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Abstract

The goal of this thesis is the study of a harmonious way to combine any first order theory
with the theory of finite or infinite trees. For that:

First of all, we introduce two classes of theories that we call infinite-decomposable and zero-
infinite-decomposable. We show that these theories are complete and accept a decision procedure
which for every proposition gives either true or false. We show also that these classes of theories
contain a large number of fundamental theories used in computer science, we can cite for example:
the theory of additive rational or real numbers, the theory of the linear dense order without
endpoints, the theory of finite or infinite trees, the construction of trees on an ordered set, and
a combination of trees and ordered additive rational or real numbers.

We give then an automatic way to combine any first order theory T with the theory of finite
or infinite trees. A such hybrid theory is called extension into trees of the theory T' and is denoted
by T*. After having defined the axiomatization of T™ using those of T', we define a new class of
theories that we call flexible and show that if T is flexible then T* is zero-infinite-decomposable
and thus complete. The flexible theories are first order theories having elegant properties which
enable us to handle easily first order formulas. We show among other theories that the theory
Thq of ordered additive rational numbers is flexible and thus that the extension into trees 77, of
Tq is complete.

Finally, we end this thesis by a general algorithm for solving efficiently first order constraints
in T7;;. The algorithm is given in the form of 28 rewriting rules which transform every formula
©, which can possibly contain free variables, into a disjunction ¢ of solved formulas equivalent
to ¢ in T};; and such that ¢ is either the formula true, or the formula false, or a formula having
at least one free variable and being equivalent neither to ¢rue nor to false in T);;. Moreover, the
solutions of the free variables of ¢ are expressed in a clear and explicit way in ¢.

Keywords: Theory of finite or infinite trees, Complete theory, Combination of theories, Solving
first order constraints, Rewriting rules.
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Introduction

The algebra of finite or infinite trees plays a fundamental role in computer science: it is a model for
data structures, program schemes and program executions. As early as 1976, G. Huet proposed
an algorithm for unifying infinite terms, that is solving equations in that algebra [28|. B. Courcelle
has studied the properties of infinite trees in the scope of recursive program schemes [12]. A.
Colmerauer has described the execution of Prolog II, III and IV programs in terms of solving
equations and disequations in that algebra [5, 6, 1]. The unification of finite terms, i.e. the
resolution of conjunctions of equations in the theory of finite trees has first been studied by A.
Robinson [38]. Some better algorithms with better complexities have been proposed after by
M.S. Paterson and M.N.Wegman [36] and A. Martelli and U. Montanari [35]. The resolution
of conjunctions of equations in the theory of infinite trees has been studied by G. Huet [2§],
by A. Colmerauer [4, 5| and by J. Jaffar [29]. The resolution of conjunctions of equations and
disequations in the theory of possibly infinite trees has been studied by A. Colmerauer [5] and H.J.
Biirckert [2]. An incremental algorithm for solving conjunctions of equations and disequations
on rational trees has been proposed after by V.Ramachandran and P. Van Hentenryck [37]. On
the other hand, there exists an algorithm for elimination of quantifications which transforms a
first-order formula into a boolean combination of simple constraints. We can refer to the work
of M.J. Maher [33] and H. Comon [11].

M.J. Maher has axiomatized all the cases by complete first-order theories with infinite set
of function symbols [33]. It is this theory which has been the starting point of our works.
After having studied its properties we have created two classes of theories that we call infinite-
decomposable and zero-infinite-decomposable and have shown that a lot of fundamental theories
used in computer science belong to these classes. We can cite for example: the theory of finite
trees, the theory of infinite trees, the theory of finite or infinite trees [19], the theory of the linear
dense order without endpoints, the theory of additive rational or real numbers, the construction
of trees on an ordered set [23] and the combination of finite or infinite trees and ordered additive
rational or real numbers [24]. The first intuitions behind these classes of theories come from the
works of T. Dao [16] which has proposed a general algorithm solving first order constraints in the
theory of finite or infinite trees [16],[19] using a basic simplification of quantified conjunctions of
atomic formulas. We have then generalized this simplification by showing that in every infinite-
decomposable or zero-infinite-decomposable theory, it is always possible to decompose a series of
existential quantifications on a conjunction of atomic formulas, into three embedded sequences
having elegant properties which can be expressed using four special quantifiers denoted by 37,

