJ’, the application of lemmas correspond to cuts.
Throughout this document we will use the following configurations of the cut rule:
FEAA AT FA A AT HC

cut cut

0T F A, A or I,T'FC

Note that it has no main formula.

Cut-elimination is the procedure of removing the cut rules, and therefore, removing interme-
diate lemmas. A proof without cuts has the subformula property: all formulas on the proof are
(instances of) subformulas of end-sequent formulas. Consequently, cut-free proofs of a theorem
will use only the theorem’s theory itself.
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I P T,,PFC

e W P, Cu
I'P I Pk
r-pr M rE=p
PTHC TP THQ
Pl/\PQ,I‘i—C[/\lZ] TFPAQ [Ar]
PTFHC QTFC TP
pvorrc M wrpvp Vi
I'-P QTyFC T,PFQ
PoorL,nLrc 0 trpsg
P{z <+ o}, THC s 'k P{z <t} -
Jz.PTFC (3 EET
P{z +t},T+C 'k P{z + a} v
Vz.P, T+ C ! TEvep Ll
P,PTHC r-c I+
PTFC 0] P,FFC[WZ] rrp Wl

Figure 2.2: LJ: Sequent calculus for intuitionistic logic. It is assumed that « is a variable not
contained in P, I" or C and ¢ does not contain variables bound in P. Also, C stands for one
formula or the empty set.

The main result on cut-elimination - the Hauptsatz - was proven by Gentzen [15,/16] in
1935. It states that the cut rule is admissible in LK and LJ. This means that every proof with
cuts can be transformed into a cut-free proof. Gentzen’s proof of the Hauptsatz actually contains
an algorithm for removing the cuts from a proof. The method and some of its variants are often
referred to as reductive cut-elimination, because they are based on local proof-rewriting rules
that gradually reduce the complexity of the cut formula until reaching atomic cuts, which can be
completely removed. The rewriting rules for the systems LK and LJ are listed in the Appendix
[A]and we distinguish three types:

Definition 7 (Elimination rule). We call elimination rules the rewriting operation that removes
a cut because one of the auxiliary formulas was weakened or used in an axiom (see example in

Figure[2.0).

Definition 8 (Rank reduction). We call rank reduction the rewriting operation that permutes the
cut rule over other rules in a proof (see example in Figure[2.5)).

Definition 9 (Grade reduction). We call grade reduction the rewriting operation that transforms
a cut on a formula into a cut (or cuts) on simpler formulas, i.e. formulas with less connectives

(see example in Figure[2.4).
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I'AA I',BFA
[,I",A— BF A, N
ILA,BFA
[LANBF A
[LAFA T',B+ A
[.I',AVBFA,A
T, A{t/z} F A
[LVzAFA !
I, A{c/z} F A
[LAzAFA

THAA _
T,-AFA

Y]

Vi

!
AL A init

DA AFA
T,AFA

TFA
T,AF A

a

wy

ILAFB
I'-A— B,A
I'FAA T'FB,A
I,I'FAABAAN "
I'-A B, A
'FAVB,A "

'+ A{c/z}
-AvVzA ™"
I'-A A{t/z}

FFAJzA 7
rAF
I'H-4A
I'B,A I'BFA

I,TVE A, A
I'FAAA
I'FAA

TFA
TFAA

T

r

cut

(

r

Figure 2.3: The multi-conclusion intuitionistic sequent calculus, LJ’, with multiplicative rules.

¥1 P2
Fl FP F27 Q FA N 3
T,P—QFA AT A

TP 5 QT FA e

P2 ©3
©1 Ly, QA AT FA
IMVFP I',Q,IVEA
1

cut

~ TP~ QI A A

Figure 2.4: Rewriting rule that permutes a cut over a —; inference.

Using the rewriting rules, reductive cut-elimination methods perform the following opera-

tions iteratively:

e Permute the cut rule until it becomes principal (the inferences immediately above the cut
are those that operate on the cut-formula) using rank reduction rules.

e Reduce the complexity of this cut using grade reduction rules.

e Remove the cut using elimination rules.

This is based on local operations, and since there is no unique normal form for proofs,
different cut-free proofs can be obtained if the rewriting is done in a different order.
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®3

¥1 P2 ©3 ©2 "41',7]-—‘// FA
_— W,
THA Tk A ATUEA Y1 TR A, AL AL TTFA :
T,T'F A AAy " A AA T FA Z Tk A, 4 DTEA o
LT FA at LT FA e

Figure 2.5: Rewriting rule that reduces the complexity of the cut in a proof.

@
AFAL ATEA ©
T,AF A Wt ATFA

Figure 2.6: Rewriting rule that eliminates an atomic cut.

If we are interested in eliminating cuts from proofs, we need to make sure that the cut is
actually “eliminable”, i.e., admissible in the calculi we are working with. Gentzen’s Hauptsatz
tells us this is the case for LK and LJ. But we are also working with another calculus: LJ’.

Theorem 2. The cut rule is admissible in LJ’.

The proof of cut-elimination for LJ’ is not exactly like the one for the other calculi. Since
the rules vary in single and multiple conclusion, some permutations are not possible, and this
can be a bit tricky. In order to prove the theorem, we use some lemmas.

First of all, we need to state when the permutations of the cut work and when they don’t.
This concerns rank reduction rules.

Lemma 1. The cut rule permutes over all rules on the left branch.

Lemma 2. The cut rule permute over all rules on the right branch except —,, ¥, and —,.
We will also need to deal with permutations of other rules.

Lemma 3. Every rule permutes over invertible rules.
Using these lemmas we can prove cut-elimination for LJ’.

Proof. By Lemma|I| we conclude that it is always possible to make the cut principal on the left
branch. If the rule operating on it is an axiom or weakening, the cut can be removed and we are
done. If, on the other hand, this rule is a logical rule, we need to make the cut principal also on
the right to apply one of the grade reduction rules.

From Lemma 2] we know that it is not always possible to permute the cut on the right branch.
Assume we’ve reached a —, V,. or —, on the right side. Now we have to distinguish on what
cut-formula we have.
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If this cut formula has —, — or V as the topmost connective, then the context of the left
branch is empty (given that the cut is principal on the left). In this case, the cut can be permuted
over the rule on the right, like it is done in LJ.

If the cut formula has V, A or 3 as its main connective, then the rule operating on the cut
formula on the right branch will be V;, A; or 3;. But these rules are invertible. By Lemma we
can guarantee that it is possible to push this rule down the proof until it reaches the cut, making
it principal on both sides.

Using these operations, we can always reduce the complexity of the cut formula until even-
tually eliminating it completely. Thus, the cut rule is admissible in LJ’. O
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CHAPTER

The CERES method

The method CERES [10] (cut elimination by resolution) is an alternative to reductive cut-
elimination, and it is proven to have a non-elementary speed up over the latter. CERES was
first developed for first order classical logic, and then extended to second and higher order
logic [18,/19]. It has also been adapted to multi-valued logics [11] and Godel logic [5]. The
method has been implemente and applied successfully to proofs of moderate size, such as the
tape proof [6]] and the lattice proof [20]], in fully automatic mode. Also, Fiirstenberg’s proof of
the infinitude of primes was successfully transformed, semi-automatically, into Euclid’s argu-
ment of prime construction using CERES [7].

In contrast to reductive methods, which remove each cut step by step, the CERES method
removes all cuts simultaneously. It performs global operations in the proof, extracting relevant
data which are later joined in a new proof containing only atomic cutﬂ The advantage of this
approach is its non-elementary speed-up over reductive methods.

3.1 CERES in drawings

Let ¢ be an LK proof of a sequent .S. Then, the method consists of:

1. Skolemizing .

The method requires that the end-sequent contains no occurrence of V on the right and
3 on the left (because of the eigenvariable condition associated with the rules for these
connectives). In order to achieve this, the proof needs to be skolemized, which means that
eigenvariables are replaced by skolem terms. After obtaining the final proof, this operation
is reversed, resulting in a proof of the original end-sequent.

"http://code.google.com/p/gapt/
The presence of atomic cuts is not a problem, since the complexity of removing those is considerably smaller
than that of removing arbitrary cuts.
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2. Constructing the characteristic clause set CL(yp).

Whenever a cut rule is applied, a new formula is introduced in the proof (bottom-up in-
terpretation). This cut formula is then decomposed, and some of the atoms which came
from this formula go into leaves of the proof. Figure[3.]illustrates this situation. Consider
that the yellow triangle is . Each red trace represents a cut (on its vertices) and the cut
ancestors used trough out the proof. These cut ancestors may end up in axiom;f] C;0S;,
where C; is the part of the sequent composed of cut ancestors and .S; is the part of the
sequent composed of end-sequent ancestors. The characteristic clause set contains theseﬂ
Ci.

CioS;
\/ V

S

Figure 3.1: ¢ with cut and cut-ancestor highlighted.

. Constructing a projection 7; for each C; € C'L(y).

Considering that each C; is a subsequent of one or more axioms of the proof, it is possible
to rebuild the proof from those axioms using only the rules that operate on end-sequent
ancestors, thus leaving the atoms that came from cut-formulas unchanged. This will result
in a proof of S o C;, where S is the end-sequent of ¢ (one may need to apply some
weakenings to get .S). This proof is the projection 7; of C; and it is shown in Figure [3.2]

CiOSi

CZ'OS

Figure 3.2: Projection of clause C; from the clause set.

. Finding a resolution refutation R of C'L(yp).

A crucial property of the characteristic clause set is that it is refutable. This means that
there is a resolution refutation of this set of clauses, which is just a derivation of the empty
sequent () from the clauses of the characteristic clause set. The resolution refutation is
represented in Figure [3.3] and each C; might be used zero or more times.
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Figure 3.3: Resolution refutation of the characteristic clause set.

5. Merging the projections 7; and the resolution refutation R.

The last step consists of merging the previous elements. The projection for each C; will
be put immediately above the leaf of the resolution refutation that used the same C;, the
proper substitutions will be made and the end-sequent is merged down this branch until the
root. After plugging in all the projections, a proof of .S with only atomic cuts is obtained.
Note that each resolution step is translated into an atomic cut, and the other rules of the
resolution calculus are also rules in LK. Figure [3.4] represents the final proof with only
atomic cuts, which in fact only occur in the lower triangle.

CloSl CnOSn

Cio0S8...C,,0oS8

FoS =S

Figure 3.4: Final proof with atomic cuts obtained after merging the projections with the resolu-
tion refutation.

The CERES method, as it is, can in fact be applied to LJ proofs. The problem is that the final
proof obtained, with only atomic cuts, is often an LK proof, which is an undesirable effect. This
happens mainly because of the transformations of removing some rules to build the projections
and the merging of elements (projections and resolution refutation) to obtain the final proof,
which results on some sequents having more than one formula on the right side.

3.2 CERES in details

Now that you have a general idea of what the CERES method is, let’s explain it in detail.

For proof skolemization we refer the reader to [9] (Proposition 4.2), but the procedure con-
sists basically on skolemizing the end-sequent and transforming the proof by removing the
strong-quantifier inferences. The reason why skolemization is needed will be clear in the ex-
ample we use throughout this section.

Let ¢ be the following proof, in which cut-formulas and its ancestors are colored in green:
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Pa - Pa
-Pa, Pa
-Pak —Pa Qat Qa

-PaV Qat —~Pa, Qo
—PaV Qat -PaV Qa,~PaV Qo
—PaV Qatk —PaV Qa

Va.(mPzV Q) F =PaV Qo !
Vz.(=Px V Q) 3y.(=Pa Vv Qy) "

1

r

l

T

Va.(~Pz V Qx) - Yo Jy.(—=Px Vv Qy) "

Pa - Pa
- Pa, Pat
—PatF—-Pa ' QBFQB

=PaV QpF —-Pa,QB

U

r

Vi

Vex2 TE 00 =Pav QB,—Pav QB )

Vy X 2

T

—PaVv QpF-PaV QB
d, x 2

—PaV QpFtF Jz.Jy.(~Px VvV Qy)

Jy.(—~PaV Qy) F Jz.Jy.(-Px V Qy)

l

Vo Jy.(=Pz VvV Qy) b 3z.3y.(=Pz V Qy)

l
cut

Va.(=Pz V Qz) + 3x.3y.(=Pz V Qy)

We start thus with the extraction of the clause set.

Definition 10 (Clause-set). The clause set is built recursively from the leaves of the proof until
the end sequent. Let v be a sequent in this proof. Then:

e [fvisan axiom, then C L(v) contains the sub-sequent of v composed only of cut ancestors.
o [fv is the result of the application of a unary rule on a sequent i, then C L(v) = CL(p)

o [f v is the result of the application of a binary rule on sequents (1 and po, then we
distinguish two cases:

— If the rule is applied to ancestors of the cut formula, then CL(v) = CL(u1) U
CL(p2)

— If the rule is applied to ancestors of the end sequent, then CL(v) = CL(u1) X
CL(p2)

Wherd):
CL(p1) X CL(u2) = {C o D|C € CL(p1), D € CL(p2)

The clause set of  is:

({PaF} x {FQa}) U{ Paj U{QS I}

Which reduces to:

CL(¢) ={PatQa ; FPa ; QBF}

Alternatively, we can work with a clause-set struct.

>The operation o represents the merging of sequents, i.e., (T'F A)o (T A') =T, TV F A A'.
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Definition 11 (Clause-set struct). The clause set struct is built analogously to a clause set, except
that instead of applying the operators U and X, we use & and ® respectively.

The clause-set struct of ¢, in a tree representation, is:

FQa Pab QBF + Pa
N/ N/

®\@/@

Projections are derivations built for each of the clauses in the clause set. Intuitively, projec-
tions are derivations from the axioms from where the clause was collected until the end sequent
considering only the rules applied to end sequent ancestors.

Definition 12 (Projection). Let C be a clause which contains atoms from the axiom set A. Let
& be an inference on the path between the end sequent and axioms A. We define the projection
7w (C) as the derivation built recursively from the axioms A:

o [f& is an axiom, the derivation is £ itself.
o [f € is aunary rule:

— If & operates on a cut ancestor, the derivation does not change.

— If € operates on an end sequent ancestor, the derivation will be increased by the
application of this rule.

o [f& is a binary rule:

— If€ operates on a cut ancestor, then each branch generated different clauses (observe
how clauses are built). In this case, two derivations will be generated, one for each
branch, without applying &. These derivations will have the same rules applied from
this sequent down, but the sequents will have different cut ancestor formulas.

— If € operates on an end sequent ancestor, the derivation will be increased by the
application of this rule.

In each step, it might be necessary to weaken the auxiliary formulas of an inference. More-
over, if all formulas of the end-sequent are not present after constructing the projection, they are
weakened as well.

Note that cut-ancestors (from the clause) are just dragged down in the sequent, without
changes.

The clause set of ¢ has three clauses. Consequently, there are three projections:

23



(- Pa) T(QB 1)

Pat Pa  _ I
_FPa-Pa " _wites .,
- Pa,—-Pav QB " . QB F—=PaV QB S
-
F Pa,3z.3y.(~Pz V Qy) r X Qp F Jx.3y.(-Pz Vv Qy) w

w -
Va.(~PzV Qz) F Pa,3z.3y.(-Pzv Qy) «  "%(7PzVQ2),QFF3z.3y.(-PzV Qy)

m(Pat Qa)

PirFa _,
-Pa, Po Qo Qo
—PaV Qa, Pak Qo
Va.(-PzV Qx), Pak Qo !
Va.(~Pz V Qx), PaF Qo,Jx.Jy.(—wPx V Qy)

l

T

On the derivation 7(Pa = Qa) we can illustrate why proofs need to be skolemized. Imagine
that, instead of V;, we needed to apply a V.. inference at this point. Now, V,. has the side condition
that the variable used to instantiate the formula need to be an eigenvariable, i.e., a fresh variable
different from the ones already occurring in the sequent. Although it would be ok in the input
proof, this might cause problems in the projections (because no inferences are applied to cut-
ancestors). So the variable «, which in the input proof was introduced after (above) V., is now
present in the sequent. That would require the we instantiate the formula with another variable,
but in this case, the sequent would not be provable. That’s why we require that the input proof
has no strong-quantifier inferences.

O-projections avoid the application of some weakenings and allow the end-sequent to con-
tain only a subset of formulas of the input proof’s end-sequent.

Definition 13 (O-projections). O-projections are constructed like regular projections (Definition
[12)), except that no weakenings are added in the end to obtain all the formulas of the input proof’s
end-sequent.

The o-projections of ¢ are the following:

7T(" Pa) W(Qﬁ |_)
Pal Pu -
F Pa,~PaVv Q@B " S o 7 QB F-PaVvQ@p S s
F Pa,3x.3y.(-Px VvV Qy) X QB F Jz.3y.(-Pz Vv Qy)
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AT, A AVA T AA AT AFT A A
Ao, Ao +=T,0l"c Ao, Ac+-To ' ActTlo,Ac "

Figure 3.5: Resolution calculus

m(PaF Qo)

PaF Pa —
-Pa, Pa Qo Qo
—PaV Qa, Pat Qa
Va.(=Pz V Qz), Pat Qo

l

For the next step in the CERES method, we need to compute a resolution refutation of the
clause set. The resolution calculus is depicted in Figure|3.5|and a resolution refutation is simply
the derivation of the empty clause from the clauses in the set.

In the case of ¢, we can obtain the following refutation:

F Pa Pal Qa
F Qa

R{a + a}
I— @ir R{B + a}

In order to use this refutation for a sequent calculus proof, we need to ground it. This means
we get a resolution refutation where the resolution inferences involve no unification.

FPa Pat Qa

F Qa B oar
}_

R

We need still to remember the substitutions used, so that we can use them to instantiate the
variables in the projections. To get a final proof, we need to plug the projections on top of their
respective clauses in the refutations. When a unification was involved, as in the case of the
clauses Pa - Qo and Q3 F, we use an instantiation of the projections, i.e., in this case we use
m(Pat Qa){a <+ a} and m(QB){B < a}.

The final proof is referred to as a ACNF, for atomic cut normal form. Note that, however,
there is not a unique normal form, since it will depend on the resolution refutation used.

The ACNEF for ¢, considering the resolution refutation shown before and using o-projections,
is:
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Pat Pa _ PaF Pa

r

F Pa,—Pa y -Pa, Pa o Qatk Qo
F Pa,=Pav QB " =PaV Qa, PatF Qa ! Qat Qa
F Pa,3z.3y.(~Px Vv Qy) " X Va.(~Px V Qz), Pa F Qa ! Qatk-PaVvQa "
Va.(=Pz V Q) F Qa, 3z.3y.(~Pz V Qy) Ut 00 32.3y.(=Pz v Qy) Z: 2

Vz.(-Pz V Qx) F Jx.3y.(=Px V Qy), 3x.3y.(-Px V Qy) .
Vz.(=Pz V Qx) F Jx.3y.(-Px V Qy)

(

Note that there are now two atomic cuts, one on Pa and another on QQa. Eliminating these
is fairly easy and can be done in linear time.

The main goal of this work was to develop a CERES-like method for intuitionistic logic, in
the sense that all cuts are eliminated at once and a resolution refutation is used as a helper to find
the necessary atomic cuts.
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CHAPTER

The problem

In this Chapter we describe the problems in applying CERES to intuitionistic proofs and some
possible solutions. Unfortunately, we could not yet define a method such that it encompasses
full intuitionistic logic, but we hope that the analysis presented here will convince the reader
that this is not a trivial problem. We also hope that the insights obtained by the partial solutions
contribute to the development of a CERES variant that will work for full intuitionistic logic (see

Chapter [10).

Let’s start by defining properly the system with which we will be working. In Chapter 2] we
presented two calculi for intuitionistic logic, namely LJ and LJ’. We also noted that all rules
of LJ are particular cases of LJ’ rules. Although we are aware that LJ is the calculus that
comes to mind when intuitionistic logic is mentioned, we will allow resulting proofs to be in
LJ’. There are three reasons for that: (1) every LJ-proof is an LJ’-proof, trivially, and every
LJ’-proof can be translated into an LJ proof using V; rules [33]]; (2) the CERES method relies
on a sequent merging operation o, which would constantly violate the structural restriction of LJ
(the sequents may have at most one formula on the right side) but would pose less problems for
LJ’; and (3) CERES uses resolution on atoms, which can be easily translated to an LJ’-proof,
analogously to the classical case. The input proof is still in LJ though. The only restriction we
make to these proofs is that they are skolemized, i.e., there are no strong-quantifier inferences
(V- and 3;) on end-sequent ancestors. The reason for working with skolemized proofs in the
intuitionistic case is the same as for the classical case: eigenvariable violations. Now, we know
of course that skolemization for intuitionistic logic is not as simple as for classical logic, but
there are some methods developed [8]], [17]], [25]. Moreover, developing a CERES method for
non-skolemized proofs would be a major problem on its own, so we decided to live with this
small restriction. Therefore our aim is to analyse the CERES method and possible variations
applied to a (skolemized) LJ-proof, the result of this operation being an LJ or LJ’-proof.

27




4.1 What is the problem?

What happens when CERES is applied to an intuitionistic proof? First of all, let’s remember the
steps of the CERES method:

1. Computation of the clause set.
2. Resolution refutation of the clause set.
3. Construction of the projections.

4. Merging of projections and resolution refutation (final proof with only atomic cuts).

Now we’ll analyse, for each step, what is the result when an LJ-proof is given as input.

Clause set The clause set of an intuitionistic proof will be the same as in the classical case,
i.e., composed by atomic sequents possibly having more than one atom on the right. Note that
this would be a structural violation for LJ, but in LJ’ the sequents are ok.

Resolution The rules of the resolution calculus can be applied unchanged to the clauses in
the clause set. Resolution and factoring rules will later be translated, respectively, into cuts and
contractions for the final proof. Considering that cuts and contractions impose no structural
restrictions in LJ’, resolution can be used with no concerns. Observe again that using LJ and its
single conclusion sequents here would be quite a problem.

Projections Projections seem to be the biggest of our problems. During their construction, cut
ancestors are just “dragged” down without changes. This is no problem in the classical calculus
LK, but remember that, as much multi-conclusion as LJ’ can be, it still has a few restrictive
rules that require the right formula to be alone. Namely, —,., —, and V.

I'AFB IAE 'k A{c/x}
r-A—-B "~ TF-A " Yz A "

When a cut ancestor on the right side has to be merged with a sequent of such a rule, we
have a problem. Of course that, when working with skolemized proofs with cuts only on atoms,
inferences V, do not occur, but still the other two rules are problematic.

Projections can obviously be built for intuitionistic proofs, the problem is that they might not
be intuitionistic themselves. Since these are part of the final proof, classical projections mean
classical proof, which is an undesirable effect of the method.

If you are not yet convinced that allowing the final proof to be in a multi-conclusion calculus
is better for our problem, take a look at Table 4.1]

The attentive reader might have observed that structural restrictions on sequents is the major
issue here. Why not use a calculus for intuitionistic logic that imposes no such restriction then?
Are there such calculi? Well, of course there are.
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L) | LY
Clause set X v
Projections | X X
Resolution | X v

Table 4.1: Elements of CERES for different intuitionistic calculi.

4.2 Trying other calculi

The labelled calculus attempt

Labelled deductive systems were formalized by Dov Gabbay [14]. Following his ideas, Sara
Negri and Roy Dyckhoff developed a labelled calculus for intuitionistic logic [|13]], which hap-
pens to be multi-conclusion (in all rules). In this calculus each formula is given a label, which
can be interpreted as a world in the Kripke semantics. There is also a predicate < that operate
on these labels, and this can be interpreted as the accessibility relation among worlds. Take for
example the rule for —,.:

r<y,y:ATFAy:B
I'-Az:A— B

Now remember the Kripke semantics for A — B: A — B is true in the world x if for every
world y accessible from x, A true in y implies that B is true in y. The universal quantification
over y is captured in the inference rule by that fact that y is a fresh label. The problem in applying
CERES to such a calculus is exactly the “freshness” requirement of some labels. These rules
then have the same effect as strong quantifier rules, and “eigenvariable” violations occur exactly
on those labels. Now, we have agreed already that the problem with strong quantifiers would
not be a topic of this thesis, so we decided not to pursue this direction further. It is worth noting
though, that if a method is ever developed in which strong quantifiers do not cause problems,
such method can be used also in the labelled calculus for intuitionistic logic.

The decorated sequent calculus attempt

Another less popular, but also interesting, approach is the decorated sequent calculus for intu-
itionistic logic [12]. A decorated sequent has the form:

Ar(n1), -, Ap(ng) = B1/S1; o Bin [ Sm

Where A; and B, are formulas, n; is a natural number and S is a set of natural numbers.
Each n; is the index of formula A;, and n; # n; for i # j. Each S; is the dependency set
of formula B;. Intuitively, the set S; contains the indices of the antecedent formulas that 5;
depends on. Naturally there are restrictions on the indices for some rules. Naturally these
restrictions were violated when the CERES method was applied to decorated proofs. It was an
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interesting idea, but unfortunately we got no new insights from it. Being such an unconventional
calculus, with harder manipulation because of the indices, we decided to abandon the idea.

It is curious to observe that the rule for —, invariably causes problems in the calculi consid-
ered. This seems, on the one hand, a bit odd since the properties of IL are due to disjunctions
and existential quantifiers. But it is according to the Kripke semantics and BHK interpretation,
where implication (and universal quantifier) is indeed a particular case.

In both these approaches, we considered that the output proof would be in the same calculus
as the input proof. Had we wanted to have an LJ-proof as output, another non-trivial problem
would have to be solved, namely, the translation of labelled and decorated sequent calculus
proofs into L.J. As of today, there are no methods developed for such translation.

4.3 BacktoL]

So let’s get back to the original idea with the multi-conclusion calculus LJ’. We’ve seen that
the main problem is the violation of —, and —, on the projection These can occur in two
situations. The first one is when cuts occur above these inferences in the input prooiﬂ

Li- T AFBT :
T, AF B _)C“ o T',AF B, F'
ILT'FA—>B projection, T A 5 B, F'

T

In this example, F” is an atomic ancestor of F, which does not cause problems in the input
proof. But when the projections are built, inferences operating on cut ancestors, and thus the
cut itself, are not applied, leaving possibly some of its atomic ancestors on the right side at the
application point of —,..

The second situation in which violations might occur is when cut ancestors shift sides during
a proof above —,. and —, inferences:

TLAFP T,QF B R T, Al P

TP >QAFB . T,AFP.B
TP sOFA— B projection, A g P "

In this example, P — () is a cut ancestor which occurs on the left side when the inference
—, is applied. But when the —; inference is applied to this formula (bottom-up), the ancestor
P is shifted to the right side. When the projection for the left branch is built, considering no
more shiftings happened, there might be cut ancestors P’ on the right side, thus violating the
application of —,.

You can observe how this violation occurs in a real proof on Example|[T]

'Remember that, being the input proof skolemized, there are no V,. inferences in the projections.
2We will use green for cut ancestors in an intuitionistic proof and red for cut ancestors which make the proof
classical.
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Example 1. Let © be the proof:

AFA
B,AF A
AF A -A,B,AtF o
A-AF ' TABF-4 "
SAF A " SAFBS A
-AFB — -A cut

We will compute its projections and see why they are no longer intuitionistic proofs. The
clause set of @ is very simple: CL(p) = {A F; & A}. The projections for each of these clauses
are:

AFA
ABFA
ArA BRA-A T
A, -AF ! FAB o -A

Wy wy
A,-AF B — A —AF A B— A

The left projection is ok, but the right projection contains two inferences, namely —, and
—., Which are no longer intuitionistic. In this particular case, the violation happened because
the cut ancestor A changed sides on the original proof by a negation rule.