=10 350("), 33’&‘) and called at-most-one, one-and-only-one, infinite and zero-infinite. While the
quantifiers 37, 3!, are just convenient notations, the quantifiers HE’O(“), EI;PC(,QOL) express a property

which can not be expressed in the first order level. The names infinite-decomposable and zero-

infinite-decomposable have not been chosen randomly. In fact, a zero-infinite decomposable

;I’o(u)

theory is decomposed using only the quantifiers 37, 3!, , while a zero-infinite-decomposable
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theory is decomposed using the quantifiers 37, 3!, 33 é}; ). After having studied the properties of

these special quantifiers, we have show the completeness of all these classes of theories and given
a decision procedure in the form of general rewriting rules which for every proposition give either
true or false.

We have then interested ourselves to the problem of combination of theories together with
non-disjoint signatures and more exactly to the combination of any first order theory T with
the theory of finite or infinite trees. This work reflects essentially to Prolog III and Prolog IV
which have been modeled by A. Colmerauer [6] using a combination of trees, rational numbers,
booleans and intervals. One of the major difficulties in this combination resides in the fact that
the two combined theories can have non-disjoint signatures, i.e. the existence of at least one
function or relation symbol having two completely different behaviors whether we handle the
theory T or the theory of finite or infinite trees. Moreover, the theory of finite or infinite trees
does not accept full elimination of quantifiers which makes the completeness of any combination
with it not evident. For that, we would first to define a semantic meaning for this combination
and then to give a harmonious axiomatization of the new hybrid theory. In our point of view,
a combination of a theory T" with the theory of finite or infinite trees is nothing other than an
extension into trees of the elements of the models of the theory T'. Thus, the axiomatization of
the extension into trees of T', denoted by T™, proceeds essentially from the axiomatization of the
theory T and the three axioms of Michael Maher on the theory of finite or infinite trees [33| by
introducing typing constraints that distinguish the tree elements from the others. To show the
completeness of T%, we have introduced the class of the flexible theories and shown that if T is
flexible then its extension into trees, i.e. T%, is a zero-infinite-decomposable theory and thus a
complete theory. The flexible theories are first order theories having elegant properties which
enable us to handle easily first order formulas.

Once these results obtained, we have interested ourselves to build a general algorithm for
solving first order hybrid constraints and which gives solutions of the free variables in a clear
and explicit way. For us, solving a constraint ¢, which can possibly contain free variables, in T,
means to transform the first order formula ¢ into a disjunction ¢ of solved formulas, equivalent
to ¢ in T™ and such that ¢ is, either the formula ¢true, or the formula false, or a formula having at
least one free variable and being equivalent neither to true nor to false in T*. Of course, the two
decision procedures given for the infinite-decomposable and zero-infinite-decomposable theories
are not able to solve general first order constraints since they can only decide the validity or
not validity of propositions (sentences). They are not able to express the solutions of the solved
formula in a clear and explicit way and do not warrant that any disjunction of solved formulas
containing at least one free variable is equivalent neither to true nor to false in T%. We have
then chosen the extension into trees T, of the theory 7,4 of ordered additive rational numbers
and have given an efficient algorithm solving any first order constraint in 77;. One of the major
difficulties in this work resides in the fact that (1) every algorithm solving only propositions
in the theory of finite or infinite trees has a non-elementary complexity in the form of tower
of powers of 2 [41], (2) the theory of finite or infinite trees does not accept full elimination of
quantifiers, (3) the function symbols + and — have two completely different behaviors whether
they handle rationals or trees. For example, the individual +(1,1) is the rational 2, while the
individual +(1, fo) is the tree whose root is labeled + and whose suns are 1 and the tree reduced
to a leaf labeled by fp.