You might have observed that not every application of —, and —, will cause problems.
Some of them might be actually fine. Now we define precisely which are the inferences that will
be problematic.

Definition 14 (Critical inferences). Let £ be a —,, —,. or vV, inference on an end-sequent an-
cestor in an LJ-proof. We say that £ is a critical inference if the clause set computed in the
derivation of the conclusion of & from the axioms has one or more positive atoms.

Intuitively, a critical inference is one that will be classical in at least one projection. Note
that this does not mean that it will be classical in every projection. Observe also that the positive
atoms will be exactly the “extra” formulas when the inference is performed in a projection.

We say that a critical rule occur in its infuitionistic form if the context on the right side of
the sequent is empt

I A+ B LLAF 'k Alx/a]
r-rA—-B " T'F-A " TFrVeAz "

Otherwise, we say that it occurs on its classical form:

3What is this V. rule doing there? I know we don’t use it on the projections, but I am listing it for completeness
purposes.
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I' A+ B,A r LLAFA '+ Alz/a], A K
— - 7
TFASBA '™ TF-AA " TFVedsA 'r

Although we call this the classical form, these rules are not the same as the ones for LK.
They have the particularity that A contains only atomic cut ancestors.

Lemma 4. If a critical inference occurs in its classical form in a projection, then the formulas
in A are all atomic cut ancestors.

Proof. We can safely assume that this inference occurred in its intuitionistic form in the input
proof, since this is an LJ proof. When the projections are being built, the inferences applied
to end-sequent ancestors remain the same, thus these formulas are exactly as they occur on the
input proof. The only different formulas in the sequent are the atomic cut ancestors, which can
potentially occur on the right side when, in the original proof, they occurred on the left, or not
occurred at all. O

Definition 15 (f-rules). We define as j-rules the following

PAFBA . DAFA L TEAl/aA
TFABA " TF-AA ™ TFVedr,A '

Where A consists of atomic cut ancestors.

Therefore, the result of applying CERES to an LJ-proof might be a classical proof only
because of f-inferences. Now all we have to do is find a way to transform f-inferences into
intuitionistic inferences.

4.4 ““Trivial” classes

Before thinking about this transformation, though, we ask ourselves whether there are classes
of LJ-proofs such that the application of CERES yields LJ’-proofs. The answer is of course
positive.

For one thing, we can consider the class of skolemized proofs in which there is no occurrence
of the inferences —, and —, on end-sequent ancestors. We can still relax this restriction, but
there are some interesting observations about this class of proofs. If the rules —,., =, and V,. are
not used on end-sequent ancestors, cut-free LK- and LJ’-proofs are undistinguishable. In fact,
even when atomic cuts are used, the proofs will be the same in both calculi. In this fragment,
classical and intuitionistic logics coincide after cut-elimination, and any cut-elimination method
will yield an LJ’-proof, regardless whether the inferences operating on the cut formulas were
classical or not. We can formally characterize this class of proofs by a syntactical restriction on
the end sequent.

Definition 16 (KJ-sequent). A sequent S is called a KJ-sequent if every formula whose main
connective is —, ¥ and — is negative in S (Definition [6).
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Definition 17 (LJK). We define LJK as the class of LK- or LJ’-proofs such that the end sequent
is a KJ-sequent.

Theorem 3. The CERES method applied to an LJK-proof yields an LJ’-proof.

But as mentioned before, we can loosen this restriction. On Section [4.1| we observed that
not every —, and —, causes problems, only the critical ones (Definition[I4]). Thus we can allow
these inferences to occur, as long as they are not critical. Unfortunately we could not yet find
a syntactic restriction on the end-sequent that would characterize this class of proofs, since it
depends also on the cut formulas and inferences applied to them.

Theorem 4. If a proof contains no critical inferences, then the CERES method yields an LJ’-
proof.

4.5 Decidable atoms

You might be wondering by now why don’t we just apply some negation inferences to change
the side of the bothering atomic cut ancestors. Well, it is not that simple, and this is in fact a big
part of iCERES, the first method we present. In Chapter [f] we discuss what can be solved using
resolution on negated atoms. For now, let’s assume we apply a negation inference only to the
atom that is violating a critical rule. If this is done in Example [I] its clause set would then be
CL(p) ={AF; —At} and the projections become:

ARA
A -AF
ABAE
AFA B,—AF-A4
A -AF “AFB—-A

wy

T

1-AFB=-A'"" TA-AFrB=-4

Which is cool, because now they are intuitionistic. Note though that resolution does not
really work for the clause set. Unless we can resolve A - with =A F. When can we do this?
We can do this if AV —A holds. Now, we know very well this is not the case in general for
intuitionistic logic, but in this setting we need the principle of excluded middle to hold only for
atomic A. So when we deal with theories in which atomic formulas and grounded predicates are
decidable (such as intuitionistic arithmetic for example, where we have to decide on equalities),
we can use this “degenerated” resolution rule:

T,AFA T/,-AF A
LT F A A

Which is replaced in the final proof by:
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FA-A ToAEN
I'FALA “raAra
LT FA A

cut

Note that the leftmost premise of this derivation can only be proved if A V —A is decidable,
for atomic A.

One important observation is that, when a proof is skolemized, atoms which were previoulsy
decidable might no longer have this property. Take for example (2+2 = 4)V (242 # 4). Easy to
decide which one is true, right? But with skolemization we might have (2+c = 4)V (2+c # 4).
Not so easy now. Nevertheless, this is likely to cause no problem for the CERES method, since
at no point we need to actually make this decision. We already know which are the axioms from
the input proof.

Being able to run the CERES method in arithmetic gives us a huge range of possible proofs
to work with.
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CHAPTER

The limits

Before going into the possible solutions on having a CERES-like method for intuitionistic logic,
we will make clear what are our limits. You should remember now that the CERES method
relies heavily on a resolution refutation. Not only that, it can be any resolution refutation. In this
chapter we show that we can’t have such liberty in intuitionistic logic.

We present here two proofs, one in propositional and another in predicate intuitionistic logic.
We try to apply the CERES method to both of them and show that, by using the clause set and
refutations as defined before, it is impossible to obtain intuitionistic proofs.

5.1 Intuitionistic propositional logic

So, let’s try to apply CERES to the following LJ proof, in which the cut formulas and cut
ancestors are marked in green:

Prr _
~P,PF
PFP _ PP
p.-PF oPoPE PFP
PEP —-P+-pP " -P,~—PF P P,——PF P

I

. va —r

PFPV-P ~PFPV-P . —PF-aP—P PE—P>P,

PV —-PFP\V-P ! PV-PF-=P—P . !
PV—-PF—-—P—P

First of all, we need to extract a clause set from this proof. This is the following:

CL={-P; P+}

In fact, if you observe closely, you will see that the cut ancestors from the left branch of
the cut were not considered. This is because they would result in the following tautological
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clause: P - P, and in resolution, tautological clauses can be ignored. Remember this. It will be
important.

Now, there is only one possible resolution refutation of such a simple clause set. It is this
one:

FP Pk

The next step is to construct the projections of the clauses. We will use o-projections to
facilitate the analysis. The only difference to the regular projections is the lack of a weakening
of the right side formula P V —P in the end.

(- P)
w(PF)
PP S D
—f PrFP
H;:I; - P——Prp "
W Wy PFr———P—P

FP,——P P T

Note the presence of f-inferences on one of the projections. This makes it a classical deriva-
tion.

We can put the projections and resolution together into this final (classical) proof:

PEP

_t
FpP,-pP T

LT -
~~PFP_,, PEP
~—PFP,P P,~—PFP

T

FP,~~P—P " PF—P P
F—-—-P— P —-——P—P

F——P — P
PV-PF—-—P—P

cut

r

wy

The proof is classical, but we were aiming for an intuitionistic one. Can we transform this
proof into an intuitionistic proof (in LJ or LJ”)? Well, the end-sequent is certainly intuitionistic,
since our input proof is in LJ. But the very next sequent, after weakening the left side formula, is
not! You can try as much as you want, but you won’t find an intuitionistic proof of - == P — P.
If the full projections are used, the effect is not so obvious, but it is the same. The left formula
PV —P would be weakened in the projections and not used in the proof of =—P - P at all.

So you see, after applying CERES we got a proof with atomic cuts, but of a classical formula.
This is, and always will be, a classical proof.
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5.2 Intuitionistic predicate logic

Let’s show now that the same happens in predicate intuitionistic logic. For that we use the
following proof:

PaF Pa ~ PtE Pt _ Pft-Pft _
Pfat Pfa —~Pa,Pab ~Pt,PlF | SPJLPfiF
Pfa — Pa,-Pa,Pfat -Pt+ Pt —Pft+-Pft |
Vy.(Pfy — Py), ~Pa, Pfalk j —Pt — =P ft,~Pt+ —Pft N
Vy.(Pfy — Py),~PaF —Pfa _} ~Pt— ~PftF-Pt > -Pft
Vy.(Pfy = Py)F ~Pa — -Pfa Pt — —PftF 3y.(~Py — ~Pfy)

Vy.(Pfy — Py) b Vy.(=Py — ~Pfy) " Vy.(=Py — —Pfy)F 3y.(-Py — —=Pfy)

Vy.(Pfy — Py) = 3y.(=Py — —~Pfy)

cut

Observe this proof makes no use of the V; rule. The LJ fragment without V; is considered a
bit special because Herbrand’s theorem (or midsequent theorem) holds in it [33]]. This theorem
also holds for full LK. Because of this, there was always an intuition that CERES would work,
without changing much, in LJ without V;. Unfortunately, this example shows us the contrary.

The characteristic clause set of this proof is the following:

CL={Pfat Pa ; PtF ; - Pft}

Which can be refuted by using only two out of the three clauses:

Pt
- Pft Pfir ;_ft

l_

Now we construct the o-projections of the clauses involved in the resolution, already instan-
tiating ¢ to ft in one of them.

7(F Pft) (Pt )]t + ft]
PfiF Pt . PJi,FPft _
- Pft-Pft " Pft,—PftrF
~Ptl- PfL,-Pft ' Pft,~Pftr -Pfft
FPft,—~Pt — —Pft " PftF —Pft = —Pfft .
F Pft,3y.(~Py — -Pfy) " PftF Iy.(=Py — -Pfy) "

Putting the pieces together into an ACNF:
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PftF Pt PiLEPft
- Pit,-Pft " Pft,oPftE
~Pti- Pft,Pft Pft,~PftE—Pfft ",
b Pft,—Pt — —Pft " PftF =Pft — ~Pfft
F Pft,3y.(~Py — -Pfy) =" Pftk 3y.(-Py — -Pfy) "
F3y.(Py o ~Pfy). 3y <Py > —Pfy) "
F 3y.(-Py — —Pfy)
Vy.(Pfy — Py) b Jy.(=Py — =P fy)

l

T

(a

And voila! We have the same problem as in the propositional case. The sequent - Jy.(—=Py —
—P fy) is not provable in intuitionistic logic.

5.3 Conclusion

Now what? Should we loose our hopes? Not just yet. During the next chapters of this thesis
we will try to work around this limitation. In Chapter [6| we use a different resolution calculus
that involves resolution on negated atoms. This method will work for a subclass of intuitionis-
tic logic. Chapter [7] presents an alternative method, covering the same subclass, but using the
negative resolution refinement. Chapters [§] and [9] show operations that can be used in the final
classical ACNF to transform this into an intuitionistic proof when possible. Finally, Chapter [I0]
presents a resolution refinement which can possibly be used to obtain ACNF’s that can always
be transformed into intuitionistic proofs by some of the previous operations.
Now starts the hard work!
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CHAPTER

iCERES

We have already seen what the problem is in applying the CERES method to LJ’- or LJ-proofs:
atomic cut ancestors on the right side of the sequent violate the structural restriction of some
inference rules. So why not move this atom from the right to the left? How can this be done?
Well, negating it!

In this Chapter we describe the very first approach for developing a CERES-like method
to intuitionistic logic [24]. It is based on shifting all atomic cut ancestors that appear on the
right side of the sequent to the left. We call this method iCERES. For this we must redefine the
concepts of clause set and projections, as well as extend the resolution calculus for resolving
negated atoms. Please keep in mind that this method is developed to have as input and output
LJ-proofs, i.e., single-conclusion sequents. In the end we discuss how it can be adapted to a
multi-conclusion setting, and the problems that arise there.

We will also describe another method that works for the same class of proofs and involves
less changes in the original CERES. It works with the regular clause set and projections, and the
same resolution calculus, although a refinement is used.

6.1 iCERES

We’ll start by redefining clauses, the clause set and projections. The clauses now can contain
literals, i.e., atoms or negated atoms, all with negative polarity (they only occur on the left side
of the sequent). The clause set is now composed of these new clauses, and we redefine how to
extract it from an LJ-proof. The projections are basically the same, with the only difference that
they will sometimes contain an extra —; rule applied to a cut ancestor.

Definition 18 (Intuitionistic Clause). An intuitionistic clause is a sequent composed only of
atoms or negated atoms on the left side and at most one atom or negated atom on the right.

Definition 19 (Intuitionistic Clause Set with Negations). The intuitionistic characteristic clause
set is built analogously to the usual characteristic clause set, except that all the formulas on the
right hand side are negated and added to the left hand side:
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e If v is an axiom, then CL' (v) is the set containing the sub-sequent composed only of
the formulas that are cut-ancestors, such that all the formulas that would appear on the
right-hand side are negated and added to the left-hand side.

e Ifv is the result of the application of a unary rule on p, then CL! (v) = CL! (p)

o [f v is the result of the application of a binary rule on 11 and o, we have to distinguish
two cases:

— If the rule is applied to ancestors of a cut formula, then CL(v) = CL!(uy) U
CLI(MQ).

— If the rule is applied to ancestors of the end-sequent, then CL! (v) = CL!(uy) x
CLI(/,LQ).

Although we defined the intuitionistic clauses having at most one literal on the right side,
the intuitionistic clause set, as defined, will contain only clauses with no literals on the right.

Now, itis very very important for the method that this different clause set is still unsatisfiable.
Let’s make sure of that.

Theorem 5 (Refutability of the Intuitionistic Clause Set). The intuitionistic clause set is LJ-
refutable.

Proof. Let o be an LJ proof and C'L () be its intuitionistic clause set built according to Def-
inition |19/ and C'L(¢p) be its classical clause set obtained by the classical version of CERES.
For each clause C; = AY, ..., A%Z_ + B, ..., Bfm of the classical clause set, we build the closed
formula F; = VZ.~(AY A .. A AL A=B AL A-BL).

We know that there is an LK-refutation ) of C'L(¢p):

G Cr

By merging each formula F; to its corresponding clause C; and propagating it down the
refutation, we obtain an LK proof ¢y from the formulas Fj, A%, ..., A, + Bi, ..., B} of the
end-sequent F1, ..., Fi

$1 Pk
FloC’l FkOCk

B, FF

Where each ; is a derivation of F; o C; from tautological axioms. We can transform the
proof ¢ into a proof ¢y of = =(Fy A ... A Fy):
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U1
.. FpF
FiN. . ANF,F
H ﬁ(Fl VANRSRAN Fk)

A x (k—1)

T

Since the axioms of this proof are tautological, we can transform this into an LJ proof 3

via the following negative translation [22]:

A — A"
A* — A (f A is an atom)

(mA)* — —A* (if A is an atom)
(AOB)* — (A*OB*),0€ {A,V,=}
(Jx. A)* — Jz. A*

(Vz.A)* — Var.-—A*

The end-sequent of 3 is - =(E] A ... A F},), where each F} is the negative translation of
F;. Note that - —-—=—A is LJ-equivalent to - —A, so there is still only one negation on this

end-sequent.
From the proof i3, we can construct the proof y:

—

—1 )
P - Ey,
7 A, Xk
3 FE AN F —
Fa(FL A ANEY) A(FLA L AF)F

cut

l_

Note that the end-sequent of each derivation =; is of the form:

And each & is:
A§7"'7Aili7ﬁB%7"'7jB:ni l_
AN ANAL AN-BLA . A-BY F

Fo—=(AL AL AAL ASBY AL ASBL)

m;

A X (ng +m; — 1)

Ty T T

F V...~V o= (AL A LA AL ASBYA LA SBYL)
F V.oV (AL A LA AL ASBEA LA SBE )

Vrv_'h_‘r

V7"7 "la r

So, we obtain an LJ-refutation of the clauses A}, ...,Af”, -Bi .. —|Bfm - for every i,

which are exactly the elements of C L’ (ip).

O]
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Ok, the intuitionistic clause set is refutable, but we don’t really want to go through all this
trouble for constructing a refutation every time, right? So we’ll define our own new resolu-
tion calculus for that, one able to deal with negated atoms, containing negation rules and with
sequents with at most one formula on the right.

Definition 20 (R™). The R™ calculus is a resolution calculus with the following rules:

r-A F’,A’I—AR -4 I"'-AFA
I'o,IVo - Ao I'o, "o - Ac

-

A A FA —A,-A'F A
Ao+ Ao c —-Ac F Ao B
LAFE r-4
TF-A4 " T,-AF |

Where A is a multi-set with at most one formula and o is the most general unifier of A and A’.

Given this resolution calculus, is it the case that we can actually find a resolution refutation
of a set of intuitionistic clauses with it? Yes, it is. To prove this we need to show that every
LJ-refutation (i.e., LJ-proofs having - as the end-sequent) of intuitionistic clauses S can be
transformed into a refutation of the same (or instances of) S with rules corresponding to the
rules of R™. Let’s do that step by step.

First step is to show that, in a refutation, we can restrict the cuts to cuts on atoms and negated
atoms.

Lemma 5. If ¢ is an LJ-refutation of a set of intuitionistic clauses (Definition Sand ¢ isa
normal form of ¢ with respect to reductive cut-elimination, then any cut-formula in ¢’ is either
an atom or a negated atom.

Proof. Assume, for the sake of contradiction, that ¢’ contains a cut whose cut-formula F' is
neither an atom nor a negated atom. Since the axioms of ¢’ contain only atoms or negated atoms,
it must be the case that the left and right occurrences of F' in this cut are introduced, respectively,
by inferences p; and p, occurring somewhere in ¢’. Two cases can be distinguished:

1. Both p; and p, occur immediately above the cut: in this case, either a grade reduction rule
(see Definition[9) can be applied, if both p; and p, are logical inferences, or an elimination
rule over weakening (see Definition[7)), if at least one of them is a weakening.

2. At least one of p; and p, does not occur immediately above the cut: in this case, a rank
reduction rule (see Definition [§) can be applied.

In both cases, the assumption contradicts the fact that ¢’ is in normal form. Therefore, it
must be the case that all cut-formulas in ¢’ are either atoms or negated atoms. O

Now that the cut formulas are restricted, we show that the actual inference rule we need are
only —;, =, cut and ¢;.
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Lemma 6. If ¢ is an L]-refutation of a set of intuitionistic clauses S and ' is a normal form of
© with respect to reductive cut-elimination, then the only inference rules used in ¢ are —;, =,
cut and left contraction.

Proof. Assume, for the sake of contradiction, that there is an inference p in ¢’ that is neither a
=y, nor a —,., nor a cut inference, nor a left contraction, and let F' be its main formula. Since ¢’ is
an LJ-refutation, its end-sequent is empty. Hence, F' must be the ancestor of a cut-formula, and
since F'is neither an atom nor a negated atom, its descendant cut-formula is also neither an atom
nor a negated atom. However, this contradicts Lemma 5] according to which any cut-formula in
' must be either an atom or a negated atom. Therefore, inferences that are neither —;, nor —.,
nor cut, nor left contraction cannot occur in ¢’. O

All logical inferences that are neither —; nor —, disappear when ¢ is rewritten to ¢’ due to
grade reduction rules. This is exemplified below for the conjunction case:

©1 ©2 ¥3 ®2 ©3
F1|_A Fg"B F3,A,B|‘A /\l ¥1 F2|_B Fg,A,B"Acut
I',IoFAAB "7 T3, ANBFA . I FA [, 05, AF A .
T, Ty, 05 A cu 05,05 A cu

The same cannot be done with negation inferences. Observe that, as usual, the grade reduc-
tion for negation requires the cut-formulas to be introduced by —; and —,.:

®1 ®2
Fl,A}_ - Fg "A - §01 (pg
I F-A " Ty, -AF I',AF Tyt A
T, T5F cut o, r

However, since the intuitionistic clause can have negated atoms, it may be the case that, (at
least) one of the cut-formulas was directly introduced by an axiom, as shown in the example
proof below:

©1
I
I F=A " Ty —-AF
T, Ty F cut

In such cases, the grade reduction rule for negation cannot be applied, and hence the negation
inference and the cut with a negated atomic formula remain.

So far we have shown that an LJ-refutation can be reduced to one with cuts only on literals
and inferences —;, -, cut and ¢;. But do the axioms remain the same? The next lemma proves
that these transformations to normal form alter the axioms only by substituting some variables.

Lemma 7. If © is an LJ-refutation of an unsatisfiable set of intuitionistic clauses S and ¢' is a
normal form of p with respect to reductive cut-elimination, then the axioms of ©' are instances

of the clauses of S.
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Proof. On applying the rewriting rules for cut-elimination, the initial sequents are not altered,
except for the quantifier grade reduction rules, shown below:

®1 ©2
I+ F(a) Iy, F(t) F A p1{a + t} v
T FVaeF(z) " DoVao.F(z)FA Iy FF(t) Ty FH)FA
T.ToF A cut T ToF A cut
¥1 P2
Iy - F(t) Iy, Fla) F A 01 pol{a « t}
T F3eF(z) " To,3nFa)FA Ty FF(t) Ty F(t)FA
Fl,FQ FA cut = ', I FA cut

In order to eliminate the quantifier of the cut formula, the instantiated version of the formulas
must be used. But this imposes no problem, since we can apply the substitution o = {a «+ t}
on the proof.

If X is an axiom clause in 2, X{« < t} will be an axiom clause in p2{c < t}. Finally,

¢’ will have axioms that are, in fact, instances of the clauses in S.

O

Now what? After all these transformations, the axioms did not remain the same. They are
actually instances of the original axioms. Can we get them back? Yes, the “lifting” lemma
shows that. Intuitively, this lemma guarantees that if there is a resolution of instantiated terms,
it is possible to transform (“lift”) this into a resolution of the same terms with variables and a
substitution.

Definition 21. Let X and Y be clauses, then X <; Y if and only if there exists a substitution
O with XO =Y.

Lemma 8 (Lifting). Let C and D be clauses with C <; C' and D <4 D'. Assume that C' and
D' have a R™-resolvent E'. Then, there exists a R™-resolvent E of C and D such that E <, E'.

The proof of Lemma [§is analogous to the one for the ordinary resolution calculus and will
not be described here [23]].
There, now we are ready to prove the completeness of our resolution calculus.

Theorem 6 (Completeness of R™). Let S be an LJ-refutable set of intuitionistic clauses. Then
S is R -refutable.

Proof. Let  be an LJ-refutation of S. By applying Gentzen’s proof-rewriting rules for cut-
elimination exhaustively, ¢ is rewritten to a normal form ¢’, whose existence is guaranteed by
the fact that Gentzen’s proof-rewriting system is terminating (see Gentzen’s Hauptsatz [[15,/16]).
By Lemmas and@, ¢ has only =, =, cut and left contraction inferences. As these inference
rules correspond, respectively, to the rules —;, =, { R, R—} and {C, C—} (without unification)
of the R™ calculus, ¢’ can be immediately converted to a ground R™-refutation 6. By Lemma
the axioms of ¢’ and hence also of § are instances of the clauses in S. Therefore, by the lifting
lemma (Lemma(g)), § can be lifted into an R™-refutation 6* of S. O]
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In fact, due to the way the intuitionistic clause set is constructed, all the clauses have no for-
mula on the right hand side. This means that the rule —; can be dropped from R™ and the clause
sets used in our scenario will still be refutable. Also, the resolution rule on non-negated atoms
could also be eliminated in our case, since we could always replace any (non-negated) resolu-
tion by negation inferences and negated resolution. But we will keep it to make the resolutions
shorter.

That was a lot of work! But now we have a clause set and a way to refute it. We only need
the projections and we are (more or less) done.

Definition 22 (Intuitionistic Projection). An intuitionistic projection is built analogously to a
usual projection, except that all the cut ancestors on the right side are negated and added to the
left side.

Let o be a proof in LJ and C € CL*(ip). Then the LJ-proof ¢(C) is called an intuitionistic
projection and it is build inductively on the number of inferences of p. Let v be a node in p and
0, (C) the projection for clause C until node v:

1. vis aleaf: then ¢, (C) is the derivation consisting of applying a negation rule (—) to the
atoms which are cut-ancestors in order to shift them from the right to the left side (if there
is a cut-ancestor on the right).

2. v is the result of a unary rule & applied to p:

2.a. & operates on a cut ancestor: ¢, (C) = ¢,(C)

2.b. & operates on an end sequent ancestor: ¢,(C) is ¢, (C) plus the application of € to
its end-sequent

3. v is the result of a binary rule £ applied to py and po:

3.a. & operates on a cut ancestor: ¢, (C) is ., (C) (i depends on which branch C'is
coming from) plus some weakenings to obtain formulas that were used in the other
branch.

3.b. & operates on an end sequent ancestor: ¢, (C) is the result of applying £ to the
end-sequents of p,,, (C) and ¢, (C).

I am sure you must be wondering now (at least I am!) why is it not a problem to merge
branches of the proof in step 3.b. Because, you see, if these branches have a formula on the
right, and the rule merging them is applied to formulas on the left, the conclusion sequent will
have two formulas on the right. Since we are working still in LJ, this is not nice. Fortunately,
we can guarantee that this never happens, exactly because the input is an LJ proof. You see,
LJ does not have contraction of the right formula, right? More or less. The only case the right
formula is duplicated is when a V; inference is applied (remember this is purely multiplicative
LJ). Anyway, when the projections are being built and a binary inference needs to be applied,
it is applied to premises that contain, at most, all the formulas in the premises of the original
inference in the input proof. I mean, suppose £ is a binary inference, and the its occurrence in
the input proof is on the left and its occurrence in a projection is on the right:

45



Fg = AQ Fg H Ag F/Qa Fcl = A/Q F/37F02 F A'/g,
N EA I, T, Tea A

Then we know (by the definition of projections) that I, C T'; and A} C A, fori € {1,2,3}.
I'z1 and I'. contains the atomic cut ancestors for the clause set. Since this rule application was
valid on the left, it is certainly valid on the right.

So we have an LJ-refutation and LJ-projections. Sweet! All that is left is to put these
things together. Now comes the problem. You didn’t think it would be that easy, right? The
problem arises because of the right-side formula of the input proof’s end-sequent. Let’s call it
R. So, R will be in the end-sequent of each of the projections, because that’s how projections
are (built). Imagine now that each LJ-projection corresponding to a clause set will be put on
top of the LJ-resolution refutation. More specifically, it will replace the axiom of the refutation
that corresponds to its clause set. Then we will have not only the literals there, but a lot of other
formulas as well, belonging to the end-sequent. We’ve seen how this construction goes (Chapter
), these formulas are merely copied from premise to conclusion in each rule of the resolution
refutation. See where I’'m getting? If the formula R occurred in more than one projection, at one
point there will be a sequent with more than one copy of R! These extra copies of formulas are
usually contracted in the end, so that the original end-sequent is obtained. Indeed it also occurs
with formulas on the left, but this is not a problem in LJ. The copying of R, which is on the
right, is a problem.

What about the multi-conclusion calculus LJ’? You ask yourself. We will get there, let’s try
to define this for LJ first.

We cannot guarantee that R will occur in only one projection. One the one hand, it might
have suffered an implicit contraction via the V; rule. On the other hand, binary inferences
operating on end-sequent ancestors generate redundant clause sets, since the operation ® is the
Cartesian product of clauses. So, the branch that used R, even if only one, might be used in
several projections. It’s a shame, but we need to restrict the class of LJ-proofs we can deal with
this method.

Definition 23 (LJ ™). LJ ™ is the set of L] proofs of end-sequents with no formula on the right
side and no strong quantifiers.

No formula on the right side in the end-sequent means no problem.

Note that this condition can actually be satisfied simply by applying a —; inference rule at the
bottom of any proof containing a formula on the right side. Then this formula will occur negated
on the left side and the method can thus be applied. This transformation actually represents
proofs by contradiction: suppose we want to prove I' = F'. A proof by contradiction will assume
that F' is false and show that this does not hold, i.e., show I', = F' .

Now, one might wonder whether this is a “trivial” class of proofs, i.e., a class in which
intuitionistic and classical provability coincide. For non-skolemized proofs, the class is not
trivial. Take for example the sequent —3z.Vy.(Px — Py) I, which is classicaly provable but
not intuitionistically. For skolemized proofs, though, the class is trivial, i.e., every skolemized
sequent I' - which is classicaly provable is also intuitionistically provable. This would mean
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that we could apply classical CERES to remove the cuts of this proof, but notice that it could
result on a classical proof, which is not the aim here. Therefore, this remains an interesting class.
Other interesting remarks on LJ~ can be found in Chapter Section

With the restriction on the input proofs, we can define a method that results in an intuition-
istic proof.

Definition 24 (NACNF). A proof is said to be in negated atomic cut normal form (NACNF)
when all the cuts are on atoms or negated atoms.

Definition 25 (iCERES). Let o be a proof in L] of a sequent S, C L () its intuitionistic clause
set (Definition [I9) and 1, ..., ™, the intuitionistic projections (Definition 22)) of the clauses of
CL'(p). By Theorems |5\ and @ there exists a grounded refutation ©* of CL'(p). We define
iCERES as the procedure of computing the elements CL! (), 71, ..., 7, and ©* from ¢ and
then merging (instances of) w1, ..., mp, with ©* in the following way:

Let C; be the clause of a leaf in ©*. Then, C; is replaced by the projection ; (with the proper
substitution of variables), which is actually a derivation of C; o S. Moreover, the formulas of S
are propagated down the refutation.

Theorem 7. Let ¢ be a proof in L]~ (Definition . Then iCERES, applied to ¢, produces an
intuitionistic negated atomic cut normal form.

Proof. From Definition we can observe that the result of applying iCERES to an LJ-proof
consists of the resolution refutation in R~ merged with the projections. These last elements
have no cuts and are derivations in LJ by definition. The refutation has resolution rules on
atoms and negated atoms, which will be the cuts on the final proof. Since the projections have
no formula on the right side of their end sequents, and the resolution sequents have no more than
one formula on the right side of each sequent, the final proof is an LJ-proof of an end-sequent
equal to the one of ¢ up to some contractions on the left. O

It is true that we can transform every LJ-proof into an LJ™-proof, so why can’t we define
the method for full LJ? The problem is that the end-sequent of the final proof is I', =F' |-, and
not the original I' - F'. So the proof we obtain in the end is a proof of something else (very
similar indeed, but not the same) and it is not trivial to transform that into a proof of I' - F'.

Example

Let’s see this method working! We will apply it to the following LJ~ prooiﬂ

"Which is also an LJK proof, but we will use to illustrate the method.
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I 2 2 % I
Pfat Pfa Pfat Pf‘a
—1

Pa'r Pa | Pfa Pfa— PfPat Pfrat Pfa' b PfPa’ | Pfia't Pfla |
Pa*.Pa — Pfa,Pfa— Pflat Pfla" Par Par | Pffa’, (Pfa— Pfla) - Pf'a :L
Po*,Va.(Pz — Pfa),Vz.(Px — Pfx) - Pf2a* VLH Pa,(Pa — Pf%a)*,(Pf?a — Pf*a)* + Pf*a
Va.(Px — Pfa),Vz.(Pz — Pfz) - (Pa — Pf2a)*  Pa,Va.(Pz — Pf2x)",Vo.(Pz — Pf2x)* - Pf'a v
Va.(Pxz — Pfz) F (Pa — Pf2a)* “ Pa,Vz.(Px — Pf%z)* + Pf*a “
Vz.(Pz — Pfz) b Va.(Px — Pf2z)* Pa,Vz.(Px — Pf%z)* F 32.Pf%z

1 cut
Pa,Vz.(Px — Pfz) - 3z.Pf*z

Pa,Va.(Px — Pfz),~3z.Pf*z +

-

Note that the cut formulas and cut ancestors are superscribed with x. By removing the infer-
ences applied to end-sequent ancestors and merging the branches as was described on Definition
[19] the intuitionistic clause set obtained is:

CL(p) = {Pa,~Pf?at ; —Pat ; Pflat}

As was proved previously, there is a resolution refutation of this clause set on R

Pftat
Pa,—~Pf2at- - -Pfla  Pa,-Pflal
2—f s f 5 f Rﬁ{a — f2a}
-Pf°ak -Pa —-Pa t- Pfat
5 R {a «+ a} —
-Pfak F-Pf<a
= &

The projections of the three clauses of C L' are:

mla] :

Pf?aF Pfia Iﬁ

Pfar Pfa !l —Pf2a Pflat N

ParPal "Pfa,—Pfla,Pfa— Pffar _nl
Pa,-Pf?a,Pa — Pfa, Pfa — Pflal

5 Vl X 2
Pa,-Pf?a,Ve.(Px — Pfzx),Vo.(Px — Pfx) b .
1
Pa,-Pf?a,Va.(Px — Pfx) F
w X 2

Pa,-Pf%a, Pa,Vo.(Px — Pfx) - 32.Pf*z
Pa,-Pf?a, Pa,Vo.(Px — Pfz),~32.Pfiz -
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Y * 3

PaF Pa l Pfiar Pfia

—=Pa, Pa Pfiat 3z.Pftz "
-Pa, Pa,Vz.(Px — Pfx)F 32.Pfz wﬁx 2 Pf*a, Pa,VYo.(Pr — Pfx) - 32.Pf*z w2
~Pa, Pa,Va.(Pz — Pfz),-32.PfzF Pfia, Pa,Va(Px — Pfz),—32.Pfiz -

By merging the appropriate instances of the projections on the resolution refutation, we
obtain the final proof, depicted in Figure The projections are colored accordingly. The
projection 71 used on the left side had « replaced with a and the one used on the right side had
a replaced with f2a. Note that this proof is in NACNF, containing only cuts on atoms or negated
atoms, and it is still a proof in LJ.
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0¢

Pf2aF Pf2a ! Pfta+ Pfa !
Pfar Pfa | “Pf2a, Pflar :i Pfar PfPa | SPfia Pftar :i
ParPa ! Pfa,~Pf2a,Pfa — Pf2at _)ll , Pf2at+ Pf2a Pfa,~Pf'a, Pf’a — Pfat :
Pa,-Pf2%a, Pa — Pfa,Pfa — Pf2at Vi x 2 Pf*at Pfta . Pf2a,-Pf*a, Pf2a — Pf3a, Pf3a — Pfat Vi x 2
Pa,-Pf?%a,Vo.(Px — Pfz),Va.(Px — Pfzx) F o Pfiat 32.Pf4z o Pf2a,-~Pf*a,Yx.(Px — Pfx),Vo.(Px — Pfx) - o
Pa,-Pf?a,Vz.(Px — Pfx) - ParpPa ! Pf*a, Pa,Vx.(Px — Pfx) - 32z.Pf4z Pf%a,-Pf*a,Va.(Px — Pfx)

Pa,-Pf2a, Pa,Vo.(Px — Pfx) b 32.Pf4z Wz “Pa,Par Pf4a, Pa,Vo.(Px — Pfz),-3z.Pf4z + B Pf2a,-Pf4a, Pa,Vo.(Px — Pfz) - 32.Pf4z W
Pa, ~Pf2a, Pa,Vo.(Pz — Pfz), 3= Pflzt “Pa, Pava(Pr = Pfa) k350702 "7 Pave(Pro Pfa), 32 Pfak —Pfla | Pfla,Pfia Pave(Pr— Pfa), 3s Pk
-Pf2a, Pa,Vz.(Px — Pfx),-32.Pf*z F —Pa o —-Pa, Pa,Vx.(Px — Pfx),—~32.Pf*z I- B Pf2%a, Pa, Pa,Vz.(Px — Pfx),Va.(Px — Pfx),~32.Pf*z,-32.Pf4z F cut

—-Pf2a, Pa, Pa,VYz.(Px — Pfx),Vo.(Px — Pfz),—3z.Pf*z,—32.Pf*z - cut Pa, Pa,Vz.(Px — Pfx),Vo.(Px — Pfx),—32.Pf*z,-32.Pf*z + -Pf2a ﬁTt
CU

Pa, Pa, Pa, Pa,¥z.(Px — Pfa),Yx.(Px — Pfz),Vo.(Px — Pfx),Vo.(Px — Pfx),—32.Pf%z,=32.Pf%2,=32.Pf42,-32.Pf4z I-
Pa,Vz.(Px — Pfx),-3z.Pfiz F

cx9

Figure 6.1: Final proof after applying the method to an LJ-proof of an end-sequent with no formula on the right.



Trying to extend iCERES

Section 4 of [24]] mentions a possible way for fixing NACNF’s obtained when iCERES is ap-
plied to proofs whose end-sequents have a formula on the right. At the time, we believed that
reductively eliminating the atomic cuts would yield an LJ proof. What happened there? We
found a counter example.

Let ¢ be the proof:

AFA

—A Ak AFA

“AF A © 0 A-AE

A, ——AF ' AFB, A ’"t

Ccu _

~AAFB c-C CrC .,
-AFA—B crc ,

T

A, CF (A= B)AC

Then the intuitionistic characteristic clause set of ¢ is:

CL'(p) = {A,~Ct; A,Ch; =A,-Ch; C,-AF}

And a possible R™ refutation is the following:

ACH
AF-C " A-CF C,-AF _
AAF R ZAF-C " -A,-CFr
AE _C|l —\A,—\Al—c
F-A ~AE

The intuitionistic projections for each of these clauses are:

(A, -CF): (A, CF):
AFA
AFA A AR
~AAr ' gFo -ALAFB "
~A,AAFB ., CCF ~AAFASB T CFC
—AAFA—- B C,-CF+C -A,A,C+ (A= B)AC "
-A,C, A, -CF(A— B)AC " —\A,C’,A,C‘F(A—>B)/\C’w

51



52

m(mA,-CF): w(C,—AF):

AFA AFA

“ALAF CFC _ SAAF

“AAFB . C,CF Zlu “AAFB
~AFASB T CCFC “AFASB " CFC ,
C,~A,~CF(A—= B)AC wr C,-AF(A—=B)AC “
—A,C,—A,-CFASB)AC —A,C,C,-AF(A>B)AC

The ACNF is the following proof:
%2} ©r

~A,—A,-A,-A,C,C,C,C+ (A= B)AC,(A— B)AC,(A— B)AC,(A— B)AC

—~A,C+ (A= B)AC

Where ¢ is:
AFA
—A,AF
A, A ArB " Tr A
“A,AFA>B ' CFC —AAF oro

T 1

~AACEA=BAC SAAAFB Y O oCF
=, = w
~A,C,ACF(A>B)AC || A AFA>B C,-CFC

s

A CAFA=BAC,C " —ACA CFA=BAC T
A A C.CAAF (A5 B)AC.A=B)AC cut
—A,-A,C,C, A+ (A— B)AC,(A— B)AC
A, A, C,C+ (A= B)ANC,(A— B)AC,—A "

and ¢, is:
AFd
7ﬁ44714'_ Wy AFA -l -
-A;AFB i —AAF w, ckC _,
“AFA—B CEC ~AAFB T CCF
C,~AF(A—=B)AC ww _AFA—B " C,ﬁC‘I—C/\T
~A,C,C,-AF (A= B)AC C,~A,~CF(A—=BAC "

- w
“A,C,-AF(ASB)AC,-C ™  =AC,-A-CFASBAC |

“A,—A,C,C, A, AF (A= B)AC, (A= B AC cut
“A,-A,C.C, AF(AS B AC(ASBIAC

r

wq

cut
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If you try reductively eliminating the cuts in this proof (belive me, I tried), you will see that
the cuts on C will go away with no problems, but eliminating the cut on A will result on the
following situation:

: ~A,AF B
—~A,-A,C+ (A= B)AC,(A=B)AC,~A " —AFA—=B
—~A,-A,C+ (A= B)AC,(A—=B)AC,A— B

T

cut

And we already know, by Lemma [2] that this permutation is not possible. The resulting
proof without cuts will have violations in the —, inferences and, therefore, will be classical.

Summary

iCERES:

e Input: LJ proof with cuts (end-sequent has no formula on the right)
e Output: LJ proof with literal cuts

e Resolution: R™

In L)’

I am sure you are wondering now what happens if we use L.J’, since there multiple formulas on
the right side are allowed. Well, there are two ways of “using” LJ’: (1) the input and output are
LJ’ proofs or (2) the input is an LJ-proof and the output is an LJ’-proof. But both cases present
the same problem.

When the end-sequent of the input proof contains one (or more) formula(s) on the right, it
is unavoidable that multiple-succedent sequents appear on the construction of the NACNF. In
principle this would not be an issue if we allow the output to be an LJ’-proof, but if you think a
little about it, remember that the resolution proof contains negation inferences. It can contain, in
particular —, inferences. And remember also that this is one of the single-conclusion inferences
in LJ’. So there, we cannot unrestrictedly allow multiple conclusion sequents in the NACNF.
Unless no —, inferences occur, i.e., unless there are no negated atoms in the clause set, i.e.,
unless there were no structural violations of the atoms in the projections, but then, well, then we
can just apply CERES.
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CHAPTER

Negative resolution CERES

From Chapter [6| we saw that negating atoms turned out not to be the greatest of ideas. In ei-
ther case, LJ or LJ’, having negation rules, specially —, in the resolution part of the (N)ACNF
causes problems. In Chapter ] we showed that the resolution part, with only cuts and contrac-
tions, is fine if we consider a multi-conclusion calculus. The problem with not negating the
atoms is on the projections.

The method presented now is based on a simple intuition: if the formulas violating the LJ’
inferences are atomic cut ancestors, what happens when we actually get rid of these atomic cuts?
Of course the proof cannot be fixed that easily, but it will work for the same class of proofs as
iCERES with the advantage that the regular resolution calculus can be used.

7.1 Counter-example

Since I already gave up the ending, let’s go ahead and show an example that reductive cut-
elimination does not work to transform t-inferences into intuitionistic inferences. Conveniently,
this is the same proof as used before to show how reductive cut-elimination fails in the attempt
to extend iCERES.

Let ¢ be the proof:

AFA _
~4,AF ! AFA
-AF-A 1 ACAE

A, AF ' AFB, A

—A,AF B ' SFCc Tro
A
NG

l

T

_—— ¢_C cut
-AFA—>B " CFC
-A,CF(A— B)

T

Then the characteristic clause set of ¢ is:
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CL(p)={AFC; ACH FAC;, CF A}
And (one of) its refutation:

FA,C CFA _ ACF AFC
FAA R A AL
FA " Al

Cl

R

l_

The projections for each of these clauses are:

(AR C): (A, CF):

_— ArA

AFA A AR
_~Adr A 14rB "

A w* . T
~AAARFB 0 CEC -A,AFA— B CrHC
-AA+-A— B crC,C ) ~A,A,CF (A= B)AC u}r
-A,C,AF (A— B)AC,C “ACACFASBAC

(A C): m(CHA):

AFA A A .

AFB,A ", CFC A+ A B ;
7—”‘ - Wr 7—)7, 1~
FA-BA T CECC FAASB crcC
CHAC (A= BYAC w" CHA (A= B)YAC ww
“A,CFA,C,(A> B AC “A,C.CFA(A=BAC
Note that there are — inferences in the final proof:
_AFA _ARA
AFBA ", CFC y AFAB
FASBA " CFO,C " FAASB T (CFC
CFAC(A=B)AC " CFA(A=BAC
1, Wi
“ACFAC,(ASBAC | =ACCFA(ASBAC t
~A,—A,C.CF A, A, (A5 B)AC, (A= B)AC u
—A,-A,C,CFA (A B ANC,(A= B AC ©i

A, ~A,—A,-A,C,C,C,CF (A= B)AC,(A— B)ANC,(A— B)AC,(A— B)AC

~A,C+H (A= B)AC
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Where ¢; is:

AFA _
A AE AFA

A A, AFB " AAF

— 0 5 " —_— W* -

-AAFA—B CckrC -A,AAFB - cHC
A, A CHA—-B)AC " A AFA—-B "~ CcrC,C "

T

“ACACFASBAC L T SACAF(ASBAGC
“A,-AC.C,AAF(AS B AC.(AS B AC
“A,-A,C.C,AF(ASB)AC, (A= B AC

cut

Note that the problem is only with the cut on A, which is the lower most. So what happens
when we try to eliminate this atomic cut using reductive cut-elimination? Well, long story short,
after applying some rank reduction rules, we get to the following point (I am just showing the
interesting part of the proof):

AF A
AF B, A
FAS B ATy
A, -ACFr(A>BAC,(A>BAC,A-B ™

r

t

And it is finally time to permute the cut over the — 1 inference. “Will it fix the proof? What
happens then?”, you ask eagerly. This happens:

AFA
A"B,/l ©; "
~A,~A,C,AF (A= B)ANC, (A= B)AC,B ™"
“A,-A,CF(A=BAC,(ASBAC,ASB 7

Ah now that’s a shame. Not only did it not fix the proof, but it made it worse! The —X rule
now is actually classical, since the extra formulas on the right are not cut ancestors anymore, but
end-sequent ancestors. We certainly didn’t want that.

7.2 Analysis

When does it work then? Let’s analyse abstractly what happened in this example. After per-
forming the rank reduction rules with the cut containing one of the violating atoms, we get to
the following point:
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IPHAQA .
TFAP QA " T, AFA
ILI'FAAN.P5Q

cut

Remember that, this being a f-inference, A contains other atomic cut ancestors, but A’
contains arbitrary formulas. When we try to apply —1 before cutting, these formulas in A’ will
make this inference no longer a { one a classical one, thus resulting in an LK proof.

But if A’ is empty, we can safely permute the cut over —>;[ and reduce the number of extra
atomic cut-ancestors on the right side by one. Look:

ILPFAQA DPEAQA TWAF
TFAP QA 7 T, AF t . PraQ
IT'FAP—Q cu - T TFAPSQ 7

If we can permute the other cuts on atoms in A over —1 in this way, we will eventually get

to a point where there will be no extra formula on the right, and the proof will be again in LJ.
But can we always permute the cut? No.

Theorem 8. A cut rule in L]’ permutes over every rule on its left and right branches, except
t-rules (with or without a right context).

Proof. Since all rules which are not j-rules are the same as in LK, the permutation holds. The
problem with f-rules is that they require the right context to contain only atomic cut ancestors.
When such permutation is done:

AT, PFA,Q TFAA AT, PFA,Q

.
THA A A,F’I—A’,P—>Q_>; I praNg M
IT'FAA P ™ - TT'FAAPSQ 7
ILPFAQA . DPEAQA AT'EA
TFAP QA 7 AT FA t T, PEANQ [
ILT'FAA.PSQ cu - TT'FAAPSQ "

It might be the case that the right context A, A’ contains other formulas. Note that this
happens independently of whether the {-inference is on the left or right branch. 0

The non-permutation of cut over {-inferences on the left branch is not really a problem, since
we only need to permute it up until this point. And then, being A’ empty, we can permute the cut
over the f-inference, reducing the number of atomic cut-ancestors on its right context by one.

The non-permutation over these inferences on the right, though, is a problem. In order to
fix the proof using the operation shown before, the cut must have as a premise a sequent with
an empty right side. Now, how do you get to that? Since we cannot freely permute the cut
until reaching such a sequent (if it exists), we will require that the end-sequent of a projection
contains no end-sequent ancestors (of the input proof) on the right side.
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Given the projections as in Definition [I2] the only case in which its end-sequent contains
only atomic cut ancestors on the right is if the end-sequent of the input proof contains no formula
on the right. This is exactly the same class for which iCERES (Deﬁnition works. Using LJ™
proofs gives us a chance of not having end-sequent ancestors on the right side of the sequent.
What about cut ancestors? We can guarantee that they will not occur on the right side if we use
a refinement of resolution called negative resolution. For this we define the following:

Definition 26 (Negative clause). A clause is negative if it contains atoms only on the left side of
its sequent representation.

Definition 27 (Negative projection). A projection of a negative clause is called a negative pro-
jection.

One important thing to note about negative projections is that they don’t have f-inferences
with formulas in the right context. Therefore these projections are intuitionistic by definition.

Theorem 9. All {-inferences occurring in negative projections have an empty right context.
Proof. The proof is obvious from Lemma ] and the definition of negative projections. O
Now we can explain what negative resolution is all about.

Definition 28 (Negative resolution). A resolution refutation is called negative if every resolution
rule is applied to at least one negative clause.

It is known that negative resolution is complete [23]]. Therefore:
Theorem 10. If a clause set is refutable, then it contains at least one negative clause.

Proof. Assume that there is no negative clause. Then there exists an obvious model satisfy-
ing the clause set, in which every atom is interpreted as true (remember that 7 - T is valid).
Therefore, the clause set is not refutable, which is a contradiction. OJ

Lemma 9. If CERES is applied to an L]~ proof using negative resolution, then t-inferences
can be transformed into intuitionistic inferences by permuting the atomic cuts as in the rank
reduction rules (Definition [S).

Proof. The proof is an induction on the number of atomic cut ancestors in the right context of
each f-inference.

Let p be a t-inference occurring in the proof with right context AT = A, A, |Af| = n.
Assume without loss of generality that there are no other f-inferences between p and the cut on
A. Then by Theorem §|the cut on A can be permuted until p.

If n = 0, then this f-inference is already on its intuitionistic form and nothing needs to be

doneﬂ

Induction hypothesis: if n = k, then the proof can be fixed.

! Also note that in this case there are no other t-inferences with formulas on the right context somewhere above.
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Let n = k+ 1. Given that negative resolution was used, the other premise of the cut contains
no formulas on the right side. Therefore, the following operation can be performed:

IPFQAA + IPFA QA IV Ak ;
TFP QA A ™ T/ Ak t T, PraQ
IT'FA P Q cu - T TFAP—Q 7
The resulting proof has n = k and thus we can apply the induction hypothesis. O

Theorem 11 (Rank reducing). Let ¢ be the ACNF resulting from applying CERES with negative
resolution to an L]~ proof. Then eliminating the atomic cuts from @ using rank-reduction rules
yields an LJ’ proof.

Proof. The result follows from Lemma [9] and the fact that, if classical inferences occur in the
ACNEF, then they are f-inferences. 0

Why can’t we just require that negative projections have no formulas on the right side? This
seems to make the method more general, right? Well, we thought so for a very long (too long!)
time. But there is a simple counter argument for that. Suppose this is your negative resolution:

A-B Bt
-A At
- R

R

This contains only one negative clause, namely B I, and consequently one negative projec-
tion. So with this relaxed requirement, the projection (or o-projection, Definition of B -
should have no formulas on the right, but we cannot say anything about the others. Now, suppose
there is a critical rule in the projection of - A. Of course that this is resolved with a negative
clause, but this then can have end-sequent ancestors on the right coming from the projection of
A B. In this case, we cannot guarantee the emptiness of the right hand side of the sequent
A F in the ACNF. See the problem?

Another worthwhile observation is that it seems the same result could be obtained by using
regular resolution, instead of a refinement, but the proof of Theorem |1 1| would become consid-
erably more complicated.

Summary

Rank reducing CERES:

e Input: LJ proof with cuts (end-sequent has no formulas on the right)
e Output: LJ’ proof with atomic cuts

e Resolution: negative refinement
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CHAPTER

Merging CERES

In the last chapter we saw that it is not possible to permute the cut over t-inferences. This
was a problem in particular for the right branch of the cut. Remember that the last method
presented relied on the fact that one of premises of the cut inference, the right premise, had
the format A,I" I, i.e., it contained no formulas on the right side. In order to achieve that, we
had to require that the end-sequent of the input proof had no formulas on the right side. If the
sequent A, I' - was not the end-sequent, but some other sequent in the middle of the projection,
we cannot guarantee that the cut could be permuted until this sequent, exactly because there
could be f-inferences on the way (even if these inferences have an empty right context). While
investigating this situation, we came across some interesting idea which resulted in the method
we present now.

8.1 Maerging rules

Suppose we want to eliminate violations in {-inferences on the left branch of the cut. We saw in
last chapter that it is possible to permute the cut over rules in the left branch until a t-inference.
On the right branch, though, we needed to find a sequent such as A,I" . If this was not the
end-sequent and we needed to permute the cut over some rules to get to it, we might encounter
a t-inference on the way that would not allow this permutation anymore. Then we would have
something like this:

ILPFAQA . AT,RFAS
TFAPSQA " A,F’FA’,R—>S_>;
LT'FAP QAR>S “u

Of course, if we use negative resolution, A’ would be empty, but that’s not really helpful.
We still cannot permute the cut over the inference on the right branch. So what can we do?

Now, remember the way projections are built. They are composed of inferences on end-
sequent ancestors that come from the input proof. This means that many projections have a
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common set of such inferences. Copies of the same formula can be derived by many projections,
and they are contracted afterwards in the ACNF. What if these two f-inferences are instances of
the same inference of the input proof? Then the derivation is actuallyﬂ

LPFAQA |, ATUPFAQ |
TFAP=QA ™ ATFA.PSQ 7
AP QA PSQ, cut
TTFAAP—Q

(

Now we can do something! This derivation can be rewritten to:

IPHFAQA AT.PFA,Q
T.T,PPFAA,Q.Q

T, PFAN.Q

ITFAANPoQ 7

cut

What happened there? We transformed the application of two f-inferences with right con-
texts A, A’ and A into an application of one f-inference with context A and A’. Looks good.
We call this transformation merging.

Definition 29 (Merging).
TAFC,A CO,T',AF A’

LT AAFAN cut
T AFC,A O, A A T.T,AFA AN
TF-A,C.A " CTF-AnN T.T'F—A A A
T F A A AN cut L T F A AAN T

T,AFB,C,A C,I',AF B, A

T,T",A,AF B,B,A,A cut
rAFBCA O AEBA T, AFB,AAN
TFA—B,C,A " CT'FA— B,A t [,I'FA— B,A N ’"w

I'T'FA— B,A— BA,N At T T FASBASBAAN

Note that A and A’ are sets of atomic cut ancestors.

Now let’s see how we get there. First of all, there should be applications of this f-inference
in both projections. How can an inference occur on two or more projections? I’ll show you. Let
p be a binary rule operating on a cut ancestor in the input proof (p can actually be the cut itself):

®1 (%))
F, '_ A/ F// }_ AII
T'FA

p

"Keep in mind that structural rules can be permuted over any rule, and therefore we can reach the situation where
we contract P — (@) right below the cut.
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The clause sets C'L(¢1) and C'L(p2) are combined using @, i.e., the union of the clauses.
Each of these clauses will have a corresponding projection. Now, everything below p will be a
common part of every such projection. This means, in fact, that:

Theorem 12. Let p be a rule operating on an end-sequent ancestor in the input proof. If p
occurs below the lower-most cut, then there will be an instance of it in every projection.