This thesis contains five chapters followed by a conclusion. In Chapter 1 we recall the basic
notions of first order logic and give a sufficient condition for the completeness of any first order
theory.
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In Chapter 2, we give a formal definition of the infinite-decomposable theories. The main
idea behind this definition consists in decomposing any series of existential quantifications on a
conjunction of atomic formulas, into three embedded sequences having elegant properties which
can be expressed using the special quantifiers 37, 3!, HZ,I]O(“). After having given the properties
of these special quantifiers we show the completeness of any infinite-decomposable theory using
the sufficient condition of completeness of first order theories given in Chapter 1. We give also
a decision procedure in any infinite-decomposable theory 7', in the form of five rewriting rules
which for every proposition give either true or false in T'. The correctness of our algorithm is
another proof of the completeness of the infinite-decomposable theories. We end this chapter by
an application to the theory 7 of finite or infinite trees. We show that 7 is infinite-decomposable
and give two examples of solving propositions in 7.

In Chapter 3, we present the class of the zero-infinite-decomposable theories which is an
extension of the infinite-decomposable theories by replacing the infinite quantifier by the zero-
infinite quantifier. We show the completeness of any zero-infinite-decomposable theory using the
sufficient condition of completeness of first order theories given in Chapter 1. We give also a
property which links the infinite-decomposable theories to the zero-infinite-decomposable theories
and show that while all the infinite-decomposable theories given in Chapter 2 are also zero-
infinite-decomposable, the simple theory of the linear dense order is not infinite-decomposable
but zero-infinite-decomposable. We present then a decision procedure for every zero-infinite-
decomposable theory T', in the form of six rewriting rules which for every proposition give either
true or false in T. This algorithm contains a new rule comparing with those of the infinite-
decompsoable theories due to the zero-infnite quantifier which enables only a partial elimination
of quantifiers while the infinite-quantifier enables a full elimination of quantifiers. We end this
chapter by an application to the construction of trees on an ordered set. This theory, denoted
by 7,4, is a complete axiomatization of the construction of trees on a set of individuals together
with a linear dense order relation without endpoints. After having presented the axiomatization

of 7,4, we show its zero-infinite-decomposability and end by an example solving propositions in
%rd-

In Chapter 4, we give an automatic way to combine any first order theory T with the theory
of finite or infinite trees. The axiomatization of the extension into trees of T', denoted by T, is
made essentially from the axiomatization of the theory T" and the three axioms of Michael Maher
of the theory of finite or infinite trees [33| as well as a full system of typing constraints. For each
theory T* we give a formal definition of the standard model M* of T™* using the standard model
M of T'. To show the completeness of the theory T™, we introduce the flezible theories and show
that if T is flexible, then its extension into trees, i.e. T™, is zero-infinite-decomposable and thus
complete. We end this chapter by an application to the extension into trees T, of the theory
Tq of ordered additive rational numbers. We show that T, is flexible and thus T}, is complete.

Finally, in Chapter 5, we give a general algorithm solving any first order constraint in the
theory T7;,. After having defined the meaning of a first order constraint in 777, we present our
solver in the form of 28 rewriting rules which transform every formula ¢ into a disjunction ¢ of
solved formulas, equivalent to ¢ in T}, and such that ¢ is, either the formula true, or the formula
false, or a formula having at least one free variable and being equivalent neither to true nor to
false in T);,. While the two decision procedures given in Chapter 2 and 3 solve only propositions,
this algorithm gives the solutions of the free variables in a clear and explicit way and is able
to check if a formula having at least one free variable is always true or false in 777,. It also
warrants that every disjunction ¢ of solved formulas having at least one free variable accepts two
explicit instantiations ¢; and ¢y such that for every model M}, of T, we have MY, = ¢1 and

3
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M}, = —¢2. We end this chapter by an example of solving a constraint having two free variables
and being always equivalent in false in T7,.

The sufficient condition for the completeness of first order theories given in Chapter 1, the
quantifiers 35’0(“) and H%Zf ), the classes of the infinite-decomposable and zero-infinite-decomposable
theories, the extension into trees of first order theories, the flexible theories and the solver in 77,
are our main contributions in this thesis.



Chapter 1

Preliminaries

Contents
1.1 Firstorderlanguage . . . . . . . . . . o i i e e 5
1.2 Modeland theory . . ... ... ... ittt 6
1.2.1 Model . . . . . 6
1.2.2 Theory . . . . . . . e 7
1.2.3 Complete theory . . . . . . . .. . 7

We present in this chapter the basic definitions of first order logic, model, theory and complete
theory as well as a sufficient condition for the completeness of any first order theory.