In particular, if the critical inferences occur below the lower most cut, they will occur in every
projection. Note that, for this to hold, we need to use the regular projections, as in Definition [12]
and cannot use o-projections (Definition [I3)). Interesting, right? If the critical inferences occur
in every projection, we can always perform the merging, and we can eventually fix the proof.
Here’s how:

Theorem 13. If the critical inferences occur in all projections, then the final ACNF can be
transformed from classical to intuitionistic by permutation of cuts and the merging operation.

Proof. Lets consider the following induction measures:
k : number of critical inferences in the input proof.
my; : number of occurrences of the T-inference 7 in the ACNF.

i.

% - number of atoms violating occurrence j of t-inference i.

n
We know the following:

e If k = 0 then m; = 0 and n} = 0, and the ACNF is intuitionistic.
o If n; is 0, then m; is decreased by 1.
e If m; is 0, then k is decreased by 1.

The cut rule can be permuted over every rule in LJ, therefore, we can always permute the
cut up until two applications of the same critical rule are reached. At this point, the merging
operation is performed and we have two possible situations:

e If A’ is empty, then the operation reduces nz by one.

e If A’ is not empty, then the operation reduces m; by one.

O]

Now let’s worry about how we make these critical inferences occur in every projection.
From Theorem [12| we conclude that if we want an inference to occur in every projection, then
this inference must occur below the cut in the input proof. If this is not already the case, can
we transform the input proof so it is? Maybe. In order to do that we need to permute the
critical inferences (and all subsequent rules operating on successors of its main formula) down
the (input) proof until they are all below the cut. We analysed the permutations of all rules in
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LJ, and the results are summarized in Table[8.2] The actual permutations are listed in Appendix
Bl

Table can be interpreted as follows: the status of position (i, j) corresponds to the per-
mutation of rule ¢ down rule j. Possible statuses are shown in Table [8.1]

v/ | permutation is ok

v* | permutation is ok as long as ¢ is applied to both premises of j.
X | permutation is not possible
o | the case does not occur in LJ
? | the permutation makes no sense.

ev | aviolation of eigenvariable conditions might occur.

Table 8.1: Status of permutations

Lines that are grey indicate cases that will not occur in our specific input proofs, but they
were also analysed for the sake of completeness. Note that all permutations identified in this
table are in accordance with Kleene’s analysis [21]]. The difference in results is due to the fact
that we consider structural rules as any regular rule.

=il = AN VO Ve [ YUY T 3 | e | w | we | | cut
> |V | X |V IV | X |V V| VI iV IV V| X| |V I V]?|V
=S|V | 0o |V ]|o | ¥V |o|V]o|V]|o]|]o|lo |V ]|o |V ]|V
NV VYV VYV VYV V|V VYV V| V|V
A | ¢ o |V ]| o | V| o |V ]|o |V |o| o] o| V]| o 2| v
vi|lv |V (VI V| IV IV V| VI VI iV V|V iV IiV]?|V
Ve | V o |V | o | X | o |V |o |V ]|o|o|o|V]o|lV]|V
ViV |V |V |V |V |V |V iev|ev |V |V |V |V |V | V]V

3. | ¢V o |V | o X o |V | olev|o|o| o |V ]| o |V |V
- | vV o |V ]|o |V | o |V ]|]o |V ]|o|o| X |V |X |V |V
- | ¥V o |V | o |V | o |V ]|o |V ]| o]o o |V | o |V |V
w |V |V |V |V |V | VI VI IV VI IV iV IV VI VI V|V
w, | ¥V o |V | o | V| o |V ]| o |V | o] o o |V | o |V |V
) vV |v (Vv Vv |V | VI V|V iV | VI iV iV iV| VI iV IV

Table 8.2: Permutation of rules in L.J

As you can see from the table, most of the times the rules can be permuted. But most of the
times is not good enough. Let’s discuss some of the cases which are not ok.
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We will explain first the ? case. It occurs only when permuting inferences down a contrac-
tion. In particular, binary inferences. The problem occurs when the contracted formulas go each
to one branch of the binary rule. Take A, as an example:

¥1 P2
IPHA T,P+B
LT, P,P+-AAB

LI',P-AAB

T

If we try to apply A, before ¢; (bottom-up), we would have to contract P, which is exactly
what is done right now. So the permutation really makes no sense.

If a critical inference operates on an ancestor of A A B, then the contraction in P will have
to be permuted down as well. This is not a problem in principle, since ¢; permutes down every
rule (see Table [8.2), but issues might occur if P is an ancestor of a more complex formula or if
P is a cut ancestor.

The case ¢* indicates that a permutation is possible only if the upper inference is applied
to both premises of the lower inference. This was presented already in Lemma 8 of [21]. Note
that this case only occurs when permuting right inferences down V; and it is related to the fact
that the right formula suffers an auto-contraction when V; is applied. When the upper inference
is not applied to both premises, it is reasonable to assume that this configuration can be reached
by permuting the rules. Note that this upper inference might be A, V,. (which actually will not
occur in skolemized proofs) or w;, and all these rules permute down the others, so in principle
they can be brought to the premise of V;.

There is not a lot to say about cases X and o. The first ones are the cases that break our
solution, unfortunately, and the second are cases that are not possible in LJ because they would
require more than one formula on the right side of the sequent.

Case ev is interesting. In general, these permutations are not allowed because of eigenvari-
able violations. Look for example the proof of Vx.Pz - Vx.Pz:

PalF Pa v PalF Pa
Vo.Pr - Pa Pa & Va.Px
Vo.Px - Vo. Pz " s Va.Px - Vo. Pz !

v, wrong!

If we apply V; first (bottom-up), and instantiate  with o, then the application of V,. becomes
unsound, since « is no longer a fresh variable. Interestingly enough, we can allow that in our
case. Note that eigenvariable violations only occur in strong quantifier rules, i.e., ¥, and 3.
Since we work with skolemized proofs, these rules, if they occur, are restricted to cut ancestors.
Therefore, when building the projections, they will not be applied and no violations occur. For
this reason we will allow this local and temporary unsoundness, if this means we can transform
the proof into one in which all critical inferences occur below the cuts.

So far we know that, if all critical inferences in the input proof can be permuted below
all cuts, then we can fix the ACNF using the merging operation. We have also analysed the
permutation of rules to understand when this is possible and when it isn’t. We concluded that
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some permutations, although unsound, may be allowed. But how does this method work exactly?
Obviously the projections have to be computed from the transformed (possibly unsound) proof.
You might wonder if we can use the clause set from the original proof, and the answer is no. In
what follows we will describe the clause set before and after permuting the critical inferences
and show that while in some cases the original resolution refutation can be used, in others it
cannot. From this we will conclude that permuting the rules is unavoidable if we want to fix the
ACNF using merging.

Remember the definition of clause set (Definition [I0). The structure of the clause set is de-
termined solely by binary rule applications. This means that permuting unary rules will change
absolutely nothing in the clause set, which considerably reduces the number of cases we need
to analyse. We could identify 9 schemas of structural change of the clause set, according to the
permutation performed, which we define now.

Definition 30 (7;,(®1, ®2)). We define m1(®1,®2), ..., To(®1, ®2) as the transformations suf-
fered by the clause set struct (Definition of a proof upon permuting binary inferences. The
parameters 01 and g are either @ or P, depending on whether the binary inference operates
in an end-sequent or cut ancestor, respectively. We will fix ®1 to correspond to the application
of the upper rule, which will be permuted down. The transformations are:

T1(®1, ®2) :

CL(p1)  CL(p2) CL(p2)  CL(y3)
NS NS
O1 CL(p3) CL(¢1) ©2
NS NS
O)) — 1
T2(®1, ®2) :
CL(p1)  CL(p2) CL(p1)  CL(p3)
NS NS
o CL(¢3) ©2 CL(¢2)
NS NS
©2 — ©1
73(®1,®2) :
CL(¢1)  CL(p2) CL(¢1) CL(p3) CL(p2) CL(p3)
NS N/ N/
®1 CL((,Dg) (O)) O))
NS ~
®©2 ~ 1
T4(O1, ®2) :

66



CL(p2)  CL(p3)
NS
CL((,O1) 1
NS
©2
75(®1,®2) :
CL(p2)  CL(p3)
NS
CL(¢1) ®1
NS
(O))
76(O1, ®2) :
CL(p2)  CL(p3)
NS
CL(p1) ®1
NS
Op) —
T7(®1,®2) :
CL(p1) CL(p2) CL(p3) CL(p4)
N/ N/
1 ©1
\ /
®2

73(O1,®2)

CL(¢1) CL(p2) CL(p3) CL(p4)

N/ N/
©1 O}
\ /
©2

T9(®1, ®2) :

CL(p1) CL(p2) CL(w3) CL(¢4)
N/ N/

©1 ©1
\ /
o))

CL(p1) CL(p2) CL(p1) CL(p3)

N/ N/
®©2 ©2
\ /
®1

CL(p1) CL(p3) CL(p2) CL(p4)
N/ N/

©2 O]
\ /
®1
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Cy

Ca

1(®,®) (C1 ®Ca) ®C3 C1 ® (Ca ®C3)
7'2(®,®) (Cl ®CQ) ®Cs <C1®Cg)®02
73(®, ®) (01 ® C2) ®Cs (C1 ®C3) @ (Co ®Cs)
T4(®, ®) ® (C2 ®C3) (C1 ®Cy) ®Cs
75(®, ®) ® (Ca ® C3) Co ® (C1 ®Cs)
76(®, ®) ® (Ca ® C3) (C1®C) @ (Cr ®Cs)
7'7(@,@) (C1 ®C2) (C3 ®C4) (Cl ®C3) ® Cy
T3(®,®) || (C1 ®C2) ® (C3 @ Cy) C1® (Ca®Cy)
7‘9(@, ®) (Cl & CQ) (Cg & C4) (C1 & Cg) & (CQ ® C4)

Table 8.3: Transformations 7;(®, ®)

Since in our particular case the inference we wish to permute down operates on an end-
sequent ancestor, we can safely consider ©1 = ®. Therefore we need only to analyse ©3 = ®
and ©®2 = @. Tables[8.3and [8.4] summarizes the operations for each possible ®2, respectively.
We use a linear representation of the clause set struct and already normalize it (i.e., distribute ®
over ®). For readability purposes, we denote C'L(y;) as C;. Also, we use Cp to denote the clause
set before the permutation and C, to denote it afterwards.

Let’s look carefully what happens to the clause set under each of these transformations.
We’ll start with 7;(®, ®) (Table . Given that ® is associative and symmetric, transformations
T1(®,®), 2(®,®), 4(®,®), 75(®, ®) and 79(®, ®) will not alter the clause set. Therefore, in
this case, the refutation of C;, could be used to construct the ACNF, while using the projections
computed from the transformed proof.

Transformations 73(®, ®) and 74(®, ®) are analogous: they will require a branch of the
proof to be copied and used twice, thus generating a redundancy on the clause set. Nevertheless,
the same clauses will still be available, modulo the contraction of a few atoms. This is easier to
see if we use the properties of ® and rewrite C, for both cases, respectively:

(€1 ®C2) ®Cs
C1 ® (C2 ®Cs)

CL®C)®
(Cl (%9 C1) &

(C3 ®C3)
(Ca ®C3)

Although the clause set of the transformed proof might be exponentially larger, we can use
the resolution refutation of C, and use a subset of the clauses in C, to compute the necessary
projections, possibly with contractions of atomic cut ancestors.

The transformations 77(®, ®) and 73(®, ®) are more interesting. They actually get rid of
one branch of the proof, reducing the redundancy of the clause set. The clauses of C, subsume
those of Cp (i.e., the former clauses are subsets of literals of the latter clauses), and because
of that a resolution refutation using clauses from C; can be transformed into another one using
clause from C, [23]].
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| I Gy | ¢

s)

71 (®, ®) (C1 ®C2) ®Cs (C1 ®C2) ® (C1 ®C3)
7'2(@, @) (Cl & C2 @ Cs (Cl X CQ) D (CQ &® C3)
73(®, ®) (C1 ®Cq) ®Cs (CL®C2) ®(CL®C3) B (Ca®C3) @ (C3®C3)
T4(®, D) C1 @ (Ca ®Cs) (C1®C3) @ (Ca ®C3)
T5(®, D) C1 @ (Ca ®Cs) (C1 ®Ca) @ (Ca ®C3)
76(®, B) C1 @ (Cy ®Cs3) (C1RC1) B (C1®C3) & (C1 @Ca) & (C2 ®Cs)
m7(®,®) || (C1®C2) & (C3 ®Ca) (C1 ®Cy) @ (C3 @ Cy)
78(®,®) || (C1®C2) & (C3 ® Cq) (C1 ®C2) @ (C1 ®Cy)
79(®,®) || (C1 ®C2) ® (C3®Cq) | (C1 ®Ca) ® (C2®C3) ® (C1 @ Cs) ® (C3 @ Ca)

Table 8.4: Transformations 7;(®, @)

So we conclude that, if ®2 is ®, then we can use the resolution refutation of the input proof,
and the projections of the (possibly unsound) intermediary proof, in which the critical rules were
permuted down. Unfortunately this does not hold if ®2 is .

Interestingly enough, in cases 71 (®, ®) to 76(®, @) and 79(®, @) the clauses in the original
clause set, Cp, subsume those in C,. This is the exact contrary of cases 77(®, ®) and 73(®, ®),
and it means we could use the refutation of C, with the clauses of Cp, but that’s not really what
we are after, right? Cases 77(®, @) and 75(®, ®) are even more strange, since the clause sets
before and after the permutation are not comparable.

Because of these cases, we cannot say that the original clause set (and refutation) can be
used. We can conclude that, if we want to fix the proof by merging, then all the rules need to
be permuted below all the cuts, and the CERES method will be applied to this new transformed
proof.

Complexitywise, this is not the best transformation, as you might have noticed. Although
there are a some cases in which the clause set is actually simplified (e.g., 77(®, ®) and 73(®, ®)),
in others it is made bigger and more redundant (e.g., 73(®, @) and 74(®, ®)). Because of these
“bad” cases, the transformed proof can be, on the worst case, exponentially larger than the
original one.

Example

We give now a (simple) example on how this method would work. Let ¢ be the proof:

AT A,
BAF A
TFA A B AF !
I-AF ' TABF-A "
AF A" TArB oA "
“AF B A cut
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The original clause set and projections are:

{AF ; FA}

AF A

A BF A

AFA _ BEA-A T
A-AF !

w

A,-AFB > -A

wy

[ T
FAB A T

w
ﬂAl—A,B—>ﬂA

T l

Note that the f-inferences occur in only one of the projections, meaning that we cannot fix
the ACNF by merging. So we permute the critical inferences below the cut and we have a new
proof:

AFA AF A
N — Wy
A-AF | BAFA
“AF A T SABAF lt
~A, B, Al e
-A,BF-A
-AFB—-A "

Since this involved only permutations of unary rules, the clause set remains unchanged. But
the projections now are:

AFA AEA L,
A —-AF i} A, BF A
A=A B AFY BFA-A 7

I RN, |
FAB—-A T

w
-A+ A B— —-A

T

A,-A,BF-A
A,-AF B — —-A

r l

Using the simple resolution refutation of the clause set, we obtain the (still violated) ACNF:

AFA ~ AF A w,
A, —AF ) A B+ A
A,-AB AR Y BFA-A 7.

s

A —ABF-A ﬁﬂ FAB A _ZZ
A,ﬁAI—B—>ﬁA ﬁA"z‘LB—)ﬁA

“A-AFBo-ABo-A cut

-~AFB—-A

l

C*

But by permuting the cut up and using the merging operation, we get a nice intuitionistic
proof. First we merge —,:
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AFA _

A-AF C AFA
A-ABAFY  ABFA
A-ABF-A " BFA-A T

“AB,BF -4,-A cut
—~A,BF -A
ArBo-A ",

~AFB—-AB—-A

—-A, A+ B — -A B — —-A

-AFB— -A

wy

*

C

r

r

wy

C*

Then we merge —,:

AFA
A, —-AF . AF A
A,-A,B,AF"Y A BF A
~A,B,B, A, AF
~A,B,B,AF
ﬂA,B,B}—ﬂA_‘w
~A,B,BF 4,4
-A,BF-A €
-AFB — —-A w
~AFB—-AB— oA w
-A,-AFB— -A,B— -A

—AF B A <

wy

cut

T

T

T

r

l

Ok, not so nice, I admit. But it becomes nicer if the redundant structural rules are eliminated
(which can be done in linear time, by the way).

Classes

So far we know that if we can permute all critical rules below the cut, the ACNF can be trans-
formed into an intuitionistic proof by merging. But when exactly can we permute these rules?
Table [8.2] gives us an idea.

The rules in the lines of the table are all applied to end-sequent ancestors. If we consider
proofs in which there are no —;, —; and A, applied to end-sequent ancestors, then we can always
fix the ACNF. This gives us a syntactic characterization of (a part of) the proofs which can be
dealt with using the merging method.

Summary

Merging CERES:
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o Input: LJ proof with cuts (such that critical inferences can be permuted below all cuts)
e Output: LJ’ proof with atomic cuts

e Resolution: normal on the clause set of the transformed proof



CHAPTER

Joining CERES

In the past chapters we tried to work with Gentzen’s rank reduction rules to eliminate the atomic
cuts that introduce violating atoms. What if there is another way to eliminate atomic cuts that
does not involve rank reduction? In this chapter we explore such possibility.

9.1 Joining

Let’s explain the idea behind joining. The CERES method collects atomic cut ancestors from
the proof, right? Actually, it collects atomic cut ancestors that occur in axioms. Then these are
organized in a clause set that happens to be refutable. In the refutation of the clause set, these
atoms are resolved. Let’s say an atom A* was resolved between clauses C; and Cs from the
clause set. This means that the input proof had a cut which had A* as an ancestor. Moreover,
there were axioms A - A* and A* - A. For the CERES method we also need to build projec-
tions for each of the clauses, and in particular, for C'; and Cs. These projections will contain
the axioms A - A* and A* - A, and the A*s will be dragged down until the end-sequent of
the projections where they are finally cut. Now, instead of cutting these A*s in the end-sequent,
this new method will join the branches in which A* occurs, from the axiom down, getting to
an end-sequent S which contains the formulas from both end-sequents of the projections. After
this is done to every atom that is resolved in the resolution refutation, the end-sequent .S will be
the end-sequent of the input proof, modulo some contractions. How do we join things? We will
explain everything formally now.
First of all, let’s define which are the paths we need to join.

Definition 31 (Inference path). Let w be a projection and A* an atomic cut ancestor occurring in
7. We define the inference path P(m, A*) as the sequence of inferences from the axiom in which
A* occurs until the end-sequent. We define the length of the path |P(w, A*)| as the number of
inferences occuring in it.

Of course that different inference paths might contain instances of the same input proof
inference. When two inferences p; and po in different projections are the same input proof
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inference, we say that p; and p» are a match. The matching inferences of two projections must
occur in the same relative order to each other.

Theorem 14. Let A* be an atomic cut ancestor occurring in projections w1 and 7, and P =
P(m1, A*) and Py = P(me, A*). Then the matching rules in Py and Py occur in the same
relative order in each path. Moreover, they occur in the same order as in the input proof.

Proof. Trivial from how the projections are constructed. O

What happens during a join is the combination of two inference paths into one, such that the
matching inferences are applied only once. When matching critical inferences are merged, as
shown in the last chapter, the result can be an inference with less violations, and ultimately an
intuitionistic inference.

Definition 32 (Joining). Let A* be an atomic cut ancestor occurring in projections w1 and o
with opposite polarity such that it is resolved in the resolution refutation, and Py = P(mwy, A*)
and Py = P(ma, A*). We define the joining w1 X 4 73 inductively on (| P1|, | P|). Whenever A
is clear from the context, we omit it in the symbol X.

We will not deal with the cases in which |P1| = 0 or |Ps| = 0. This means that A* does not
occur in one or both projections and therefore it makes no sense to join them. Our base case is
then (1,1) (case 0), when the paths contain only the axioms. Their join is trivial:

>

AFA*  w  AFA = ArA (0.0)

Now we look at the cases where | P | or | Py| is bigger than 1. In the following derivations,
we consider that o1 € Py and o3 € Ps, while ¢} and ¢!, are derivations not contained in Py
and Py, respectively. Moreover p1 and ps are the last (lower-most) inferences in Py and Ps, also
respectively, and whenever these are matching inferences, they are both denoted by p.

If|P1| =1and |Py| =k > 1(case 1):

) (377 1)
* <o P2 P2
AFA M Sy - S (1.1)
o2 o (A = A" @2) ©5
AF A 5, = S P2 (1.2)
é e )
AFA 5, - S P2 (1.3)

The new join operates on paths of length (1,k — 1), therefore we can apply the induction
hypothesis.

If|P1| = k > 1 and |Py| = 1 (case 2), the cases are analogous:
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s x AFaA = S pl (2.1)
p1 80,1 (A* HA X 901> 90,1
s 7w Ara = S P (2.2)
G e ¢ (AT An )
55 " w XTFA = S P (2.3)

This time the induction hypothesis is applied to (k — 1,1).

If|P1| =7 > 1and |Ps| = k > 1 (case 3), we need to distinguish a few cases.

If p1 and po are matching inferences (case 3.1), then we can apply only one instance of it:

1 ) ©2 ) (801 X @2) )
Sl X SQ = S (3.1.1)
/
Y1 ¢y p w2 ©h p (801 X @2) #1 p
S X Sy = S (3.1.2)
IR A ¢ 1 (‘pl N‘”) )
Sl X 52 = S (3.1.3)
©1 sO’lp @ 2, 3 <P’1p
Sl X 52 = S (3.1.4)
© 2 P2 wép o wép
51 X 52 = S (3.1.5)

The new joins are on paths of length (j—1, k—1) (except on the last two cases, in which there
will be no more joins defined), therefore the induction hypothesis holds. It is worth noting that
the last four cases might require some weakenings to obtain formulas occurring in the branches
that were not used. Also, the choice of go’l on the second and third cases is arbitrary, g0’2 could
be used just as well.

If p1 has a match in Py but this is not po (case 3.2), then we can apply only po and keep p1
until reaching its match. In the following cases, p1 could be a unary or binary inference. The
Jjoin is then defined as:
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<5'7 Pl " C,O)

1 2

L 22 o g 2

S1 X Sa = S (3.2.1)

@ p2 ¢ (gi M) o

=1 P1 2 po P2

S X So = S (3.2.2)
¥1
= P1

1 ¢h ¢ 72 (Sl " ‘”)

S s, 7 = S 2 (3.2.3)

The new join is on paths of length (j, k — 1).

If p2 has a matching inference in Py but this is not py (case 3.3), the cases are analogous as
the previous ones:

P2
o P2
(901 X Sy )
1 P1 2 P2 — M
St X S = S (3.3.1)
P2
P p2 ,
A P1 22 P2 P1
Sl X SQ = S (3.3.2)
¥2
< P2
90/1 ¥1 P2 (’0,1 (901 X 5 )
s ow e = 5 ! (3.3.3)

This time the new join is on paths of length (j — 1, k).

If neither p1 nor ps have matching inferences in P> and Py respectively (case 3.4), then both
inferences need to be applied in some order. This order is not clear from the beginning, and
some backtracking might be necessary to find the correct one.
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(612

P1
P1 P2 S
R = = p2
St w5 _ g (3.4.1)
<901 X @2) 60/1
/ P1
Y1 ¥ P2 S
2 = p2
Sl P X 52 P2 = S’ P (3.4.2)
¥1 (901 X @2)
/ P1
Y1 ¥ P2 S
2 = p2
T _ G (3.4.3)
(901 X @2)
—_— P1
/ /
©1 Y2 Pa S 2
1 —_—— = P9
Sl P X SQ P2 = S’ P (3.4.4)
(901 X @2)
P
/ /
®1 Yo P2 2 S
1 = P2
S s, 2= CA (3.4.5)
(901 X @2) ¥1
o1 @ 2 o S oy,
L m 2 pa ; P2
51 X SQ = S’ (3.4.6)
<<,01 X 902) 80/1
/ / / S P1
Y1 ¥ 1 P P2 P2 P2 P2
51 X SQ = S’ (3.4.7)
¥1 (801 X @2)
2 P2 h S oy,
P1 P2 T P2
51 X SQ = S’ (3.4.8)
¥1 (@1 X 502)
/ / / S P1
Y1 ¥ o P P2 P9 P2 P2
Sl X SQ = S’ (3.4.9)

The new join is on paths of length (j — 1,k — 1).

One last (very!) important observation is regarding weakenings, which must be skipped
under certain conditions. Whenever p1, ps or p is a weakening, we must check the end-sequent
of the current join. If the weakened formula is already present (the same end-sequent ancestor as
in the original proof), then the weakening should not be applied. Otherwise it should be applied.
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We realize the method does not make clear what is the proper inference order application. In
some cases it does not matter the order, the only difference is that one final proof will be more
redundant then the other. In other cases, the algorithm works with one ordering but not with
another. There is some search involved to find out the correct order.

As a side remark, we note that although the definition seems to be constructing the join
bottom-up, this is just for induction purposes. In our examples we find it easier to construct
them top-down, by first joining the corresponding axioms and taking down from there.

For this method it is worth using o-projections (Definition[I3)), since this avoids unnecessary
weakenings.

Example

Before analyzing what happens to the critical inferences during the join, let’s show an example
of joining in a proof to make this clearer. The proof, admittedly, has no critical rules, but it is
a non-trivial case of joining. Let ¢ be the following proof with 2 cuts. The cuts are colored in
green and blue to differentiate the atoms in the clause set.

AFA ckCc , BEB AFA
AFAvC T CFAVC\/; B,AFBANA N BEB AFA
Ar A rel™¥ei AVCFAVC BANAFBAA 'S BAFBAA
Arivc " crave x AVC,(AVC) = (BANAYFBAA B/\AI—B/\AC;t
AVCFAVC ! AVC,(AVC) = (BANA)FBAA ,
(&)

(AVC) = (BAA),AVCFBAA

Its clause set is:

CL(p)={-A,C ; B/Ar; AFB; CFB; Ok A}

The o-projections are:

m(FAC): m(B,AF):
AFA CFC BB AFA ,
AvCr A,c B,AFBAA T
m(AF B):
7 _BEB .,
AFA B,AFB

A-AvVC " BAAFB
(AVC) = (BAA),AF B
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m(C'F B): m(CHA):

o _BEB 4, o _AFA
CFC B,A+B A CFC B,AFA A
CFRAVC " BNAFB CRAVC " BNAFA Y
(AVC)— (BAA),CF B (AVC)— (BAA),CF A
Suppose we want to use the following resolution refutation to guide the joinsﬂ:
CEA A}—BR 7 CI—A AI—BR
CHB B, AR FAC CFHB
CHA C.AF R FAB R AFB
C.CF R "BB R
FA,C CF FB B, Ak
FA R AF
l_

This means that we need to join projections 7(C' = A) with 7(A F B), via atom A. The
result is:

BFB
crC B,AF B
CFAVC " BAAFB '}
(AvVC)—= (BNA),C+B

wy

l

Note that the branches with A, which were actually being joined, disappeared. This corre-
sponds to case (3.1.5).

This resulting derivation has to be joined with 7(B, A ) via atom B. There is some liberty
for choosing which inference is applied first, we show here two possible results of this join:

BB BFB AFA

- —_— _— A\,
CrC B,AFBHX B,AFBAA o
CrAvVC " BANAFB ' CFC_,, BAAFBAA
(AVC)—= (BAA),CFB AF A CHAVC " BANAAFBAA ']

(AvC)—= (BANA),C,AFBAA (AvC)— (BANA),C,AFBAA

Our analysis indicates that using the right derivation is better in our case, since it duplicates
less branches in the proof. The difference is mainly on the order of application of —; and A,.,

!"This is complicated on purpose.
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the two binary rules. Observe also that wy still needs to be applied in this case, because the A
occurring in the sequent is a cut ancestor.
We choose then the right derivation and join it with 7(C' F A) via A, resulting in:

BFB AFA
crc ., BAFBAA
CFAVC " BANAFBAA Y
(AVC) = (BAA),CFBAA

Ar

Interesting things happened in this step. First of all, the w; was skipped, since A was avail-
able as the correct end-sequent ancestor. Second of all, there is only one occurrence of ' in the
end-sequent of this derivation. If you look carefully at the resolution refutation that is guiding
us, you will see that there are two (s, but this is not the result of the join, since one of the
branches from which one (' came from was not used. In general, we can say that the induced
clause resulting from a join subsumes the resolvent of the two original clauses. We will soon
explain about this subsumption property. Before that, let’s finish the joins for this proof, it’s a
good learning exercise.

Next step is to join the last derivation with (- A, C'). We will refer to the result as @ 4:

A A C}—C\/ BFB AR A
AVCFAC Q B,AFBAA
AVCFAAVC " BANAFBAA
AVC,(AVC)—= (BANA)FBAAA

Ap
AY;

Now let’s deal with the other branch of the resolution refutation. First we join 7(C' - A)
with 7(A - B) via A:

BrB .,
cre B,AFB A
CRAVC " BANAFB

(AVC) = (BAA),CF B

This is again case (3.1.5), in which the joining branch itself is discarded. We now join this
with (F A, C') via C:

CFC v B+ B w
A-A CrAvVC ) B,A+ B A
AVCE A Ave ! BAAFBA;

AVC,(AVC) = (BAAF A, B

When joining these branches one curious thing happens. At first it seems arbitrary if we
apply V; before V, or the other way around on the left branch, but once we get to the next join
we can only continue if we apply V,. before (above) V;. If the wrong order is used, there will be
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one extra atom in the derivation. Don’t believe me? Ok, here we go. Imagine that, top-down,
the rules in the A branch of the derivation above are {V;, V., —;}. The next step is to join this
branch with 7(A F B). The first rule in the projection branch is V,., which has a match in the
current derivation. So we need to apply V; first (top-down) to get to the matching inference,
which results in the following derivation:

AFA CrC |
AVCFAC Q
AVCFAAVC "

See the extra A there? We need to be careful with that.

So let’s say we use the correct order, the join can be performed with no problems, and
the same effect of non-duplication occurs as before. Although the resolvent of this resolution
has two B’s, the joined derivation has only one. As a plus, we don’t have to worry about this
contraction. We will skip this step and show already the join with (B, A), which we call ¢ 4-:

BFB AF A

AF A B,AFBAA

ArAvC " CTrc., BAAFBAA |

AVCFAVC : BAAAFBAA_;
AVC,(AVC) = (BANA),AFBAA

Ar
wy

Final step! We must join ¢ 4 with ¢ 4 via A, of course. We will start by applying A,:

BB AFA

Ar
B, AFBAA

Now there is a weakening of A on the left. Do we need this? There is an A already there,
but we do need the weakening. If you observe, the A which is present is an ancestor of A V C,
so not the same weakened A. But alas! We don’t need this branch after all. This is case (3.1.4),
in which the joined branch is discarded. Well, it was a good example for the weakening anyway.
The final proof is then:

AF A BEB AFA

Ar
Arivc " crc., BAFBAA
AVCFAVC ' BAAFBAA Y

AVC,(AVC) = (BAAFBAA

Subsumption

Now let’s discuss the subsumption property. You might have noticed that, when doing the join
operation, some branches of the proof can disappear. These branches might contain some atomic
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cut ancestor, which are not necessarily the one on which the join is guided. Can we spare these
atoms? Turns out we can, because the new clause subsumes the original one.

Definition 33 (Subsumption). A clause Cy subsumes a clause Cs, written C1 < Cj, if there
exists a substitution o such that the literals in Cvo are a subset of the literals in Cs.

In the case of joining, there is no need for a substitution o.

Theorem 15. Let C; and Cy be two clauses resolved in the resolution refutation via an atom
A and C, its resolvent. Let p be w(C1) M4 m(Cq) and C; be the clause composed of the cut
ancestors in p’s end-sequent. Then C; < C.

Proof. From the definition of projections, we know that every literal occurring in C, is in an
axiom of w(C) or w(C3). When these projections are joined, as in Definition 32} some axioms
might not be used anymore simply because a branch of the projection was not used. Therefore,
the literals appearing in C; will be only a subset of those appearing in C). O

Because of the subsumption principle [23]], we know that if C’ < C, then C can be replaced
by C’ in a resolution refutation. Therefore the simpler clauses obtained by joining can still be
used in a new (and possibly simpler) resolution refutation that will guide future joins.

Quantifiers

One (more) thing we need to be careful about when joining derivations is with quantifier rules.
Since we are working with skolemized proofs, there will be no strong quantifiers, which means
that we don’t need to worry about eigenvariable violations. But we do need to worry when
matching inferences are quantifier inferences. If they use the same term in the substitution, we
can apply one quantifier with no problem. What if they use different terms?

Suppose two weak quantifiers are matching inferences. This means that they are occurrence
of the same inference in the input proof. In the original proof, this quantifier might have been
instantiated with a term ¢ which has an eigenvariable from a strong quantifier applied to a cut-
ancestor or not.

If ¢ does not contain an eigenvariable, then its occurrence in every projections will be the
same, and the rules can be merged in one.

If, on the other hand, ¢ does contain an eigenvariable, then this might have been instanti-
ated to different terms, resulting from the unifications during resolution refutation. In this case,
the week quantifier inference needs to be applied twice and the main formula contracted. Ob-
serve that this does not pose a problem for LJ’ because week quantifier inferences do not have
structural restrictions.

Critical inferences

But will this join always result in an intuitionistic proof? Suppose p is a violated instance of a
critical inference in a projection. Eventually the branch to which p belongs will be joined (if not,
then it’s not used in the final proof and we don’t care about this inference anyway. This could
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happen if there was some subsumed clause, for example.). During joining, a few things might
occur:

e The branch where p is might disappear. In this case we don’t have to worry about anything,
since the violated inference will vanish completely.

e p has a matching inference, say p’, on the other branch. Suppose p is violated by n
atoms and p’ is violated by n’ atoms. The join operation is for sure in an atom A that
violated both p and p’. The new p* inference, in the result of the join, will be violated by
n+n' — 2, worst case scenario. Considering that, after all the joins, these violating atoms
will no longer occur, our intuition tells us that there will be no more violations.

e p has no matching inference. In this case, it might be crucial the order in which p is
applied. As we’ve seen on the previous example, the ordering might determine whether
some matching inference will occur or not on the next join, and for critical rules it is very
important that matching inferences are found. On the other hand, p needs to be applied
anyway. Of course the violating atom A will no longer occur, but we need (can we?) to
make sure that there are no other formulas on the right side (ancestors of end-sequent).
Again in this case the order of rule applications plays a major role.

In fact, in the general case we cannot always fix the critical inferences. If we take the
propositional proof from Chapter [5} we see that, no matter how the join is performed, the final
proof is still classical. On the next chapter we try to work around this.
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CHAPTER

Indexing CERES

Remember I said, a long time ago, in Chapter[5] that ignoring the tautologies from the clause set
was important? Well, for intuitionistic logic, not ignoring them is what is important. It turns out
we will need to use all the clauses for a resolution refutation if we want to transform the final
ACNF into an intuitionistic proof.

10.1 Indexing

In his thesis [28], Bruno Woltzenlogel Paleo discussed resolution refinements that would re-
duce the distance between the normal forms generated by the CERES method and the normal
forms generated by reductive cut-elimination methods. By restricting the way resolutions are
constructed, he argued, CERES would involve less proof search and be closer to a “genuine”
proof-transformation. His examples show that, already in classical logic, there are normal forms
generated by CERES which cannot be generated by reductive cut-elimination. The refinements
aim to bring these normal forms together.

In intuitionistic logic the situation is even more serious. Observe that the ACNF generated
by CERES has the characteristic that all cuts and possibly some contractions occur below all
logical inferences. Now, intuitionistic proofs with atomic cuts cannot always be transformed
into such format. Since there is less liberty on the order of inferences, it is not always the case
that the cuts can be permuted down all logical inferences. This is a first indication that the ACNF
will eventually turn out classical.

Since we know reductive cut-elimination is possible in the intuitionistic calculi L.J and LJ’,
we will use one of the resolution refinements defined in ano’{] thesis [28]] in hope that this
will generate ACNF’s which can be enventually transformed into intuitionistic proofs.

The refinement we will use is called “atomic cut-linkage” ( [28]], page 154, definition 6.2.3).
Its main idea is to restrict the resolution refutation in a way that the pairs of resolved atoms are
exactly those atoms which would be cut had a reductive cut-elimination method been used. To

'In Brazil, we usually refer to people on a first-name basis. I and Bruno are both Brazilians.
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enforce this, we will use indices for atoms occuring in cut-ancestors and make sure that only
atoms with the same index are resolved in the resolution refutation. First of all, we define how
to index these atoms in the input proof.

Definition 34 (Atom indexing). Let ¢ be a proof with cuts and F' the auxiliary formula of a
cut inference. For each atomic sub-formula of F' we assign an index i different from the indices
used in all other cuts of @. It is important to note that the atomic sub-formulas of two auxiliary
Sformulas of the same cut, on both premises, will have the same index.

In the proof below, the atom indexing is represented by superscripts on the green atoms,
which are the cut ancestors.

PP
P PR
P?, =P _ ~P?, Ptk w, PP wy
prpr ., __oPk-or? Tvr Pt ooPEP o PLooPEP
PFP'v-P ~PE P VP oPPEooP o P PP P,
PV-PF P v -P? Py P’ -oP P .

Pv-PF—-—-P—P

Given the indexing, we define a resolution refinement that will take these indices into account
and only allows atoms with the same index to be resolved, which we will call indexed resolution.
Observe that, if we perform reductive cut-elimination until having only atomic cuts in a proof,
these will be cuts exactly on atoms with the same index. The completeness of this resolution
refinement then comes for free.

Note, though, that the completeness is only possible because we have clause sets coming
from a proof with cuts. It makes no sense to consider the refinement in a general setting of
resolution.

If we now consider the indices as part of the language (part of the atomic predicate, for
example), we can use the same resolution calculus to find a refutation of the clause set, and the
condition that only atoms with the same index are resolved will be fulfilled. The clause set of
our example proof, thus, is the following:

CL={P?-P'; P'\; FP%

Now, if you remember correctly, had we not used indices, the clause P? - P! would not be
part of the clause set, since it would be a tautology. But now it needs to be considered. Even
more so because, had we only P! - and - P2, the clause set would not be refutable. In the new
language, P! # P?. We get then a different resolution refutation:

P2FP' Pt
2 2
- P . PE

R
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And we need to compute the o-projections of the three clauses:

n(F P?)
(P F)
Lo Prp
FpP2-p T —
— 1 [)l,ﬁ_‘P'_P
——PF P? T —p_p 7
—PrpLp " PIE P P

—_—
FP2,——P P "

n(P*+ P

P’k P
-P,P’F

P+P' -P,P2F P!
PV-P, P2t P!

-

r

Vi

The use of this resolution refinement changes nothing on the projections. They still contain
some f-inference. What changes then? Well, with a different resolution refutation, the ACNF
changes:

PrEP? PPEPo

i e PP
—prp? ., PrPl -PP’}P . _PL—oPEP
~=PFP,P " PV-PP’FP!

wy

PF PP

FP2 PP " PV -P,P°F P — P

PvV-P+—-——-P—P-——-P—P
PV-PF P > P

cut

cut

r

It is still classical though. But observe that this ACNF does not have the undesirable effect
of an intuitionistically invalid sequent before the cut.

In order to get an intuitionistic proof, we will not try to fix this ACNF, but join the projections
using the method of Chapter [0] The resolution refutation that will guide the join will be the
indexed one, since using the other simpler refutation will not result in an intuitionistic proof.

The result of joining the projections (P2 I~ P') and 7(P' I-) if| the following:

“This is just one possible result for the joining.
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PIEP
“P. P+
- — W
PrP -PIPEP
PV-P,P’F P 12
- l
PV —P P’ ——PF P

PV-P P’ F PP

-

And by joining this derivation with the projection 7 (- P2) we get the following intuitionistic
proof:

PFP _
-P.PF
m:l
~P,——~PF
PFP -P--PFP
Pv-P,-—PFrp
PV-PFr—P—>pP

l

r

r

Predicate Logic

Remember the predicate proof in Chapter [5]? Using this resolution refinement plus joining also
works for it. Let’s show that.
The proof with atom indexing is the following:

Pat Pal _ pilv-pt . PftEP[e
Pla’F Pfa_—PalPat SPLPUE | PP PfE
Pfa — Pa, —Pal, Pfa’ ~PtF-Pt' ' -Pft2F -Pft .
Vy.(Pfy — Py),~Pa', Pfa’ - i Pt — =Pft?,-Pt+ —Pft
Vy.(Pfy — Py), Pa'k ~Pfa? _) —Pt' — ~Pf{’F =Pt — -Pft
Vy.(Pfy — Py) - ~Pa' — ~Pfa? ~Pt' — ~Pf2F Jy.(~Py — ~Pfy)

Vy.(Pfy — Py) FVy.(~Py" — —Pfy?) " Vy.(-Py' — ~Pfy®) F y.(~Py — ~Pfy)

Vy.(Pfy — Py) F Jy.(-Py — —Pfy

cut

The clause set with the indices indicated is:

CL={Pfa*+ Pa' ; Pt'+ ; + Pft?*}

Observe that, using these indices, the resolution that we had before, i.e.:

Pt! -
) T t <+ ft
FPft> Pft I—R

l_
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is not an indexed resolution, since there are two atoms, one with index 1 and the other with
index 2, being resolved. The indexed resolution refutation for this clause set is:

Pfa?F Pal!

FPft2 Pft2+ Pt!
- Pt Pt

ot

The o-projections are almost the same, differing on the instantiation of Pt¢. In order to use
the indexed resolution we need also the projection of the clause P fa F Pa with « instantiated
to .

m(- Pft?) (Pt F)
Pft+ Pft? ; Pt' - Pt -
EPft?oPft T Pt', Pt +

w
-Pt+ Pft?,—~Pft N Pt', =Pt -Pft
F Pft?, Pt — ~Pft TH Pt! - =Pt — =Pft
F Pft?,3y.(-Py — -Pfy) Pt' b 3y.(~Py — =P fy)

r

T

m(Pfa? F Pab)[a « t]

Pft> - Pft Ptk Pt! o
Pft — Pt,Pft> - Pt!
Vy.(Pfy — Py), Pft* = Pt

l

Now, instead of constructing an ACNF, we will join these projections using the indexed
refutation as a guidance. We first join 7 (- P ft?) with (P fa F Pa)|a < t]:

Pft+ Pft Ptk Pt .,
Pft — Pt,Pft+ Pt!
Pft — Pt+ Pt', -Pft w
Pft — Pt,—~Pt+ Pt',—Pft ;
Pft — PtF Pt',-Pt — —Pft T
Pft — Pt Pt',3y.(~Py — —~Pfy)
Vy.(Pfy — Py) + Pt*, Jy.(=Py — —Pfy)

T

And now we join this derivation with 7w (Pt! I) to get the following intuitionistic proof:
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PtEPtL
Pft- Pft Pt,-Ptt
Pft — Pt,—Pt, PftF
Pft — Pt,—~Pt - —Pft ﬁ;
Pft — PtF—-Pt — —Pft
Pft — Pt+ 3y.(-Py — ~Pfy) "
Vy.(Pfy — Py) & 3y.(-=Py — =P fy)

l

T

l

10.2 Conjecture

So it seems that this method works. What did we do? We take the proof with cuts, annotate its
atomic cut ancestors with the atom indexing, compute the clause set, refute the clause set using
indexed resolution, compute the projections and join them according to the refutation. Are we
absolutely 100% sure that this method works for every intuitionistic proof? No. That’s why we
have a conjecture, and not a theorem, here.

Conjecture 1. Let ¢ be a skolemized LJ proof with cuts. Then, the computation of the following
steps:

o Compute the atom indexing of .

e Extract the characteristic clause set.

o Find a resolution refutation R using indexed resolution.
o Compute the projections.

e Join the projections (Definition[32) using R to guide the joining order.

vields an intuitionistic proof.
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CHAPTER
Complexity analysis

One advantage of the CERES method over other reductive cut-elimination methods is the speed-
up obtained by the former over the later. Speed-up of what? Of the space in memory needed to
remove the cuts by both methods. Note that this is different from the size of the final (cut-free
or ACNF) proof. In fact, for the example in which we show this speed-up, the final proof using
both methods would be the same. The difference is on the steps in between, where reductive
cut-elimination will take a non-elementary amount of space while CERES will not.

We were wondering whether the same results would apply for intuitionistic logic and, it turns
out, it does! The proof in which the speed-up is shown is actually intuitionistic and belongs to
one of the “trivial” classes, in which classical and intuitionistic provability coincide. This means
that classical CERES can be applied to these proofs, and the speed-up still holds. We show
this in Section[TT.1] The changes proposed to the method throughout this thesis do not seem to
interfere on this speed-up result, but a more careful analysis is left for the future.

Another interesting complexity issue is the comparison of sizes between classical and intu-
itionistic proofs. This is related with LJ ™, the class of proofs for which the method of Chapter
[6] works. We discuss this in detail here, in Section[I1.2]

11.1 Complexity of CERES

We introduce now the “power tower’ﬂ of 2’s function, which is a non-elementary function:

20=1

2n+1 = 22n

For those unfamiliar with it, it is very bad. Really. Worse than exponential, a lot worse.
Unfortunately, cut-elimination’s space complexity is a power tower of 2’s. And this holds for any

!Also called tetration.
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cut-elimination method. This follows from two independent results [27,30] and an explanation
can be found here: [4]], Corollary 4.3.1.

If the worst case complexity scenario is bad for any method, all we can do is compare them
in specific cases. Here we show a proof sequence for which CERES is better than Gentzen’s
reductive cut-elimination. But first we need to make things more precise.

By Gentzen’s cut-elimination I mean reductive cut-elimination (using the rewriting rules in
Appendix [A]) following the strategy of removing the upper-most cuts first.

To explain better/worse we need to define a complexity measure. For this example we will
deal with space complexity, meaning the space in memory needed to solve a problem. We could
also have chosen time complexity, since in Gentzen’s cut-elimination algorithm is also O(2,,) in
the number of steps. But for CERES we would need to analyze time complexity of resolution.
To try and keep things simpler, we will reason only on space complexity, which we can measure
just by measuring the biggest proof obtained during reductive cut-elimination and CERES’s
ACNEF size.

The results here were proven in [4] in a slightly different way. Nevertheless, we repeat them
since it applies for intuitionistic CERES on the class LJK (Definition [17).

One thing you should know (that I will not explain here) is the Statman’s proof sequence.
We will denote a proof in this sequence as -, and its end-sequent as A,, - D,,, where D, is
one formula. You don’t really have to know what it is exactly, but an important property is that
eliminating the cuts in theses proofs causes them to blow up in size. The resulting cut-free proof
(in fact, any resulting cut-free proof) is non-elementary in size with respect to the size of the
input proof v,. Also, they are intuitionistic. Keep this in mind.

Let ¢ be the following proof with cuts:

Tn AFA AFA
AFA AbD,, AAAFA "
AAFAND, " AND, ASAFA

AN, ASAFA cut

When using Gentzen’s strategy for removing cuts, we start by the upper-most cuts, i.e., those
in the Statman proof. As was mentioned before, this blows up the size of the proof, until the
very end, when the cut on A A D,, is eliminated and then that huge non-elementary chunk of
proof disappears. Still, we need the non-elementary amount of space to hold intermediary steps
in this reductive cut-elimination.

Now, what happens when we apply CERES? Well, we first compute the clause set, which is:

CL(p) ={F A}UCL(yn) U{AF}
={FA; AF}UCL(v)
Oh, look at that! We don’t need the clauses coming for the Statman proof to get a resolution
refutation. Which means we don’t really need to officially eliminate the cuts from =, in the first

place, since this refutation already indicates we won’t need this part of the proof.
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FA AF

By computing the projections and putting it together with the resolution refutation we get
the following ACNF, which is obviously elementary in size with respect to .

AFA AFA
AFA AASAFA

AASAFA
AN ASAFA

cut
l

So by skipping intermediary steps, CERES takes much less space than Gentzen’s reductive
cut-elimination in this case. And note that all the proofs are intuitionistic, and fall in the trivial
class defined previously.

Now, this is one example, and you might be wondering whether there is not another proof
such that CERES will take a non-elementary amount of space while Gentzen’s method will take
only elementary space. The answer is no. CERES will be, on the worst case, as bad as Gentzen’s
method, but never worse. This is also proven in [4]], Theorem 6.10.3.

11.2 Complexity of L]~

In Chapter@ we discussed briefly about classical and intuitionistic provability of the class LJ ™.
Now we will elaborate on that.

First of all, we show that classical proofs can be much shorter than intuitionistic proofs.
In fact, there exists a sequence of sequents S, such that classical proofs of S,, are recursively
bounded while intuitionistic proofs of S,, have no recursive bound. To see this, we first need to
remember that the set of intuitionistic proofs is a subset of the set of classical proofs. This fact
alone already indicates that intuitionistic proofs cannot be smaller then classical proofs, since
they are classical themselves. Secondly, we show that proofs cannot have a recursive bound in
general.

Theorem 16. For every recursive function f, there exists a sequence of first order sequents S,{
with minimal size proofs y, such that the size of ,, is bigger than f(n) for infinitely many n’s.

Proof. We prove this by contradiction. Assume that there exists a recursive function f such that
it bounds every proof sequence ,, of every sequence of sequents S,,. With this bound, we have
a decision procedure for the logic, which is simply to search for a proof of S,, whose size is at
most f(n). Since we know that first order logic is undecidable, we reach a contradiction and
conclude that the theorem is true. O

Observe that this theorem is valid for both classical and intuitionstic first order logic.
Now we show that classical logic can have a speed-up over intuitionistic logic. Take one
of such sequences of sequents S, such that the smallest LJ proofs of this sequence are not
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recursively bounded (Theorem (16| guarantees that they exist). Say that S, = I',, - F,,. Now
take a sequence S;, which is I',, = F, V (A V —A), i.e., a modified S,,. Since A V —A is
not provable in intuitionistic logic, an L.J proof will have to discard this part of the sequent by
applying an V, rule and go on with the non-recursively bounded proofs of I';, = Fj,. On the
other hand, a classical proof of such sequents can in fact get rid of I';, and F}, and prove only
AV —A, obtaining a proof sequence which is basically linear on 7.

This is how much more verbose intuitionistic logic can be. So, in principle, intuitionistic
proofs can be super-recursively abbreviated using classical proofs, and classical proofs are, in
the worst case, as bad as intuitionistic ones, but never worse.

The interesting thing is that this does not hold for the class of skolemized LJ~ proofs!
In fact, we can show that, by using CERES with negative resolution (Chapter [7), we obtain
recursively bounded intuitionistic proofs from recursively bounded classical proofs of I I-.

Let’s show how this works on an example first. Let ¢ be the following classical proof:

Pfat Pfa
Pa,Pfat Pfa,Pffa “;
Pat Pfa,Pfa— Pffa
F Pa— Pfa,Pfa— Pffa
F3z.(Px — Pfx),3z.(Px — Pfx) cr
+3z.(Px — Pfx) "
—3z.(Px — Pfx)

T

r

Using ¢ we can construct = which proves the same end-sequent but has a full intuitionistic
proof on the right branch of the cut:

Pak Pa Pfatk Pfa
Pa — Pfa,Pat Pfa
Pa— Pfat Pao— Pfa
Pa — Pfat 3r.(Pr — Pfx) "
Jz.(Px — Pfx)F Jz.(Px — Pfx)
0 —3Jz.(Px — Pfx),3z.(Px — Pfx) F il‘
—3Jz.(Px — Pfx) —3Jz.(Px — Pfx) b —3z.(Pzx — Pfx)
F——30.(Pr — Pfr) | —3.(Pz — Pfx),——3z.(Pz — Pfz)F
—3Jz.(Px — Pfx) +

r

l

1

cut

This is a proof with cut, so we can apply the CERES method to eliminate it. But let’s
not apply classical CERES. Although the proof is classical, we choose to apply CERES with
negative resolution. The clause set extracted is the following:

CL(E) =1 ; FPa; Pfal}
Of course we can get rid of the tautology P fa - P fa. The refutation is then very simple:
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F Pa u Pfat

And the projections come only from the intuitionistic side of the proof (which is very con-
venient):

7(F Po) m(Pfat)
PaFPa__ Pfak Pfa
Pal Pa,Pfa + Pfa,Pat Pfa
- Pa, Pa— Pfa " PfaF Pa — Pfa .
F Pa,3z.(Px — Pfx) _T| Pfat 3x.(Px — Pfx) ~
—3¢.(Pz — Pfz)F Pa | Pfa,—3z.(Pz — Pfo) -

Notice that there is a {-inference in one of the projections, but we have already seen how this
can be fixed. The ACNF is the following:

Pfat Pfa w Pfal Pfa
Pfat Pfa,Pffa Pfa,PatF Pfa '
- Pfa,Pfa— Pffa " Pfat Pa— Pfa

F Pfa,3z.(Px — Pfz) =" Pfal 3x.(Px — Pfx) ~
—3Jx.(Px — Pfx)F Pfa A Pfa,—3z.(Px — Pfxz) h
—3Jz.(Px — Pfx),~3x.(Px — Pfz)
—Jdz.(Pzx — Pfx) b

cut

And after reductive cut elimination of the atomic cut we have a nice intuitionistic proof!

Pfal Pfa
Pfa,Pat Pfa
Pfat Pa— Pfa
Pfat 3x.(Pr — Pfx) "
—3Jz.(Px — Pfx),Pfat h
—Jdz.(Px — Pfz),Pfat Pffa
—3Jz.(Px — Pfz) - Pfa— Pffa
-3z.(Px — Pfx)+ Jz.(Px — Pfx)
—dz.(Px — Pfz),—~3x.(Px — Pfx) A
—Jdz.(Px — Pfx) F

r

l

T
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From this we can devise a method to obtain intuitionistic proofs from classical proofs of
sequents of the type I' -. Moreover, we guarantee that these intuitionistic proofs are recursively
bounded.

Theorem 17. For every sequence of sequents Sy, of the form U |, if the classical proofs of Sy,
are recursively bounded, then so are the intuitionistic proofs.

Proof. In order to prove the theorem we will define a (primitive recursive) transformation of
classical proofs of such sequents into intuitionistic ones. Let S be an arbitrary sequent Ay, ..., Ay F
and let ¢, be a classical proof of S. Then we can construct =:

Pe
Ay, A b
— A
AN NARE . i
F=(AL A AAR) T S(ALA L ANAR) A A

cut

A AL F

We can safely assume that ¢; is an intuitionistic proof which is linear on the size of the
formulas Ay, ..., Ay, and, thus, recursively bounded.

The bounded intuitionistic proof of S will be obtained as the result of applying CERES with
negative resolution (Chapter[7)) to =. The complexity of this transformation is that of reductive
cut-elimination, i.e., non-elementary but primitive recursive. Observe that the classical part of
this proof contains only cut ancestors. This means that all clauses in the characteristic clause
set coming from ¢, will be tautologies. These tautologies can be eliminated from the clause
set and will not be used for the resolution refutation. As a consequence, the projections that
will assemble the ACNF will be all from ¢;, i.e., intuitionistic with some possible violations.
These violations can be eliminated via reductive cut-elimination of atomic cuts in the ACNEF,
as indicated by the method. This final step is of at most exponential complexity, and therefore
primitive recursive.