1.1 First order language

We are given once and for all, an infinite countable set V' of variables and the set L of logical
symbols:
=, true, false, =, \,V, —, ¥, 3, (,).

We are also given once and for all, a signature S, i.e. a set of symbols partitioned into two
subsets: the set of function symbols and the set of relation symbols. To each element s of S is
linked a non-negative integer called arity of s. An n-ary symbol is a symbol with arity n. An
0-ary function symbol is called constant.

A term or S-term is word on L U S UV, of one of the two following forms:

x, fti...tn, (1.1)

with x taken from V| f an n-ary function symbol taken from F and the t;’s shorter terms.
A formula or S-formula is word on L U .S UV of one of the eleven forms:

s=t, rty...t,, true, false,

0, (P AY), (pVY), (o =), (¢ =), (1.2)
(Vz ), (Jz ),

with s and ¢ terms, r an n-ary relation symbol taken from S and ¢ and v shorter formulas. The
set of terms and formulas forms a first-order language with equality.

The formulas of the first line of (1.2) are known as atomic, and flat if they are of one of the
following forms:
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true, false, xg = 1,20 = fT1...Tn, rT1...Tn,

where all the x;’s are possibly non-distinct variables taken from V', f is an n-ary function symbol
taken from S and r is an n-ary relation symbol taken from S. An equation is a formula of the
form s = t with s and ¢ terms. A relation is a formula of the form 7ty ...t, with r an n-ary
relation symbol taken from S and the ¢;’s terms.

An occurrence of a variable x in a formula is bound if it occurs in a sub-formula of the form
(Vx @) or (Jz ). It is free in the contrary case. The free variables of a formula are those which
have at least one free occurrence in this formula. A proposition or a sentence is a formula without
free variables. If ¢ is a formula, then we denote by var(y) the set of the free variables of ¢.

The syntax of the formulas being constraining, we allowed ourselves to use infix notations for
the binary symbols and to add and remove brackets when there are no ambiguities.

We do not distinguish two formulas which can be made equal using the following transfor-
mations of the sub-formulas:

oA =1 Ao, (pAP)Nd= oA (Y AQ),
YA true = @, @V false = .

If I is the set {i1, ..., 1, }, we call conjunction of formulas and write A\;c; @i, each formula of
the form ¢;, A @i, A ... A i, A true. In particular, for I = (), the conjunction A;c; ¢; is reduced
to true. We denote by F'L the set of the conjunctions of flat formulas. We denote by AT the
set of the conjunctions of atomic formulas. A set ¥ of formulas is closed for the conjunction if
for each formula ¢ € ¥ and each formula ¢ € W, the formula ¢ A ¢ belongs to W. All theses
considerations will be useful for the algorithm of resolution given in section 4.

1.2 Model and theory

1.2.1 Model

A model or S-model is a 3-tuple M = (M, F,R), where M is a nonempty set disjoint from
S, its elements are called individuals of M ; F and R are sets of functions and relations in M,
subscripted by the elements of S. More exactly, if  and R are denoted by (f™) fer respectively
(rM),.cRr then:

o M, the universe or domain of M, is a nonempty set disjoint from 5, its elements are
called individuals of M;

e for every n-ary function symbol f taken from F, fM is an n-ary operation in M, i.e. an
application from M™ in M. In particular, when f is a constant, f™ belongs to M;

e for every n-ary relation symbol 7 taken from R, M is an n-ary relation in M, i.e. a subset

of M™.

Let M = (M, F,R) be amodel. An M -formula ¢ is a formula built on the signature S UM
instead of S, by considering the elements of M as 0-ary function symbols. If for each free variable
x of , we replace each free occurrence of x by a same element in M, we get an M-formula called
instantiation or valuation of ¢ by individuals of M.

If ¢ is a M-formula, we say that ¢ is true in M and we write

MEo, (1.3)
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iff for any instantiation ¢’ of ¢ by individuals of M, the set M has the property expressed by ¢,
when we interpret the function and relation symbols of ¢/ by the corresponding functions and
relations of M and when we give to the logical symbols their usual meaning.

Remark 1.2.1.1 For every M -formula ¢ without free variables, one and only one of the follow-
ing properties holds: M = ¢, M = —p.