We can conclude then that there exists a primitive recursive function f such that, for every
sequence of proofs ,, of sequents I, I, we can obtain a sequence of intuitionistic proofs ¢/,
whose size is bounded by f. O
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CHAPTER

Conclusion

You have reached the end. Congratulations! I am afraid few people will come this far. Let’s
review what happened then (and if you are one of those people that just jump to the conclusion,
maybe you will become curious and go back to read something).

12.1 Wrapping up

The main goal of this work was to develop a method to eliminate lemmas from constructive
proofs. We explained in Chapter [I| why we use intuitionistic logic for constructive proofs and
how lemmas are cuts in sequent calculi. Chapter [2| was an introduction to the formalism used,
and there we also show an existing method for eliminating cuts, namely, Gentzen’s reductive cut-
elimination. Then we go on explaining CERES, a cut-elimination method based on resolution
which is developed for classical logic (among others). Our main aim was to try and develop a
CERES-like method for intuitionistic logic.

Although it seems we have not reached the main result, we believe Conjecture [I] can be
proved. On the way there, though, there were many interesting insights. One key observation
is that we cannot use unrestricted resolution like it is done for classical logic. This is illustrated
by the examples in Chapter [5] Therefore, although the practical problem lies mainly on the
projections, we cannot expect to transform the classical ACNF into intuitionistic by using any
resolution refutation.

Given this limitation, Chapters [0 [7] and [§] present some alternatives.

The subclasses of intuitionistic logic covered by the methods presented in Chapters [6] and
are the same, but they use different approaches. In iCERES a new resolution calculus is
defined which involves resolving negative atoms as well. On top of that, atomic cut ancestors
are shifted to the left side of the sequent using negation inferences. This makes projections
intuitionistic and with the new resolution calculus a final intuitionistic ACNF can be assembled
without problems. Negative resolution CERES, on the other hand, shows that, by using the
negative resolution refinement, the final classical ACNF can be made intuitionistic once the
atomic cuts are eliminated reductively.
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iCERES has the obvious advantage that no post processing is needed, but new elements
and calculus have to be defined. Negative resolution CERES needs a post processing, but the
elements used are well-known and fewer modifications on the classical CERES are needed.

The method in Chapter[§] merging CERES, is more esoteric. It studies shapes of input proofs
on which the CERES method can be applied unchanged, and a post processing can transform the
ACNEF from classical into intuitionistic. It turns out that the inferences must occur in a particular
order, so we studied extensively the permutation of inferences in LJ and, when it is possible to
permute the rules and reach this order, merging CERES yields an intuitionistic proof. Because
the method depends on inference ordering, it is hard to describe the class on which it works
syntactically.

Chapter[J] joining CERES, presents a different approach. Instead of constructing the ACNF,
the projections are joined via what would be the atomic cut ancestors in a final proof. One can
think that they are joined like zippers, with these atoms disappearing in the process. The joining
procedure defined in this chapter, is an interesting proof transformation, that can possibly be
used for other purposes. There is still, nevertheless, a great deal of non-determinism in joining,
and backtracking would be probably necessary if this is to be implemented.

Even using the joining procedure, we cannot obtain a CERES-like method if we don’t re-
strict the resolution refutation. In Chapter [I0] we suggest how this can be worked around. The
indexing CERES uses a resolution refinement defined previously which approximates CERES to
areductive cut-elimination method. We conjecture that, by using indexed resolution and joining,
we obtain a cut-elimination method by resolution for intuitionistic logic.

Chapter [TT]is dedicated to a study of the complexity of the CERES method. We show that
the speed-up obtained in the classical case also applies to the trivial classes of the intuitionistic
case. In the same chapter, we show a result with respect to the complexity of proofs of sequents
of the shape I' F-.

12.2 'What the future holds

Obviously the main immediate future direction of this work is to try to prove Conjecture [I}
There exists already a vague idea on how to do this, but due to time constraints, it will not be
possible to include a proof in this thesis.

A middle term goal is the implementation of the indexed resolution refinement and the join-
ing method, with which experiments on constructive proofs could be run automatically.

It would also be interesting to study how the resulting proofs of the algorithm proposed in
the conjecture are related to the results of reductive cut-elimination methods.

That’s it! Thank you and good night.
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APPENDIX

Reductive cut-elimination

In this chapter we show the rewriting rules for performing reductive cut-elimination in LK and
LJ. Each of the following sections have three subsections, namely: cut-elimination, rank reduc-
tion and grade reduction.

The cut-elimination section contains the rewriting rules that actually eliminate a cut infer-
ence from a derivation. The rank reduction section presents the rewriting rules that permute the
cut over other inferences in the proof. This is necessary to make the cut principal, in which
case the rewriting rules from section grade reduction can be applied and the complexity of the
cut-formula is reduced (except on the case of contraction).

In all rewriting rules, the cut formula and its ancestors are marked in green.

A.1 Rewriting rules for LK

Cut-elimination

Over axiom inferences:

v
AFA ATEFA 2
TAFA Y o ATrA
o
FFAA AFA 4
TFAa A Y L TrA4
Over weakening:
©1
LA, v2 2
TFAA " AT EA A .
I.TFA, A cut L TrraaA W
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P2

w1 'EA ¥2
THAA AT FA lt EA L
T FAAN Y o TFA AN T

Rank reduction

Over unary inferences:

P1 ®1 P2
I A A P2 T A* A AT FA
TrA A T oATEA U EALA
T F AN cut -, TITFAAN
P2 ®1 P2
1 AT A THAA ATHE A
rea4 Arra ’ oA A
T FA A Trraa
Over binary inferences:
®1 P2 ®1 ©3
T AL A Tob Ay ©3 T kAL A AT FA P2
TEA A P AT A LT EALA YA,
T FAA cut T FAA
¥1 ®2 ©2 ¥3
T A, Tob Ay A P3 P11 TobAg A AT F A
TFA A P areA kA, T - A, & W
TN cut T FAA p
Y2 ©3 Y1 P2
P11 ATLEA, TyE A, THA A AT, F A, Ps
THA, A area " IO FAA, kA,
T A A cut - T F AN
P2 ¥3 ®1 ¥3
P11 TLEAL AT,F A, ¥2 THAA AT,FA,
TEA A AT FA P Ik A T, FA A,
T FAA cut - TN
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Grade reduction

Of a cut on an A-formula:

®1 P2 ¥3
TFA A T/FA, A, AN
LT F AN, A A A AN A, T F AT
0,17 A, A, A cut

s

Of a cut on an V-formula:

¥1 P2 ¥3
THA A ATV EA Ay TV - A
THFA A VA, ™ A VAT T"FAN, A
A NN

l

cut

Of a cut on an —-formula:

®1 P2 ¥3
[LAFA,B I'FAA BIEAT
TFAA—B " A= BT, T'FAN,A

L, T F A A A

Ccu

Of a cut on an —-formula:

Y1 ©2
IAFA I"FA" A

TFA A " “ATFA
cut

I

T, T'FA A -

Of a cut on an 3-formula:

P1 P2
T'E A, Alx/t] Alz/a], T H A’
TFA Jz.Az " JzAz,I'F A
NN cut

Of a cut on an V-formula:

¥3
P2 AT - A
Y1 TREALA, AL A, TEAT
TEA A LT AL AT
- T, T7 F A, A A cut
P1
THA, A, 3
THAALA, "~ ATV E A $2
T, A, A A, AT A
- T,T,T7 A, A, A" cut
$1 ¥3
¥2 ATFAB BI'FA
cut

'FA A AT T EAAN
LI T F A A A

cut

P2 ®1
I'EA" A ATEFA
ITVEA A

cut

P1 p2lo/t]
L= A Alz/t] Alz/t], T A

T.TFAA cut
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¥1 %)

THA, Alz/o] Alz/t],T" + A’ p1la/t] P2
TFAVeAr " Vodr,T'F A lt DEA A/ A/ FA
DT FA A - DT FA A o
Of a cut on a contracted formula:
P1 P2
01 LEAAA AT'RN P2
I A,A,A 2 F,F/ FA,A/,A (&%) A,F/ A/ .
TFA, A AT FA LU, FA NN
N cut T AN &
P1 P2
P2 ©1 LEAA AATFA
©1 A AT F A T,-A A ATTEAAN e
r-AA ATFA LT, FAAAN
LTFaA TIFAA D
A.2 Rewriting rules for LJ
In all rewriting rules for LJ, A is at most one formula.
Cut-elimination
Over axiom inferences:
14
AFA4 ATEA @
ILAFA " w ATHA
¥
PEA AFA ®
r-A ~ TI'FA
Over weakening:
$1
I 2 1
A " AT FA LE e
T,T FA at o Trra
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P2

w1 I'EA L, v2
PEA ATEA rEA L
I N O R S N A
Rank reduction
Over unary inferences:
©1 ©1 Y2
T*F A P2 I'*F A A,F/}_A "
rEa” area A
T,T FA VR T.T FA
P2 ©1 P2
Y1 AT A* PEA AT EA
LkA ATFA o T FAr Y
T FA RN I,TFA
Over binary inferences:
®Y1 ®3 P2 ¥3
©1 P2 [LPREA ATEA  T,QFA ATEA
IL,PFA T9,QF A ©3 IL,PIT FA o QI FA e
T,PVQF A LATEA , T,PVQ,I',T'F A :
T,PVQ,T FA . T,PVQ,T FA
¥1 P2 P2 ¥3
TiFP TyQFA ®3 #1TQEA AT'RA
TP >QF A AL'EA O FP Lo, QI A e
TP 5 QT FA . TP 5 QT FA AN
P2 ¥3 ©1 P2
1 AT FA; ThEA, PEA AT EA 9
THA ATEA LT FA, Y yrEA,
T FA o - IT FA
P2 ¥3 P1 ¥3
P10 TIFA, AT,EA, P THA ATLEA,
Tk A ATFA T F Ay LT, FA,
O,T FA e . I T FA
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Grade reduction

Of a cut on an A-formula:

$1 P2 ¥3
A, TVE A, ATV A
ITVE AN As Ay ANA T EA
T T”FA

Aii

cut

Of a cut on an V-formula:

®1 P2 ®3

TH A, ALT'FA ATV A

TFA, vA,

AV A, T T F A

LI,k A
¥1 P2 ®3
'k A, AL TVEA AT EA

TFA VA,

AV A, T T F A

I,T.T"F A

Of a cut on an —-formula:

®1 P2 ©3
T,AF B I'FA BI'EA
TFA— B A— BT T'FA
T, T FA cut
Of a cut on an —-formula:
¥1 P2
LAF _ I'kA
-4 " -ATF
1 - cut
Of a cut on an 3-formula:
¥1 Y2
I+ Alx/t] Alz/a],T"F A .
-3z Az 7" Jz.Az, TV F A lt
T FA o

104

¥3
¥2 AT EA w
Y1 Tk Ay, A ATV FA
T+ A A N
0,0, T FA cut
P2
¢1 AL EA
LA, ALI'TVFA "
- 0,0, T FA cut
¥3
$1 Ao, T A w
Ay, A I'T'FA
. O, FA cut
©1 ®3
2 ATFB BI'FA
'+ A arrra
O, T FA cut
P2 ®1
I'FA ATF
m—,l_ cut
1 pala/t]
TE Alx/t] Alx/t],TVF A
T FA cut



Of a cut on an V-formula:

¥1 P2
T+ Alz/al Alz/t], T + A p1lo/t] P2
TFVeAr " VoA, I'FA TE Alx/t] Alx/t],TVF A
T,TFA cut T FA cut
Of a cut on a contracted formula:
P1 P2
©2 Y1 TFA AATFA
L1 AATFA T,F A irrra
rrA ATFA rrrea M
rra oL Trra ‘9
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APPENDIX

Permutation of rules in LLJ

This Appendix shows the possible permutations of LJ rules down a proof. I used the purely
multiplicative version of LJ. Of course, not all cases are possible. The cases in which this fails
do not have a derivation on the right hand side, instead, there is a “?”’. The rule which is supposed
to be permuted down is always applied to a formula whose formula variables are A and B. It is
important to note that this is invariably an end-sequent ancestor. The bottom rule is applied to
a formula with formula variables P and (), which could be an end-sequent or cut ancestor. The
sequents are represented as multi-sets of formulas (i.e. the order does not matter).

The order in which the rules are presented is: —;, —, Ay, Ar, Vi, Voo Vi, Ve, 31, 3, 15 s
wy, Wy, €1, CUL.

B.1 Permutation of —; down

%l
P1 w2 P2 P3
LA I"BFP #3 1 T',BFP T",QFF
— l
I,[",A— BFP I"QFF | r-A "I, P—QBFF |
l 1
O,I,1",A—B,P—-QFF ~ I,TT",A—=BP—-QFF
P2 ©3 P1 2
$rIQFA T".BFF | rEpP IQrA | #3
l - l
L-P I'I" A= BQFF | I,I',P—Q,FA I".BFF
1 l
I,I'I'",A— B,P 5> QFF F ~ LI, rA—B,P—-QFF
P2 ©3 P1 ¥3
#I'FA TVQBFF | ¥2 TrFP I',QBFF
l l
L-p NI A= BQFF | A LI P—QBEE
l
I, T, T”,A— B,P -5 QFF ~ T, I,T",A— B,P 5 QFF
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—

©1 P2

I,PFA T',BFQ

I,I',A— B,PFQ

O, A= BFP=Q |~ ?

$1 Y2
I'~A T',P,BFQ
I, TV, A— B,P+Q
—r
LIV A—-BFP—Q ~

Ay

©1 P2
QA I',BFF
[T, A—=B,QFF
LT, PAQASBFFE ' -

25} P2

IFA I,QBFF
IINA-BQFF
[T, PANQASBFF ' ~

25} P2

I'-A I',P,B+F
LT/, A— B,P+-F
[T, PAQASBFF ' ~

Y1 Y2
IP+A I',BFF
ILT,A > B,P+FF
I T, PANQASBFF '
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©v2
®1 I',B,P+Q

A T',BFP>Q
-1

LIV, A—- B+FP—Q

1
r,Qr- A ©2
T,PAQFA

I",B-F

I,I),PANQ,A— BFF

p2
Y1 I",B,Q+F
'rA T",PANQ,B+F
I''[PANQ,A— BFF

P2
®1 I',B,P+F
A I',PAQ,BFF
ILT,PAQ,A—BFF

P1
I'PrHA #2
TLPAQFA 'Y ' BrF

[/, PANQ,A— B+F

l



P2 ®3 »1 ©3

$rT'FA T BFQ | 2 T'rP I”,BFQ

S e e . 4
P I' T, A—»BFQ I'cA I,TV,BFEPAQ ;
l

I/, A>B+FPAQ ~ TDI,I/T".A->BFPAQ

P1 P2 P2 ©3
A I",BFPH ¥3 »1 ' BFP T/FQ
a4 ,err Lol TRE
LT/, A— BFP reQ . A I'.,T,BFPAQ ;
1
I,T'.T”,A— BFPAQ " w LTI, A= BFPAQ
Vi
©2 ®3 p1 ©3

®1 'HFA T",QBFF | $2  T,P-rF I",B,QFF
ILPEF I'I" A= BQFF I'-A TI,I”,PVQ,BFF
ILI',T", A BPVQFF ' ~ TI,0,I”,PVQ,A— BFF

Vi

P2 ©3
©1 I'QrA I"BFF
ILPFF T'I",A— B,QFF v,
[,I',T”,A— B,PVQF F -~

©2 ©3

®1 P2
#3 $1 IYB,PHF I",QFF

I'A T',P,BFF

-1
I, A—- B,P+-F F”,QI—FV 'FA
r,r,r" A— B PVQFrF Lo r,vr’",PvQ,A— BFF

®1 2
I,PrA IY,BFF #3
!
I,T',A— B,P+-F I"QFF
I,I'.,T",A > B,PVQFF VR
Vi
®1 ®2 Y2
LA T'BFQ ¥1 I",BFQ
, PRy,
T/, A— BFQ y A I‘/,BFPVQ;
1
L' A->B+-PvVQ '~ I I, A->BFPVQ

Vi

I',T",PVQ,BF F
_>
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©1 ¥2

P2
r-A I',BFP | #1 I'BEP
A err _.brs
LI, A— BFP I'FA I",B)—PVQ_:
IL[I' A—>BFPVQ ' ~ LI/ A>BFPVQ
Vi
1 P2 P2
THA I, Ple/t,BFF Y1 TI',B,Plz/t|F F
I,I',A = B, Plz/l] - F I'-A I/,Va.Pz,BFF _l>
0 Vz.Pz,A = B+F ' ~ TD,I'.Vz.Pz,A = BF F
P1 P2 ©1
D P/l A " BFF T, Plz/t] - A #2
l e
I,I',A— B,Plz/t|]F F [,Vz.Pz,-A ' IV BFF
I,/ ,Ve.Pz,A—>BFF ' ~  I©,I',Vo.Pz,A— BFF
v,
Y1 P2 Y2
THA I',Bt Plaja] ©1  I',BF Plz/a]
I,T,A— Bt Plz/a] '+A I',BFVz.Pz _:
l
'Y, A— B+Vz.Pz ' ~ I,IY,A— BrVz.Pz
3
®1 2 ¥2
[HA I',Pl/o],BFF ©1  I',B,Plz/a] - F
I, T',A— B,Plz/o]F F '+A I/,3z.Pz,BFF ;
I,0,3z.Pz,A— BFF ' ~ T,I',3z.Pz,A— BFF
®1 ®2 P1
I,Plz/o]J-A T',BFF I, Plz/o] - A 2
1 - - -
I,I',A— B,Plz/o|F F [, 3zPzFA ' IV.B+F

0, 3z.Pz,A—B+FF ' ~ D,0V,32.Pz,A— BFF
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®1 ®2

I'+A I',Bt Plz/t]
N

I, 1", A — B+ Plz/t]
[,I',A— B+ Jz.Px

Y

P2
P1 IV,B+ Plz/t]

'rA IV,B\ 3z.Px
-1

I,I",A— Bt 3z.Px

-
®1 P2 P2
A T',BFP Y1 I BFP
I —_—
O, A— BF P A T/,-P,BF
LihAa=BRF reda I,-~ABF
I,[",A— B,-PF ~ T,I',-P,A— BF
r
©1 w2 ¥2
A T',P,BF Y1 I,B,PF
A LAEE 5 EE
I,I',A > B,PF A T/,BF—-P _:
A _— l
O,I/,A—>B+-P  ~ TI,I/,A—BF-P
©1 2
IP-A I',BF
—_————— 7l
I,I",A— B,Pt+
O,I',A— BF-P | ~ ?
w
1 Y2 ©1
A T'BFF | TFA ¥2
IA—>BFF T,PFA "B+ F
l
O, A— B,PFF ~ DI, A—>B,PFF
Wy
»1 w2 w2
A I',BF T BE
[,I',A— BF 'A T/,BFP ;
1

A= BF
I,I', A BFP

~

LT/, A—»BFP

T
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C

P1 P2 ®1
L,PPHA I'BFF | I,P,PFA ©2
l —_—
IN'T/,A— B,P,P+F . ILPFA ' T',BFF N
1
LI, A— B,P+F ~ r1r"A—BPrF
®1 P2 P2
reA M,PPBEFE | $rT,B,PPEF
l - - - ¢
F,F’,A—>B,P,P|—FC r-A T1/,P,B+rF
1
I, A— B,P+F ~ I, IYA— B PFF
#1 2

ILPFA I',P,BFF
I,T',A— B,P,P+F

Cl

T/, A—- B,P-FF ) ~»  adding another contraction makes no sense
cut
©1 P2 2 3
A F’,BFP_)Z 3 Y1 IV BFP I‘”,PFFcut
NI/, A— B+ P I, P+F I'A I'I", B+ F
I, 1", A BFF wl T ASBRE
2 »3 ¥1 Y2
Y1 IV, PFA F”,BFFHZ TP F”,PPAcut 3
r'-pP I',T”,A— B,P+F I'['+ A I B+F
I AsBrEF Y I T/.T", A= BFF :
2 3 w1 »3
Y1 TVEA F”,P,BI—F_)Z ¥2 I'kP F”,B,Pl—Fcut
r'-pP I, A— B,P+F ' A I, ,BFF
T AsBrE ™ o T aAsBRE

B.2 Permutation of —, down

-1
P2 ®1 Y2
1 I',Q,A+ B o '-P T',A,Q+ B
r-pr F’,Ql—A—>B_}l ILI',P > Q,AFB
I'T/,P +Q+A— B ~ I, T/,P>5Q+rA—B
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N/A
N
®1
I,Q,AF B
ILOFA— B
LPAQFA—SB '
¥1
I,P,AFB
I,P-A— B
TLPAQFASB '
Ar
N/A
Vi
P1 ¥2
I,P,AF B I',Q,A+ B
,PFA_ B I'OF A B
I,T,PVQFA—B !
Vi
N/A
Vi
P1
I, P[z/t], A B
T,Plz/tjFA— B
I'Vx.Pzt+-A— B ~
v,
N/A

®1
I''A,Q+ B

2 A
[LPAQ,AF B

ILPAQFA— B

®1
AP+ B
[LPAQ,AFB

ILPAQFA—>B

l

®1

LA PFB I, A,QFB

02

[.I'PVQAAFB

I,T',PVQ,AF B

~ IL,I')PVQFA— B

1
T, A, Plz/t|F B
[,Vz.Pz,AFB '
I'\Ve.Pt+A— B

r
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P1 ®1
L, Plz/o],AFB T, A, Plz/a] - B
—_— T _—
T,Plz/o]F A— B [,3z.Pz,AFB !
I,dz.PxrFA—>B ' ~ T,3zPrFA—B
3,
N/A
I
N/A
r
N/A
wy
P1 Y1
I'A+ B I'AFB
= =5 W
TFA B T,P,AF B
LPFA—=B ' ~ T,PFA=B
Wy
N/A
C
1 1
[LPPAFB | [LAPPHB
DRPFA%BCT [,P,AFB
rPrAB ' ~ T.PFASB
cut
P2 ®1 Y2
#1 I',P,AF B P I',P,AFB
—_— —r cut
P I',P-FrA—>B I,I',A+ B
cut - T

ILI'-FA—B ~ ILI'-A—> B
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B.3 Permutation of A\; down

7
¥2 ®1 ¥2
®1 I",Q,BFF TP I',B,QFF
P T",AANB,QF F _il I, P> Q,BFF
O,T,AANB,P - QFF ~ T, ANB,P 5 QFF
P2 P1 P2
#1 I, Q,AFF P I',AQFF
TP T,AAB,QF F ;l ILT,P 5 QAFF
O,I'",ANB,P—=QFF ~ T, AANB,P—>QFF
®1 1 ©2
I'B-P A ¥2 IBFP T/,Q+F
T,AANBFP rQEF I,T',P > Q,BFF l
O,T,AANB,P > QFF ~ T,7,ANB,P >QFF
P1 P1 P2
IAFP #2 IAFP TIV,QFF
T,AABFP ! rQrF I,T',P—QAFF l
O,I'\,ANB,P—=QFF ~ T,T,ANB,P—=QFF
—r
¥1 #1
I'P,B+Q I'B,PFQ
TANB PLO " TLBFrPSQ "
TLANBFP5Q ' ~ TANBFPoQ "
¥1 #1
IPAFQ IAPFQ
TANB PLO " TArPSQ "
TLANBFP5Q ' ~ TANBFPoQ "
N
®1 P1
LPAFE LAPEE
T,AAB,PFF T,PAQ,AFF
T,LAAB,PAQFF ' w T,AAB,PAQFF !
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01 ®1

IP,BFF I,B,P+F
T,AAB,PFF " TLPAQ,BFF !
TANBPAOFF "\ w TANBPAGRE

P1 P1

LQAFF LAQHF
T,AANB,QFF ! T,PAQAFF
TANBPAQFF N o T.ANB.PAQRF

©1 P1
r.QBrF LBQFF

T,AAB,QFF ! TLPAQ,BFF !

l

N
T,AAB,PAQFF w T,AAB,PAQFF !

Ar
P2 ®1 P2
#1 I'BrQ P I',B+Q
P I, ANBFQ ' I/, BFPAQ

I,['/,ANBFPAQ '~ ~ TI,I'ANBFPAQ

¥2 ¥1 ¥2
P1 rAFQ P TV,AFQ
r'FP T, ANBFQ LI, AFPAQ

T,T,AANBFPAQ =~ ~ T,0,ANBFPAQ "

©1 ¥1 ¥2
I,BFP #2 I,BFP T'+Q
TLAABFP ' I'FQ O,T,BFPAQ
TLT,AANBFPAQ " ~ T, AABFPAQ '

©v1 ®1 p2
raA-p #2 LAFP T'HQ
TLAABFP ' I'FQ O, AFPAQ
[LTI',ANBFPAQ "« IL,0,AANBFPAQ
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Vi
2
$1 I",Q,B+F A
LPHF I"ANBQFF
T/, ANB,PVQF F

P2
¥1 I'Q,A+F N
nPFFIﬂAARQFFVZ
LT/, AANB,PVQFF
®1
I'P,B+F vz
T,AAB,PFF lIﬂQFFv
T, AAB,PVQF F :
®1
I,PA-F vz
T,AAB,PFF lIﬂQFFvl

I,I',ANB,PVQF F

1
T,BFQ

— = N
T,ANBFQ

Vv

IAABEFPVQ ~ ~

®1
I,B+FP

[LANBFP

_  V
TLAANBFPVQ " ~

1
[LAFQ

_ A
T,LAABFQ !

Vv

T,LAABEFPVQ ' ~

1
[LAF P

[LANBFP

—\/
ILAABFPVQ = ~

TLANBFPVQ

I'ANBFPVQ

®1 ¥2
IP+F I',B,QFF

nLr,PvQ,B+FF
LT/, ANB,PVQFF

l

®1 ¥2
IP+F T/, A Q+F

ILI',PVQ,A+FF
T/, ANB,PVQHFF

Vi

®1 ®2
ILB,P-F T, QFF

\Y
LI, PVQ,BFF

l

w I,I',ANB,PVQF F

®1 ¥2
LALPFF T/,QFF
LIV, PVQ,A-F

l

l

w I,I',ANB,PVQF F

©»1
I,BFQ
— =V
I,BFPVQ
A1

w1

[,BFP

_V
I BFPvQ
l

©®1
IAFQ
)V,
[LAFPVQ
A1

TLANBFPVQ

p1
LAFP
I ArpPvQ "

TLANBFPVQ '
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1

T, Plz/t], B+ F
T,AAB,Plz/t] F
T,Vo.Pz,ANBFF

®1
T, Plz/t],Ar F
I'AAB,Plz/t|F- F
I'\Vz.Pz,ANB+F F

P1
I', B+ Plz/a]
I'AANBFE Plz/a]
' AABFVz.Pz "

P1

I'AE Plz/q]
I'AANBF Plz/a]
I AABFVz.Pz "

3

w1

T, Plz/a),BF F
' AANB,Plz/a] - F
[,32.PzAABF F

©1

T, Plz/a],AL F
I'AANB,Plz/al - F
T,32.PzAANBF F

!
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3

s

~

~

3

~

1
T,B,Plz/t]+ F

[,Vz.Pz,BFF '

I'AAB,Vz.Px - F

01
T,A Plz/t|- F
I'Ve.Px,AF F

I'SAANB,Ve.Px - F

I', B+ Plz/q]
I',B+Vz.Pzr "
I'AANBFVYz.Px

At Plz/a)
T,AFVz.Pz "
I'AABFVz.Px

®1
I,B,Plz/a] - F
T.3z.Pz,BF F

I'AAB,3z.Px - F

w1
T'A Plz/alF F
I'3z.Px,AF F

I'AAB,3z.Px - F

1

1

1

1

1

l

l

l

i



P1 ®1
T, B Plz/t] I, BF Plz/t]
T,AABF Plzjt] T,BFJz.Pz "

T,AABF3z.Pz " ~ D,AABF3z.Pz '

¥1 %251
I, Ak Plz/1] I, AF Plz/]
T,AABF Plz/t] T,AF32.Pz "

T,AABF3z.Pz " ~ TD,AABF3z.Pz |

il
P1 ¥1
I,BFP I,BFP
TLANBEP ' I,—P,BF x
TAAB,—PF ' ~ T,AAB,—PF !
o1 P1
rA-P IAF P
TLAANBEFP T,—P AF u
T,AAB,-PF ' ~ T,AAB,—PF !
r
©1 ®1
I,P,BF I,B,P+
T,LAAB,PF ' T,BF-P
T,ANBF—-P ' ~ T,AABF-P "
P1 #1
rPAE I, AP+
T,AANB,PF ! T,AF-P
CLAABF—-P ' ~ T,AABF-P "
w;
©1 ®1
I AFF IAFF
e VAV _— 0 W
TANBEF LAPFF
T,AANB,PFF ' ~ T,AAB,PFF "
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Y1 P1

I,BFF I,BFF
b — _ wy
CLANBEF LBPFF
TLAAB,PFE ' ~ T,AABPFFE !

w,
P1 ®1
I Ak I Ak

_— /] —_—— Wy

rANBE TLAF P
TLANBFP | ~ T,AABFP !

®1 ®1
I,BF T, BF

/] _— Wy

T,ANBF T.BF P
T wy _— N
TANBF P w T,AABFP

C
o1 ©1
LEPARE TAPPEFE
RAARRPFFCl [ PAFF 1
TLAANB,PFEF ' ~ T,AAB PFF "
P1 P1
I,P,P,BFF ,B,PPFF
RAARRPFFCl .PBFFE
TLAAB,PFE ' ~ T,AAB,PFF
cut
©w1 P1 ¥2
I'AFP ¥2 AP T/,P+F
A cut
LANBEP ' ' PEF [T, AFF
I T, ANBF F “t . T, AnBFFR
©v1 $1 w2
LB-P #2 IBFP I',P+-F .
TLAANBFP ' T/ PrHF . rrBrr
I.T,ANBFF “t . T T AABFF
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2 ©1 ©2

P TLPARFE rep IAPEE
I'P I AAB,PFF O, AFF
T AnBRFE o TranBrr "
Y2 ©1 2
¥1 M/\l rep I'B,PFF
I'+P I',AAB,PFF I,I',BFF
rranBrr o TrasBrr Y

B.4 Permutation of A\, down

_>l
Y2 ¥3 1 v3
L T'HEA T7QFEB 2 TkP T".QFB |
'rA T7,QFB rep MMeFB
TP T.T”,QFAAB _f I'+A I,T",P>QFB
1
O,T'.T", P >QF AAB ~ TL,0'T"P—sQFAAB '
P2 ¥3 p1 P2
. TQFA T"EB rep QLA | #3
erA "rB rer 1,e4
P I'T”,QFAAB ; LT/, P> QF A I+ B
l
[TV T”, P> QFAAB ~ T/, I, P> QFAAB "
—r
N/A
A
¥1 2 ©2
L4 I'QFB o1 I',QF B
LI ,QFAANB I'-A I',PAQFB
IT,PAQFAAB ' ~ T, I',PAQ-AAB '
Y1 Y2 ©1
I QrA T'+B rera #2
O,T,QFAAB LLPAQFA ' kB
LT, PAQFAAB ' ~  T,V,PAQFAAB '
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©1 ©2
'+A I',P+B
I, IV, P-AAB
LT/, PANQFAAB

r

01 2
I,P-FA I'+B
I,[',P-AAB

T

LT, PAQFAAB ' ~
Ar
N/A
Vi
©1 P2 Y3 P4
I'HA T',P+B I+A T,QF B
I,I,P-AAB I T",QF AAB
LI, T" . PVQF AAB
©1 Y2 3 Y4

IPFA I'+FB IEA MQEB
I,I',P- AAB I QFANB
l

L,I,T”, 7" ,PVQF AAB -

r

1 w2 ®3 a4
I,PFA I'+B I",Q-A I+ B

P2
#1 I',P+B N
'A T',PAQF B
~ TI,0,PAQFAAB
P1
r.pra ¥2
T,PAQF A I'+B
LT, PAQ+ANAB "
P2 P4
$1 ' PFB I QFB
A I,I" ,PVQFB
A DI T PVQrAANB

*

l AR Rl wy
~ DL, T T, PVQEAAB

®3 2]
®1 e A ' - B P4
1 w,
I'PFHA F”,QFAV I, P+-B " QF B

I,I',P-AAB I, T, QF AAB
I,I/,T".T" PVQFAAB

1 2 ©3 P4

A I',P+B I, QA T+ B

LT/, P-AAB ", I, Q- AAB Vl"
I,T/,T”.T" PVQFAAB ~

122

Ar T.T7.T". PVQF AAB
1

,PF A

I,I”.PVQF A I',I"" PVQF B
LII", 1" PVQPVQFANB |
L,I',T".T" PVQF AAB

o1 ©s3
IPHA T”,Q+ A w4
T, PVQrA | TI"B

w*
s I,I',T".T" PVQ+FAAB

Y1 Lz

¥3 ¥2 "
T'HA w I'""+B w
" Qr A I P-B T"' Q+B

/! Vl / 111 \/l
I, PVQF A I',T" ,PVQF B
[I,I",I"PVQPVQrANB

I,I',T".T" PVQF AAB

r




N/A
Vi
®1 P2 P2
LA TPl/rB Y1 IV, Plz/t] - B
I,T/,Plz/t|]- ANB A I/ ,Vo.PzFB '
O,0',Ve.Pe-AAB ' ~ D,IV.Ve.Pz-AAB
1 2 1
I,Plz/t]F A T+ B T, Plz/t]F A P2
I,I",Plz/t]- AAB vT [VaePz-A ' T'+B
O, T'.Ve.Pr - AAB '  ~  D,U'.Ve.Pz+AAB
v
N/A
3
1 2
TA T/,Plz/a]F B ¥1  T',Plz/a]+ B
I,I,Plz/a] - ANB _ ' '-A T/,3z.Pz+-B '
[, 3z.Pz- ANB ' ~ D,I',3z.PzFAAB
©v1 Y2 ©1
I'Plz/a]F A T'+B N I, Plz/a] - A P2
I,I/,Plz/a] - ANB 3T [,3zPz+A ' IT'FB
[/, 3z.Pz - AAB '~ I,I",3z.Pz - AAB "
3,
N/A
-
N/A
r
N/A
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wy

P1 Y2 ©»2
r-A I'EB ¥l I'cB .,
ILT'-AAB 7 '-A I',P+B

T

- " w e S
IT'PFAAB ' ~ T©.I',P-rAAB

Wy
N/A
@)
®1 2 1
LPPHA T'FB LPPEA %2
LI, PPFANE " ILPFA ' T'FB
LILAPRAADE
I,T/,P-AAB > I,T/,P-AAB "
Y1 P2 ®2
r-A I'PPFrB #1 I PP-B
——— ¢
F,F’,P,PI—A/\BCT '-A TI',P+B
LILAPrAAE I'ra 1IPHFB
I,T',P-AAB ~ TDI,I',PFAAB "
®1 P2
I,PFA I',P+B
LI',P,P-ANB | "
LILGEPPANS
[,I',P-AAB - 7
cut
P2 ©3 »1 ©2
Y1 IMPFA IVF+B '-pP I',PrA . #3
PP I PEANB O I N
T, T"FAAB ate T, T" - AAB
P2 P3 P1 Y3
1 T'FA T”,P+B Y2 rrP T,PrB .
P T'.T”.PFAAB ; ' A LI"FEB | o
I,I,T" - AANB “r L T rrraAsB
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B.5 Permutation of \/; down

—
P2 ®3

¥1 I',QAFF I" BFF

TP
I, T/ T AVB,P »QFF

P2 $3

¥1 I AFF I",QBFF

' T",AVB,QFF
—1

r'=pP

I T” AVB,QF F

I,I',I",AVB,P = QFF

®1 ¥2
ILAFP I',BFP 3
LI, AVBFrP ' I"QFF
I/ T, AVB,P - QF F

P1 P2
T,PAFQ T/,BFQ
LIV, AVB,PFQ
I,I',AVBFP—=Q

l

®1 ®2
T AFQ TV,P,BFQ
LIV, AVB,PFQ
I, AVB+-P—Q

l

Y]
©1 ©2
IQ,AFF T/,BFF
LT, AVB,QF F
I'T,PAQ,AVBFF

25} P2
P F’,A,QI—F_} 3
ILT,P > Q,A+F I'",B+F

l

s [,I'.,T",P— Q,AVBFF

®1 ¥3

¥2 r-p 1,B,Q-FF _
I"Arr INIV',P—-Q,B+-F

~ n,o',r",P—-Q,AVBHFF

1

01 ®3 P2 ®3
[LAFP T/ QFF

I, I”,P = QAFF I',I" P~ QBFF
LI, I" T P—QP—QAVBFF
LI, I",P—QAVBFF

.
<

®2
1 I'"BrQ .
TN 1
IAP+Q I',B,PFQ
s
IAFP—Q F’,B)—P—>Qv
l

[,I',AVBFP —Q

1
ILAFQ " #2

A PHQ I",B,PFQ

TLAFP—Q F’,B)—P%Qvlr

[,I',AVBFP > Q

o1
ILAQFF 2
T,PAQ,AFF ' IV,BrF
LT, PANQ,AVBFF

I',BFP I",QFF
N

!
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Vi

126

®1 ¥2
LAFF T',Q,BFF

LIV, AVB,QFF
LIV, PNQ,AVBFF

l

l

1 ¥2
I,PAFF TI',BFF
I,I',AVB,PFF
ILT,PANQ,AVBFF

l

Y]

01 P2
ILAFF I',P,BFF
I,T',AVB,P+F
IL[',PAQ,AVBFF

P2 »3
PLTLARQ TVBEQ
P TI'.I”,AVBFQ

T

A
O,I', T, AVBF PAQ -

01 ©2
LAEP TNBEP
LT, AVBrP ' I"rQ

I,I',T",AVBF PAQ

Ar

Y1 Y2
I,PAFF I',BFF 3

LT, AVB,PFF ' IV,QFF

,I/,T”,AVB,PVQFF

"2} ©2
I A-F T',P,BFF ©3
T, AVB,PFF ' I QFF

I,T,T”,AVB,PVQFF

l

s

3

T

®2
Y1 T",B,Q+ F
I'AFF TV, PAQ,B+F
LT/, PNQ,AVBFF

l

1

1
A P+F ¥2
TLPAQAFF 'L IV BrF
O, PANQ,AVBFF

!

P2
®1 I',B,PFF
LAFF I PAQBFF
[/, PAQ,AVBFF

1

1 P2 P1 ©3
FP T, AFQ I'tP IV,BFQ

I,T',AFPAQ

r

LI".BEPAQ

T, 1", AVBF PAQ !

C
I,T',T”, AVBFPAQ

1 3 2 3
LAFP I"FQ ~ I'BFP I"FQ

P1 ¥3
LA PFF TIV.QFF P2
LT, PVQ,AFF ' T/,BFF
- T T, AVB,PVQF F Vi
P2 ®3
P ILBPEE IMQFF

Vi

I,IV,AFPAQ IV BFPAQ
DI, T T",AVBFPAQ |
C
O,T'. T, AVBFPAQ

IArF TI'.,I”,PVQ,BFF
. [, T, AVB,PVQFF

l

T



¥1 P2

02 ¢3
Y1 I,QAFF TI”,BFF ILP+F T, AQFF ©3
LPEF TI"AVBQFF LI, PVQ,AFF I BEF
OO T AVB,PVQFF ' - T,0',T" AV B,PVQF F :
2 3 1 3
#L ILAFF I"QBFF Y2 T PLF T",B,QFF
LPEF T AVBQFF ! I ArF TI".PVQBFF !
T, T",AVB,PVQF F H T, 1", AVB,PVQF F
Vo
®1 p2 ©1 ¥2
LAFQ T',BFQ y TAFQ I',B+Q
LIAVBFQ TLAFPVQ ' T,BFPVQ VT
T T, AVBFPVQ T, AVBF PVQ !
®1 ¥2 ©1 2
LARP T BEP IAF P rBEP
[T, AVBF P Vl TLAFPVQ ' T/,BFPVQ vr
LT, AVBFPVQ =~ T, AVBF PVQ !
v
P1 ®2 ©1
I, Plz/t,AFF I',BFF T,A Plz/t|F F Y2
. LA Pl - F
F,F’,AvB,P[x/t])—FV [,Vz.Pz, A F I'BFF
T T'.Vz.Pr,AVBFF '\ T,/ .Vz.Pz,AVBF F !
»1 P2 2
IARF T,Plz/t],BFF 1 I',B, Plz/t]|- F
, B, Plz/ti - I
TTLAVB PlajiF F LAFF T/ Ve.Pz,BFF '
' . T I.I,Ve.Pz,AVBFF !

[,I',Vo.Pz,AV B+ F
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3

!

128

®1 P2
I'NAF Plz/a] T',BtF Plz/a]

NIV, AV B+ P[z/q]
I.,T",AV BF Vz.Pz

T

©1 P2
I, Plz/a],A-F T/,B-F
IL,IV,AV B,Pl[z/a] F F
r,r,3z.Px,AVB+FF

1

©1 ©2
I A+F T,Plz/a],BFF

I,IY,AV B,Pl[z/a] + F

1, 3z.Px,AVBFF

©1 P2
TAF Plz/t] T',BF Plz/t]
LT, AV B+ Plz/t]
I,T/,AV B+ 3z.Px

T

$1 ®2
LLAFP T.BFP
I/, AVBFP
I,I',AV B,-PF

1

®1 ®2
LPAF T\BF
T, AVB,PF
T, AVBF-P

i

l

l

l

~

>

®1 P2
I'AF Plz/a] I’,B+ Plz/q]

T,AkFVa.Pz " F’,Bl—vx.P:cv

I,I,AV BF Vz.Px

P1
I'A,Plz/o] - F 2
[,3z.Pz,AFF ' I',BFF
[,I',32.Pz,AV B+ F

P2
Y1 I’,B,Plz/a] - F
I A-F T/,3z.Pz,BFF
I, 1,3z.Px,AVBFF

1
l

1 P2
T,AF Plz/t] IV, B+ Plz/t]

I'NAF3z.Px =" I'Y,B+ 3z.Px v

T/, AV B+ 3z.Px

1 ¥2
AR P I"B+P

T,-P,AF

- I
I/,-P,B+
Vi

[,I',-P,-P,AVBF _
I,I/,-P,AV B F

1 2

I'A,PF I',B+

r

r

A--P " I/,BF-P

I.T",AVBF P !

l

i

l

r

l



®1 P2 P1 P2

A+ T/,P,BF AR I",B,PF
_—— w -
T, AvB,Pr TAF-P ' T/.BF-P vT
O, AVBF-P I, AVBF -P !
Wy
®1 Y2 w1
I'NA+-F T/,B+F LA-F 2
I T, AVBFF wl TPAFF I'\B-F
LrLAvBrREE
LT, AVB,PFF N T, P,AVBF F !
Wy
®1 P2 ©1 P2
rAF IBE T AF rBE
_ w
T/, AvVBF wl rArpP " T.BFP
LT, AVBFP LT, AVBF P !
C
®1 ®2
ILPAFF TI',PB+-F
T,I,AV B, PP F !
T, AVB,PFF =~ 2
©1 P2 P1
I'P,PA-F TI',B-F F,P,P,AFFC 2
II,AVB,PPFF ! TPAFF ' T',BFF y
1
ILT,AVB,P-F - T, P,AVBFF !
©1 ®2 ®2
ILAFF T/,P,P,BFF #1 TPPBFF
LI, AV B PPFF ! LAFF T PBFF
1
[T, AVB,PFF w I,V PAVBFF '
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cut

1 ©2
AP T',BFP ©3
LT, AVBFP ' I PrF
TI.T",AVBFF

cut

Y1 ¥3 ®2 ®3
LA-P IPHF  TLBEP IV.PEF
o, Arr v, Brr "

o0, T 1", AVBFF !

,I'. T, AVBF F

c*

P2 3 1 2
©1 I PAFF TI",BFF PEP ILAPEE ¢3
rFP T I AVBPFF o, Arr Y M BrF
0,17, AVBFF . T, T”, AVBF F !
Y2 ©3 Y1 ©v3
Y1 I A+F I ,P,BFF #2 TP I"BP-F
P I, I”,AVB,PFF tl I AF F I, Brr "
0.1, AVBFF b, T, 1", AVBF F !
B.6 Permutation of \V,, down
—
®2 $1 P2
©1 I',Q+ B I'FP I',QFB
r-pP I'QrAvB | ILT,P>QFB
l
I,I',P—>Q+AVB ~ IL,I/,P5QrAVB
P2 ¥1 P2
©1 QEA I'FP I,QFA
TP T/,QF AVB ; I,T',P >QF A
I,IY, P> QFAVB ~ LI/, P5QrAVB
—
N/A
N
©1 P1
rQ-s I,QF B
T,QFAVB " CLPAQFB !
Al _— Vp

LPAQFAVB
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P1 $1
I,P+B I,P+B
I,PFAVB x T,PAQFB @
TLPAQFAVB ' « T,PAQFAVB
P1 P1
rQe-A rQ-aA
T,QF AV B x TLPAQFA w
ILPAQFAVB ' « T,PAQFrAVB "
®1 P1
I,PFA rLPEA
L,PFAVB " C,PAQFA
ILPAQFAVB ' « T,PAQFAVB "
Ar
N/A
Vi
©1 ¥2 ®1 Y2
I,P+B rQrB IP-B I',QF B
I,P-rAvVB ' I',QrAvVB I,T,PVQF B
LT, PVQFAVB ' T, PVQFAVB
©1 P2 ¥1 ¥2
I,PHA rQraA ILPFA T/,QF A
ILPFAvVB " I,QrAvB " ILT',PVQF A
T, PVQFAVRB ' T.I,PVQFrAVB
P1 P2
IPFHA I, Q+B v
I,P-AVB TIﬂQFAvaT
T, PVQFAVRB oo
®1 ¥2
I,P+B ', QF A
Vo Vi
T,PFAVB IQFAVE |
T, PVQFAVB s e

l

r

Vi

T
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N/A

Vi

N/A

3

N/A

1

N/A

N/A

132

1
T, Plz/t| - B
T,Plz/t|- AV B
T,Vz.Pz+ AV B

1
I, Plz/t] - A
T, Plz/f] - AV B
T,Vz.Px - AV B

®1
I, Plz/a] - B

I, Plzx/a]- AV B
I'3z.Px+- AV B

®1
I, Plz/a] - A

I',Plzx/a]-F AV B

I'3z.Px+-AV B

T

l

T

l

T

l

T

l

s

%1
I, Plz/t] - B
T,Vz.AzF B '

I'Vz.Px+ AV B

©1
I, Plz/t]F A
T,Vz.AzF A !

I'Vx.Pr+ AV B

®1
T, Plz/a]F B
I',3z.Px+ B

I'3z.Pz+- AV B

®1
T, Plz/a]F A
I'3z.Pzx+ A

I'3z.Px+- AV B

1

1

T

T

T

T



©1 ®1
reA 't4
r-AvB I'PFA
IP-AVB ~ I,PFAVB "
P1 P1
rEB_ I'EB o,
L-AvVB I'PrB
ILP-AVB ~ T,PFAVB "
W,
N/A
Cl
P1 P1
IPPFA rPPEA
T,PPFAVE " rLPFA
IPFAVB ' —~ T,PFAvVB "
®1 $1
I,P,P+B IPPEEB
T,PP-AVE ' r,PFB
ILPFAVB ' ~ T,PFAVB "
cut
®2 1 Y2
e1 ', P+ A PP I PEA
r'-P I',P-AVB z rrra M
rL'rave " « T.I'FAVB
¥2 ®1 Y2
e1 I',PF B PP IV PEB
P I',PFrAVB Z rre ¢
LT FAVB “rt . TrFaAvB "
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B.7 Permutation of V; down

1
®2 ©1 ©2
PLTLQAR/MEE DHP I Ae/t,Q-F
TP I'.Vz.Az,QF F _i LI P—QAR/FF
l
O, T,Ve.Az,P — QF F ~ D, Vz.Az,P > QF F
o1 1 2
T, Alz/t] - P P2 LAR/FP T,QFF
TVz.AzFP ' T/ ,Q+F . I,I',P - Q,Alz/t| - F
l
[,/ Vz.Az,P —» QF F ~ D, 0 Vz.Az,P - QF F
—rr
®1 ®1
LP A/ FQ LA PrQ |
T,Vz.Az, P Q l_) D Az/tlFP—>Q
Ve Az FP—>Q = ~ TD,VoAzFP—Q !
N
Y1 ®1
r,Q,Alz/t| - F PARMQEE
[VaAz, QFF ' I,PAQ Ax/i)FF '
T,PAQVz.AzFF ' ~ T,Vz.Az,PAQFF !
®1 ¥1
T, P, Alz/t| - F T, Alz/t], P+ F
[,Vz.Az, PF F ZA T,PAQ A/l FF '
T,PAQVz Az F ' ~ T VzAz,PAQFF !
Ar
Y2 ®1 p2
1T Alz/t FQ TP TV, Alz/t]FQ
P I’ VeAzFQ ' DT, Al/t|F PAQ "

O, Ve Az - PAQ ' ~ DUV VeAzFPAQ
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¥1
I, Alz/t] - P 2
Ve AzFP ' T'FQ

™
s

I,I',Vo.Az - PAQ

Vi
P2
P1 I',Q, Alz/t] F F
I,PFF T/ V2.Az,Q-F '
T/ Vo.Az,PVQFF '
®1
T,P,Alz/t|F F 2
C,Vz.Az,PFF ' T/,QFF
T.1'.Vz.Az, PVQF F Lo
Vi
1
L, Alz/t] - Q
T,Vz. Az F Q ’v
IV Az F PV Q '~
®1
T, Alz/t] - P
I,Vz.Az F P lv
IVz.Az - PVQ =~
Vi

1
T, Plz/t], Alz/t'| - F
I',Va. Az, Plz/t]| - F
[,Vo.Az,Vz.PrF F !

l

~y

Y1 Y2
DAz/t] P T'FQ

I,IV, Alz/t] F PAQ v "

O,/ Vo.Az - PAQ

®1 P2

,PHF IV, Az/t],Q+ F

I,I',PVQ,Alz/t|F F

I, I/ Vo.Az,PVQF F

1

T, Alz/t],PFF T'.QFF

I,[,PVQ,A[z/t|F F

I,V Az, PVQF F

®1
I Alz/t] - Q

e V’I‘
I, Alz/t|F PV Q
C,Vz.AzFPVQ !

®1
I, Alz/t] - P

T, Alz/tj]- PvQ
CVz.AzFPVvQ !

®1
T, Alz/t'], Plz/t| - F
I,Vz.Pz, Alz/t'| - F
I'\Ve.Az,Vz.Px + F




v,
Note: watch out for eigenvariable violations (if £ contains «).

P1 P2
I, Alz/t] - Plz/q] T, Alz/t] - Plz/a]
I,Vz.Az b Plz/a] T, Alz/t] F Va.Px
I,Vz.Az -Vz.Px "~ ~ TI,Vax.AzF Vz.Px

T

l

3,
Note: watch out for eigenvariable violations (if ¢ contains «)

®1 ®1
I, Plz/a], Alz/t]| - F T, Alz/t], Plz/a] - F
T,Va.Az, Plzja] - F _* T,3z.Pz, Alz/t| F F

l

[,3z.Pz,Vz.AzF F ' ~ T,Vo.Az,3z.PzFF |
3,
©1 P1
T, Alz/t'] - Plz/t] T, Alz/t] F Plz/t]
[,Vz. Az Plz/t] _ T, Alz/t'|F 3z.Pz "
[,Vz.Az - 3z.Px " ~ T,Yz.Azk Jz.Pz
1
Y1 $1
T, Alz/t|F P DA/t - P
[,Vz. Az - P ! D, =P, Alz/t] -
[,Vz.Az,~PF ' ~ T VodAz,-PF '
r
®1 ¥1
T, P, Alz/t] b I, Alz/t], P+
I,Vo.Az, P+ ' T, Alz/tF =P
TVz.Az - -P '~ T Vz.AzF-P !
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1
T, Alz/t] - F
T,Vz. Az F F fw
T.VzAz,PFF

w,
®1
T, Alz/t] -
I,Vz.Az - L}
I[,Vz.Az P
&)
1
T,P,P Alz/t|F F
I,Vz.Az,P,PF F Cl
[ Ve Az, PFE
cut
1
T,Alz/t]- P ¥2
I,Vz.Az-P ' T',PFF
I,V Az - F
P2
Y1 T/ P Alz/t] - F
C+P T',VzAz,PFF '
cut
I, TV Vo Az - F
B.8 Permutation of V,, down
—

P2

Y1 I, QF Alz/a]
I'-P I',QF Vz.Azx _:l
I, I/,P— QFVz.Ax

cut

®1
I Alz/t| - F w
I,P,Alz/t|- F

~ TD,Vz.Az,PFF !

Y1
I, Alz/t] -
T, Alz/t| F P

~ D,Vz.AzF P !