Let us finish this sub-section by a convenient notation. Let £ = z1...x, be a word on V and let
i =ij...in be a word on M or V of the same length as 7. If ¢(Z) and ¢ are two M-formulas, then
we denote by (i), respectively ¢, ;, the M-formula obtained by replacing in ¢(Z), respectively
in ¢, each free occurrence of z; by i;

1.2.2 Theory

A theory is a (possibly infinite) set of propositions called azioms. We say that the model M is
a model of T, iff for each element ¢ of T, M |= ¢. If ¢ is a formula, we write

T =,
iff for each model M of T, M |= p. We say that the formulas ¢ and v are equivalent in T iff
TE ¢« .
A set U of formulas is called T-closed if:
o U C AT,

e W is closed for the conjunction,

e every flat formula ¢ is equivalent in T to a formula which belongs to ¥ and does not contain
other free variables than those of ¢.

The sets AT and F'L are T-closed in any theory T'. This notion of T-closed set is useful when
we need to transform formulas of F'L into formulas which belong to . The transformation of
normalized formulas to working formulas defined in Section 2.3.2 illustrates this notion.

1.2.3 Complete theory

A theory T is complete iff for every proposition ¢, one and only one of the following properties
holds: T = o, T = —p.

Let us present now a sufficient condition for the completeness of any first-order theory. We
will use the abbreviation wnfv for “without new free variables ". A formula ¢ is equivalent to a
wnfv formula ¢ in T means that T |= ¢ < 1 and ¢ does not contain other free variables than
those of .

Property 1.2.3.1 A theory T is complete if there exists a set of formulas, called basic formulas,
such that:

1. every flat formula is equivalent in T to a wnfv Boolean combination of basic formulas,
2. every basic formula without free variables is equivalent in T, either to true or to false,

3. every formula of the form
3z ((Aier i) N (Nier —i)), (1.4)

where the p;’s are basic formulas, is equivalent in T to a wnfv Boolean combination of basic
formulas.
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Proof. Let ® be the set of all the formulas which are equivalent in T to a wnfv Boolean
combination of basic formulas.

Let us show first that every formula ¢ belongs to ®. Let us make a proof by induction on
the syntactic structure of ¥. Without losing generalities we can restrict ourselves to the cases
where 1) contains only flat formulas and the following logical symbols': —, A, 3. If ¢ is a flat
formula, then ¥ € ® according to the first condition of the property. If ¥ is of the form —¢p; or
©1 A @2, with 1,9 € &, then 1 € & according to the definition of ®. If ¢ is of the form Jx ¢,
with ¢ € @, then according to the definition of @, the formula ¢ is equivalent to a wnfv formula
¢', which is a Boolean combination of basic formulas ¢;;. Without losing generalities we can
suppose that ¢’ is of the form

¢ = Vier(Njes vig) N (Njey —0ij))- (1.5)
By distributing the existential quantifier, the formula Jx ¢’ is equivalent in T' to
Vier Gz ((Ajes pis) N (Njes —0ii))), (1.6)

which, according to the third condition of the property, belongs to ®. Thus the formula 3z ¢,
i.e. 1, belongs to .

Let now v be a proposition. According to what we have just shown ¢ € ®. Thus, the
formula ) is equivalent in T" to a Boolean combination of basic formulas without free variables.
According to the second condition of the property, one and only one of the following properties
holds: T' =4, T' = —). Thus T is a complete theory.O

This sufficient condition is interesting in sense that it reasons on the syntactic structure of
first-order formulas and not on the semantic meaning of function and relation symbols of the
theory. Informally, the basic formulas are generally formulas of the form 3zZa with o € AT

Corollary 1.2.3.2 If T satisfies the three conditions of Property 1.2.3.1 then every formula is
equivalent in T to a wnfv Boolean combination of basic formulas.

This corollary is a consequence of the proof of Property 1.2.3.1 in which we have shown that if
® is the set of all the formulas which are equivalent in T' to a wnfv Boolean combination of basic
formulas then every formula 1 belongs to .

!Since each atomic formula is equivalent in the empty theory to a quantified conjunction of flat formulas and
each formula is equivalent in the empty theory to a formula which contains only the logical symbols: 3, A, —.