®1
T, Alz/t],P,PF F
L,P,Ajz/t|F F
~ T ,Vz.Az,PFF '

p1 P2
I, Alz/t]lF P T',P+F
DI, Alz/t| F F

cut

- I,T Vo Az F
®1 2
L-P IV, Alz/t,P+F
0 Al/grF "
e O, Ve Az - F O °

®1 ©2
P T,QF Alz/q]
D,IV,P - QF Alz/q]

~ D,IV,P— QF Vx.Azx

r
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N/A
Ay,
Y1
I, QF Alz/d]
IQFVz.Az "
I'PAQHFVz.Ax
®1
I' Pt Alz/q]
ILP+Vaz.Az "
T,PAQFHFVr.Ax
Ar
N/A
Vi
@1 2
I, P+ Alz/a I, QF Alz/a]
IPHVz.Az " TV,QF Va.Ax
T/, PVQH&FVz.Ax
v,
N/A
Vi
1
I, Plz/t] - Alx/a]
I, Plz/t] F Va.Ax
I',\Vz.Px + Vx. Az
v
N/A
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®1
I,QF Alz/al
IPAQFE Alz/al
~ T,PAQFVz.Az "

l
l

1

I',PF Alz/a]
IPAQLF Alz/a]
~ T, PAQFVz.Az "

Al
l

1 P2
ILPFAz/a] T/,QF Alz/a]

VT LT, PvQ*Fk Alz/a)
Lo T, PVQF Vo Az

P1
I, Plz/t] F Alz/a]
T,Vz.Pzt Alz/a]
~» D' Vz.PzFVaz.Az "

r

l

l



¥1 ¥1
T, Plz/a] - Alz/d] T, Plz/a) - Alz/d]
T, Plz/a] - Va. Az _ " I, 3z.Pz + Alz/a] !
T, 3z.Px +Va. Az ¢ ~ I, 3z.Px - Ve. Az
3,
N/A
!
N/A
r
N/A
w
1 ®1
I'+ Alz/a] IrAlz/o]
' V. Az rl I, P+ Alz/al
T',PF Va.Ax ~ I, PrVz.Az "
wT
N/A
Cl
Y1 ¥1
I,P,P+ Alz/o) T, P, Pt Alz/a]
I'P,P+Vx.Ax CT P+ Alz/a]
[,PFVeAz ' ~ T,PFvVsAz "
cut
¥2 ¥1 P2
Y1 TV, Pt Alz/q] kP T, P+ Alz/o] ,
I'FP T/,PF Va.Az ’t T,0' - Afz/a] "
T Fvedz % T F Ve Az "
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B.9 Permutation of 4, down

1
®2 1 Y2
P1 I',Q,Alz/a] - F . P I Alz/a],QF F 5
TP T',32.Az,QF F _i T, P— Q,Alz/o] - F
l
0,0, 32.Az,P > QF F ~ DI, 3z.Az,P — QF F
©1 ®1 P2
T, Alz/a] - P #2 I, Alz/a]- P TI',QFF o,
T3z Az P ' I',QFF . I,I',P - Q,Alz/a]F F ,
l
0,0, 3z.Az,P > QF F ~ T, 3xAz,P 5 QFF
—r
®1 ®1
P Alz/ao] FQ I, Alz/a], P+ Q .
— R — T
I,3z.Az, P+ Q l_) T, Alz/a]F P = Q
I3z AzFP—>Q = ~ T©,3z.AzFP—>Q
N
1 ®1
I,Q,Alz/alF F I'Alz/a],QF F
I,3z.Az,QF F l/\ I,PAQ, Afz/a] - F
T,PAQ,Jz.AzFF ' ~ T,30.Az,PAQFF
®1 ¥1
I,P,Alz/a] - F I'Alz/a], P+ F
T 3z.Az, PF F ’A ILPAQ,Alx/a] - F '
T,PAQ,JzAzFF ' ~ T,3z.Az,PAQFF
Ar
¥2 ¥1 P2
P1 I, Alz/a] - Q P T Alz/alt Q
IFP T/,3z.AzFQ I, Alz/a]F PAQ 7

l

[,T,3z.A2 - PAQ = ~ TI,IV,3z.Az+-PAQ
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Vi

v

T,3¢.Az,PFF ' T',QFF

»1
I, Alz/a] - P
T3z AzF P ' T'FQ
I, TV, 3z. Az - PAQ

P2

P2
©1 I',Q,Alz/a] - F
ILPEF T 3eAz,QHF
I, I/,32. Az, PVQF F

l
l

1

T, P, Afw/a] - F v

l

I, 1,3z.Az,PVQ+ F

®1
I Alz/o]l F Q
T3z AzrQ
I3z AzFPVQ "

©1

I Alz/a] - P
T,3z.AzF P
I'3z. Az - PV Q "

1

©1
T, Plz/t], Alz/a] F F
I, 3z Az, Plz/t] - F
I',Vz.Pz,3z.Ax - F

$1 ©2
I Alz/a]F P T'FQ
L.I', Alz/o]F PAQ '
~ D,V 3z. Az PAQ

®1 #2
I,P+F I/, Alz/o],QF F
T, PVQ,Az/a] - F
I,IY,32.Az, PVQF F

e1 #2
IAlz/a],P-F T/, QFF

I,I',PVQ,Alz/a] - F
[,I7,32.Az, PV Q1+ F

sy

P1

I Alz/o]lFQ
D Afe/o] FPVQ "
w T,3z0.AzFPVQ

®1

I Alz/a] - P
T, Al/alF PVQ "
w T,392AzrPvQ

¥1
T, Alz/a), Plz/t| - F
! I, Vo.Px,Alz/a] - F
Lo T,3z.Az,Vz.Px - F

M/

1

Vi

Vi



P1 ®1
I, Alz/a/] - Plz/a] I, Alz/d/] + Plz/a]
I, 3z. Az + Plz/d] ! I,Alz/o/] FVz.Pr _"

I, 3z. Az - Vz.Px '~~~ T, 3z.Ax - Vz.Px t

3,
®¥1 21
T, Plz/o), Alz/o/| F F T, Alz/o/], Plz/o) F F
T,3z.Az, Plz/a]F F ' T,3z Pz, Alz/d|F F "
I',3z. Az, Jx.Pr + F LN I',3z.Az,Jz.Px + F t
3,
®1 P1
I, Alz/a] - Plz/t] I, Alz/a] - Plz/t]
T',3z. Az + Plz/t] ! I, Alz/o] - 3z.Px _"
[,3z. Azt 3z.Px " ~ T,3z.Azk 3z.Pz
1
®1 ®1
I Alz/a] - P I, Alz/a] - P 4
T, 3z.Az P ¢ L, ~P Alz/o] - _
T 3z Az,~PF ' ~ T,3z.Az,—-PF
r
®1 ¥1
I, P, Alz/a] - I, Alz/al], P+
T,3z.Az, PF T, Alz/o]F P _
', Jx. Az + =P "o I',3z.Ax + =P t
wy
®1 1
T Alz/a] - F I Alz/o]F F
[, 3z Az F I,P, Alz/a] - F

_— W,
TPz AzFF ' ~ T.P3zAzrF !
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®1
T, Alz/a] F
[, 3z.AzF ¢

Y w
I, dz. Az - P

Cl

1

I, P,PAlz/a] - F

I',P,P3z. Az + F
I'P,3z.Ax - F

cut

1
T, Alz/a] - P 2
[,3z.AzFP ' I',PFF
I, IV, 3z. Az - F

P2
$1 T,P,Alz/a] - F
TP T3z Az, PF F
O,I,3z. Az + F

Cl

cut

i
cut

B.10 Permutation of 34, down

1
©2
Y1 TQF Alz/t]
P I',QF Jz.Ax
I, I, P— QF3dz.Ax
—rr
N/A

T

T

$1
I, Alz/a] +
T, Alz/a]FP _

~ T,3z.AzF P

$1
I,P,P,Alz/a) - F
pE . A A AT
I P, Alz/a] - F

~  L,P,3z.AzFF

®1 P2
IAlz/oJF P T/, P+F

I, IV, Alz/o] - F

et T,1,3z.Ac k- F

cut

1

©1 2
TFP T, Alz/a),PFF
I, Alz/a] - F

~ I, 32. Az - F

cut

l

®1 ¥2
TEP T,QFAR/Y
I, P — QF Alz/{]
~ D, IV,P— QF Jz.Ax

T
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Nl

1 Y1
L,QF A/t L, Q¢ Alz/t]
T,QF 3z. Az ’"Al I,PAQF Alz/t] Tl
I'PAQF Jz.Ax ~ T,PAQF Jz.Ax
®1 1
T,Pt+ Alz/t] I, P+ Alz/t]
T,PFacds T PAQF Afx/t] '

T A P A A
T,PAQF3zAz ' ~ T,PAQF 3z.Az "

Ar
N/A
Vi
P1 P2
T,PF Alz/t] I'",QF Alz/t']
IPF3Ix.Az ~" TIV,QF Jz.Ax ¥
I,I',PVQF 3z.Az Lo
Vi
N/A
Vi
T, Plz/t] - Alz/t'] T, Plz/t] - Alz/t]
T, Plz/t| - 3z.Ax " T,Va.Pz - Alz/t'] "
I',Vz.Pz - 3z. Az L I,Ve. Pz Jz. Az "
v
N/A
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3

Note: watch out for eigenvariable violations (if £ contains «)

@1
T, Plz/a] - Alz/t]
I, Plz/a] - Jz. Az
T,3z.Pz+ 3z. Az

3,
N/A
N
N/A
r
N/A
wy
v1
T+ Alz/t]
I'F3z.Ax
I',PF Jz.Ax
Wy
N/A
]
1
I,P,PF Alz/t]
I'P,PF Jz.Ax
T,PF Jz.Az

T

l

r

~

3

~

®1
T, Plz/a] F Alz/t]

T3Pzt Alz/t]

I,3z. Pzt 3z. Az "

%1
I+ Alz/t]

I P+ Alz/t]
IPF3z. Az "

$1
I'P,P+ Alz/t] .
I, P+ Alz/t]
T,P+3c.Az "
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cut

B.11

—r

N/A

N

N/A

Vi
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¥2 ®1 ¥2
1 T, PF A/t TP I',P+ Afz/t]
IFP T/,PF3zAz U F Ay
ST AN Y

Permutation of —; down

©2 ¥1 Y2
oLoTQEa PEP TNQEA
PEP T-AQF | LU PoQrA
I, T,—AP—QF w T, P> Q,—AF
P1 #1
r,QrA r,QFA
r-AQF TLPAQFA !
TPAQ -AF " « T.PAQ-AF
P1 #1
I,PFA I,PHA
I —APF rProra
T.PAQ-AF 'L «w T.PAQ -AF
P1
P2 I[P+ Y2
PLTLQEA rPra "’ QKA
rPr T/,-AQF LI PVQFrA _
T APvor '«  TOPvQ-Ar |



2

ot 1 I',Qr
— 7  w
I,PHA w2 I,P+ A F’,Q)—AVT
I-APF ' TV,QF LT, PVQF A
I T,-APvQr ' ~ T.I,PvQ,—AF
Vi
N/A
Vi
P1 ©1

Y VUL S Y T

T, —A, Plz/t] O,Vz.PzFA '

I'Vx.Pz,—~AF LR I'Vx.Pz,-AF !
v,
N/A
3

P1 ©1

L Plz/o]FA [, Plz/a]F A

T,-A, Plz/o] F D, 3z.PzFA !

T,3¢.Pz,—-AF ' ~ T,3z.Pz,-AF '
3,
N/A
-
N/A
r

O,PHA
T,—APF '

T

D,-AF P | = 7
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wy

1 ©1

TFA LA
L~ — L

T,-AF I[,P-A

w .
I'-A, P+ ~ I, -APF

w,
$1
r-A
T,—AF
[,-AFP = ~ 7
C
o1 ©1
I,PP-A IPPFA
FﬁARPFCZ rLPraA '
I -APF ' — T,-APF "
cut
©2 ¥1 ©2
Y1 T PFA rEP I PEA
nrra rrp ,Ppra
PP I -APE rrra ¢
eFv-4a4rr Llra
LT, Ak wte O,T,—AF

B.12 Permutation of —, down

1
2 1 2
P10 T,Q Ak P T,AQF
—_— T —_— l
C-P RQPﬁAAZ O,U,P > Q,AF

, L@ AT

I, P> QF-A w LI, P5QF-A
—
N/A
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V]

»1 ©1
r,Q Ak nAQE
T,QF-A T,PAQ,AF !

A i AR
TLPAQF-A ' ~ T,PAQF-A

o1 o1
I,PAF A, PF
O,PF-A O,PAQAF !

A i AR
TLPAQF-A ' « T,PAQF-A

Ar
N/A
Vi
©1 P2
#1 #2 DLAPE TAQE
TP AF I',Q A+ NI, PVQAAF !
I,PF-A ' TI',QF-A V’ I,I',PVQ,AF
I, PVQF-A e LU PVQF-A
Vi
N/A
Vi
$1 Y1
I, Plz/t], A+ T, A, Plz/t] -
T, Plz/t] - -A T,Va.Pz,AF '
C,Vz.PrF-A ' ~ T Vo.Pzk-A
Ve
N/A
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»1
I, Plz/a],AF
T,Plz/a]F-A _"
[,3z.PxF-A !
3,
N/A
I
N/A
r
N/A
w
¥1
LA
TF-A o,
I,PF-A
Wy
N/A
C
$1
I,P,PAF
TPPF-A
rPFr-A
cut
¥2

Y1 T, PAF
I'FP I',P--A
I, F-A
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r

cut

s

~

s

>

I',3z.Pz, A+

T,PF—A

®1

T,A, Plz/a] -
T 9. b AL

T

T,3z.Pr - A

AR
—  w
T,P,AF

P1
I,P,P,AF
T,PAF
I,PF-A

r

Y1 Y2
I'EP TV, A PF
T, AL
I F—A

cut

T



B.13 Permutation of w; down

P1

T+ P #2
T,AFP I QFF
T, Po5QAFF

wy

Y2
Y1 T,QFF

B ————
r'cP T AQFF |

ILT,P—>Q,AFF

®1
IP+Q
IAPFQ
INAFP—-Q

N
©1
I,P-F
P ——— V )
T.PAFF
T.PAQAFF

1

1
I,QFF

T,Q,AFF

[LPAQ,AFF

wy

®2
P1 I'-Q

— wy
THP T, AFQ

I,I',AFPAQ

~ T,PAQAFF

~ T,PAQAFF

®1 ¥2
!
re-p F,QFF_)
LI, P> QFF w
1
~ I TVP—>QAFF

®1 P2

r-P I",QrF

LT,P—-QFrF
~ DTV P—=QAFF

—1

®1
IPFQ
'eP—Q

~ TVAFP—Q

®1

I,PFF

CLPAQFF !

wy

®1

IQFF

— A
ILPAQFF

wy

21 P2
TFP I'FQ
R
I,I'FPAQ

~ T,I',AFPAQ
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®1
©2
+P w
T A-P I"'-Q

I,I',AF PAQ

Vi

#1
LPrF ¥2
I,A,P-F I'QFF

I,I/,A,PVQFF

1

w2

2 I',Q+F

— T "  w,
ILPFF T,AQFF

I,I',A,PVQFF

P1
IFP
LAFP
ILAFPvQ "

wy

P1
I'+Q
LAFQ
LArpPvQ

wy

Vi

®1
T, Plz/t|F F w
T,A Plz/t|- F
T\Vo.Pz,AFF '
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©1 ¥2
I'FP T'FQ
ILT'-FPAQ

T
s

I,I',AF PAQ

%1 2
ILPFF T',QFF

LI',PVQFF
O,I',PVQ,AFF

Vi

l
>

©1 ©2

ILPFF T,QFF
LI,PVQ-F
O,I',PVQ,AFF

Vi

l

~

LkP
I'FPVQ
TLAFPVQ

Ve

~

v1
T,Plz/t| - F
O,Vz.Pz - F lw

T Vo Pz, AFF |

~



R

®1
T'F Plz/q]
T',AF Plz/a]
ILAFVz.Px "

®1
I',Plz/a] - F
T,A Plz/a)F F

A, dz.Prk-F ¢

»1
I'+ Pla/t]
T, AF Plz/t]
AV 3z.Pz "

¥1
+P
I'ArP
I,-P A

1
I, P+
_— W
T, A Pt
rLAF-P

I'FF
T,AFF
—_ W
[,PAFF

®1

'+ Plz/a]
CkVz.Pz

~ TI'AFVz.Px

®1
I, Plz/a] - F
I',3z.Pz+ F

Tt Ty
~ TIyA, Jz.Px+ F

®1
I'+ Plz/t]
Lk3z.Pz )
~ TIAF 3z.Px

¥1

r'-prP
I',-Pk
_— W,

~ I',=P,AF

TP+
r--pP
~ T AF-P

®1

I'-F
I'PHF
_w

~ I P,ARFF

l
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Y1 ©1
I'F T+
w
TAF | rep

I8 = 5 Wi

TLAFP " w T,AFP

C
1 1
I,P,P+F I,P,P+F
— ) wy —_
LA PPHE LPEF
LPAFF ' o T,PAFF "
cut
®1 ®1 P2
rrPpP w2 I'-P I',P-F
—_—— wy , T ya—— 114
[LAFP I',P+F ILT'+-F
cut —_—— Wy
[T/, AFF s I,T',AF F
P2 ®1 ¥2
®1 I',P+-F P I',P+F
— ) wy ——— cut
P I/,APFF ILT'FF
cut —_—— Wy
[T/, AFF ~~ [T/, A+ F
B.14 Permutation of w, down
—1
¥2 ¥1 ®2
#1 I',QFr P I',QF
—_— Wr _—
PEpP I'QrA | LT, P—QF w
Ly era L Pmer
LI/, P> QFA ~ D,I),P5QFA
—r
N/A
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V]

®1 #1
P+ P+
= w, N
IPFA IPAQF

- " A i R S
ILPAQFA ~ T,PAQFA

©1 #1
r,QF r,QFr
—_— Wy Np
rQra ' TPAQE
LPAQFA 'Y « T,PAQFA
Ar
N/A
Vi
®1 P2 ®1 P2
I,PF I',QF O,PF I,QF
Wy Wy _ V]
I,PFA rQEA LT, PVQE
LT, PVQF A Y T PVQFA
Vi
N/A
Vi
¥1 w1
T, Plz/t] + w T, Plz/t]
L,Plz/t]FA T,Vz.Pz F LJ
I,Vz.Pz+-A ' ~ T,Ya.PzFA
v,
N/A
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N/A

N

N/A

N/A

Wy

N/A

C

cut
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P1 ©1
T, Plz/a] - w T, Plz/a] -
T,Plz/a]FA _ [, 3z PzF
[,3z.Pz-A ' ~ T,3z.PzFA
1 ¥1
'+ 't w
rra r,Pr |
—_— w —_— Wy
T,PFA - T,PFA
©1 ®1
PPt I,P,PF
— Wy —_—
[,PPFA L,PF
— —_— Wp
T,PF A ~ T,PFA
p2 »1 Y2
#1 P P T',PF
CHFP T/, PFA ’"t nLoe
rrra . LT FA



B.15 Permutation of ¢; down

—

»1
RAAFPCI 2
IAFP = TI',Q+F

LT/, P> QA+ F

P2
P1TLQAARFE
I'FP T,AQFF
O,I',P 5 Q,AFF

»1
I'P,AJAFQ
IAPEQ
NLAFP—Q

N
®1
TP AAFF
T.PAFF
T.PAQAFF

Cl
l

®1
IQ AAFF
T,Q,AFF
T,PAQ,AFF

Cl
l

2
®1 ﬂAAFQq
TP T,AFQ
LT, AFrPAQ

s

~

sy

s

[LAAFP=Q |
LAFP—Q

[,PAQ,AAFF
[LPAQ,AFF

I,PAQ,A AFF

1 P2
[AJAFP T/,QFF

LT,P—>QAAFF

I,I',P > Q,AF F

1 P2

CFP T, AAQFF
N

LI P—QAAFF
I,I'P > QAFF

®1
A APFQ

r

1

®1
[,A,APFF

@1
A AQFF

T,PAQ,AFF

1 P2
PP T, AAFQ
FJﬂAAFPAQC;

I/, AFPAQ
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01 ®1 ©2
I'AAF P ¥2 IAJAFP TVFQ
¢
TLAFP ' I'HQ LI, AAFPAQ

N
O,I',AFPAQ ~  T,0,AFPAQ

T

Vi
o1 01 @2
DLPAAFF ¥2 I'AJAJP+-F T/,Q+F
TAPFF ' TVQFF I PVQAAFF !
LT, APVQFF b LT, PVQ,AFF
©2 ®1 ¥2
PLTLQAARF ILPFF T, AAQFF
IPFF T,LAQFF I, PVQAAFE
T, APVQFF ' w LT, PVQ AFF
Vi
$1 ©$1
LAAEP IAAF P
TAFP lv LAAFPVQ |
TLAFPVQ " ~ T,AFPvQ
¥1 ©$1
LAAFQ LA AR Q
LAFQ LAAFPVQ T
TLAFPVQ " ~ T,AFPvQ
v
1 1
L, Pla/t, A AV F LAAPR/EF
—_— 1 e —
I,A Plz/t]| - F [,Vz.Pz, A, A+ F cl
T Ve Pz, AFF '\ ~ T VaPs,AFFE
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P1 ©1
LA AF Plz/a] T, A, Al Plz/o]
Ak Plz/a] mcr
T AFve.Pz " ~ T,AFVz.Pz

®1 ©1
L. Plz/a], A, AF F I A A Plz/o] P F
T,A, Plz/a]F F [,3z.Pz, A, AFF !
T A3ePer F ' ~ T,A3ePirF
®1 ©1
L,AF Plz/t] LA AR3ePe "

T,AF3z.Pz = ~ T,AF 3z.Pz

Y1 1
rAAEP rAAEP
T,AF P T,-PAAF
T-PAF ' « T,oPAr

®1 25}
DPAAE DAAPE
T.APF T.AAF-P

r —_ (]

T,AF—P ' ~ T,AF-P

Y1 P$1
I'AJAFF IAJAFF
—_— —_— W]

A+ F IP,AJA+-F

il el e
I,PA-F ~ TI,PA-F
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P1 ®1
T A AF T A AF
— —_—— Wr
T AF T AAFP

r 5 Y

rArp " « T.AFP

&)
P1 P1
L,PPAAFF L,PPAAFF
AP PFF Cl T.PAAFF cl
TPAFF ' = T.,PAFF
cut
©»1 P1 P2
LA AP 2 INA,AFP T",PFF .
et S
TLAFP | I',PFF . I AAFF o
——— 4
T, AFF cute T, AFF
¥2 ¥1 P2
PLTLPAARTF PP TLAAPEF
- 4
rep T APHF LI AARF e
——— ¢
T, AFF ur T ,AFF
B.16 Permutation of cut down
—1
©1 ®2 ®2 ®3
LA DArp o # P1TLARP TQFF
rra 1M,Ar P l
[ R L Lo0 N PHA DI P QAFF
l
O,0,T" P> QFF - o PoQrF "
P2 ®3 P1 P2
Y1 I,QFA T”,AFF . r-pP IMQrA | #3
rep QkA
rep  rrrrr ¢ T, P—>QFA MARE
l
DI T P> QFF - DI T P—QFF o
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P2 3
Y1 I'FA TV,QAFF
P ' I”,QFF

cut

®1 ¥3
2 I'tP TV,QARF

-
I"tA I,T,P - Q,AFF

1 cut
ILI,T".P 5 QFF ILI,T". P 5 QFF
—r
$1
ILPFA T, AFQ
N
b b %
ILTFP—Q - 7
®1 2 P2
LA I PAFQ Y1 I PAFQ
rr.prqQ “ rrA TNAFP—Q
ILT'FP—Q LoU'rp>qQ
N
®1 P2 ®1
IPHA T/, A+ F . IPHA ¥2
rr.prr " TLPAQFFE "L TV AFF .
LI PAQFF ' LI, PAQFF o
o1 ©2 P2
LA DN PARF e1 I, A,P+F
rr,prr M IFA T, PAQAFFE !

O,I',PAQFF

®1 ®2
rQrA T/ ARF
L IQFF

cut

N

O,I',PAQFF -~

o1 ©2
TFA I',QA+F
I,I',QFF
[,I',PAQFF

cut

t
o, PrQrF "

¥1
r,QrA ¥2
T,PAQFF "' TV AFF

t
LT, PAQF F e

®2

®1 I A,QFF
CFA T',PAQ,AFF

l

t
LI, PAQFF
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1 2
'A IV, AR P . ©3
Lo EP 0 TEQ

w2 ©3
Y1 T ARP TVEQ
T'FA I/,T",AFPAQ

T

cut

T T"FPAQ - I T"FPAQ
P2 ©3 o1 ©3
P1rEA INARQ Y2 TEP I AFQ
r-p g I'FA D,U7,AFPAQ ;
LT T FPAQ - 0T T"FPAQ "
Vi
®1 2
DPEA DLARF ©3
rr,prrE Y orF
T, T, PVQF F boa e
©1 Y2 w2 ¥$3
'+A I',PA+F . #3 $1 T APFF TV,QFF v
o, prrE Y rorF A I/ T",PVQ,AFF tl
T T, PVQFF - T .17, PVQF F o
P2 ©3
PLINQEA TVARE
P-F LTV QFF
oI, T",PVQFF ! ~ 7
P2 ©3 o1 ©3
PLIEA TVQARE 2 T PHF TV, AQFF
IPHF rrQrr I'FA D,07,PVQ,AFF t’
I, I",PVQFF ! - I, 0,17, PVQFF e
Vi
©1 ®2 P2
LHA I ARP e1 ', AF P
rrep Y A I,AFPVQ 7't
rLIU'FPvQ rr'repvg
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®1 P2
A TV AFQ
nLT'FQ
L, I'FPVQ

cut

Vi

©1 ®2
I,Plz/tj]F A T/ AR F
I,IV,Plz/t] - F
I/ ,Vz.Pz+ F

cut

l

1 P2
A I,Plz/t],AF F
I, I/, Plz/t|- F

I, I, Ve.Px+ F

l

P1 ©2
I'-A I",AF Plz/q]
I,IV + Plz/a]
I+ Vz.Px

T

1 P2
IPlz/a]- A T/, AFF
I,I",Plz/a] - F
IV, 3z.Px+ F

cut

1

®1 P2
'-A I',Plz/a],A- F
I,IV,Plz/a] - F
I.1,3z. Pzt F

1

Y2

©1 rAFQ
A I/, AFPVQ

T

t
rLrrepvg ¢

Y1

I, Plz/t]F A 2
I',Ve.Pzx+ A

LI AFF

cut

¢
I 1/ Vo.Pok F e

P2
1 TV, A Pla/t|FF

A T/ .Vae.Pz,AFF '

cut

t
I, VePekF "

P2
Y1 T/,AF Plz/al
TFA TV,A-Vz.Px
T+ Vz.Px

r

cut

w1

I, Plz/a] - A ¥2
I'N3z.Pzk- A

VI AFF

cut

t
I,1,3z.Pat F e

@2

¥Y1  I',A Plz/a]F F

THFA TV,3z.Pzx,A-F
I.1'. 3Pzt F

l

cut
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!

wy
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©»1 ®2 ®2
IFA T/,AF Plz/] Y1 IV AF Pla/t]
LU F Plajt] " P-A I AFJPr "
I,I F 3z.Pz e
®1 ®2 2
PeA DARP Y1 T AFP
rea nArk P narr
rorrp ™ I'-A I',-PAF
—_— 1 — cut
I,I',—PF I,I,~PF
e1 P2 @2
A T/,PAF Y1 TP AF
—_— Cut —_—— 1
T,I,PF rrA IhAF-P '
T F-P ror-p
1
ILPFA I',AF
— cut
I,I,PF
o' --pP 7
Y1 ¥2 P2
THA TLARF Y1 T AFRF
rrrr Y I'FA T/,PAFF
—_—— W] cut
U, PFF I, PFF
©1 P2 ®2
TFA T/, AF Y1 I AR
T L cut ~ AL b Wy
ro + rrA T,AF P
—_—— Wy — Y, Cut
LU FP Ik P




Cl
P1

I,PFA I',PAFF

[LI'PPHF
I,I',P-F

©1 P2
ILPPrA TV ARF

,I",P,P+F

LI, P+HF

cut
C

2% ¥2
THFA T',P,PA+F
nr,P,P+-F
nLr,P+-F

cut

€l

cut
P1 Y2
'A I, AR P #3
“rorre M orprr
LI, T+ F

®2 ®3
Y1 I"P-A TV A+F
I v pP+F
LI+ F

cut

cut

®2 ©3
$1 TVRFA TV, PAFF
r-P I',;T”, P+ F
0,0, T/ F

cut

cut

cut

@1

[,P,PFA ©2
I,P-A

@) ,
Ak F

cut

t
T .PFF e

P2
#1 I,PPAFF

T'FA TI/,PAFF
IO,I',PFF

cut

2 ¥3

Y1 I AFP T",P+F

I'kA '\, AF F
O,I, T/ - F

Y1 Y2
P I',PHA 3
", AFF

t
rrra Y

cut

cut

I,I'T"+F

®1 ©3
$2 I'tP I, PA-F
I'-A I A+ F

T T T FF cut

cut

cut
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