8
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We present in this chapter a formal definition of the infinite-decomposable theories. The main
idea behind this definition consists in decomposing each quantified conjunction of atomic formulas
into three embedded sequences of quantifications having very particular properties, which can
be expressed with the help of three special quantifiers denoted by 37, 3!, 350(") and called at-
most-one, exactly-one, infinite. We show the completeness of these theories using the sufficient
condition defined in Chapter 1, and give some examples of fundamental infinite-decomposable
theories. We present also a decision procedure in every infnite-decomposable theory 7', in the
form of five rewriting rules which transform any formula ¢, which can possibly contain free
variables, into a wnfv conjunction ¢ of solved formulas, equivalent to ¢ in T and such that ¢ is,
either the formula true, or the formula A;.; =true, or a formula having at least one free variable
and being easily transformable into a boolean combination of conjunctions of quantified atomic
formulas. In particular, if ¢ has no free variables then ¢ is either the formula true, or the formula
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—true. The correctness of our algorithm is another proof of the completeness of the decomposable
theories. We end this chapter by an application to the theory 7 of finite or infinite trees. We
show that 7 is infinite-decomposable and give two examples of solving first order propositions
in 7. Note that the results presented in this chapter have been published in: [18], [19], [22].

2.1 Special quantifiers

2.1.1  Vectorial quantifiers : 37, 4!

Let M be a model and let T be a theory. Let £ =x1...x, and §y =y ...y, be two words on V'
of the same length. Let ¢, ¢, ¢ and ¢(Z) be M-formulas. We write

dz for dxy...3x, ¢,

VT o for V..V, ¢,

377 (Z) for VaVy o(T) A o(9) — Nieqt,...n} Ti = Yi
Jz for (3z ) A (F7Z ).

The word &, which can be the empty word ¢, is called vector of variables. Note that the formulas
3?ep and dlep are respectively equivalent to true and to ¢ in any model M.

Notation 2.1.1.1 Let Q be a vectorial quantifier taken from {¥,3,3!,37}. Let T be vector of
variables taken from V. Let ¢ and ¢ be formulas. We write:

QT Ng for QT (pAe).

Example 2.1.1.2 Let I = {1,...,n} be a finite set. Let ¢ and ¢; with i € I be formulas. Let
and y; with ¢ € I be vectors of variables. We write:

Az o A =1 for 3z (¢ A =¢1),

VZ o A for Yz (o A ¢1),

ANz o A Nier(FYipi)  for 3z (o A (3g1¢1) A ... A (Gndn) A true),

7 9 A ier ~(35i65) for 322 (9 A (~(35161) A . A (~(Gnbn)) A true).

Property 2.1.1.3 If T = 37z ¢ then

TE (Gt A-9) < (Fep) A(FEp A 0)). (2.1)

Proof. Let M be a model of T and let 37 ¢’ A —¢’ be an instantiation of 3T ¢ A —¢ by
individuals of M. Let us denote by ¢} the M-formula (3z ¢’ A =¢’) and by ¢4 the M-formula
(3z ') A =(3z¢’ A ¢'). To show the equivalence (2.1), it is enough to show that

M ¢} < . (22)

If M E~(3z¢') then M | —¢) and M | —ph, thus the equivalence (2.2) holds.
If M | 3z¢. Since T | 377 ¢, there exists a unique vector i of individuals of M such that
M = ¢l - Two cases arise:

If M = —(¢._5), then M = (¢ A =¢')z5, thus M |= o). Since 7 is unique and since
M = —(¢._-), there exists no vector @ of individuals of M such that M = (o' A ¢')z—a.
Consequently, M = —=(3Z ¢’ A ¢') and thus M = ¢,. We have M | ¢} and M |= ¢}, thus, the

equivalence (2.2) holds.
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If M |= ¢/, then M = (¢' A ¢')z7 and thus M = —}. Since i is unique and since M =
¢’ 5, there exists no vector u of individuals of M such that M = (o' A =¢')za. Consequently,
M E —(3z ¢’ A=¢') and thus M = —¢). We have M = —¢) and M | —¢h, thus, the equivalence

(2.2) holds.O
Corollary 2.1.1.4 If T = 37z ¢ then

TE @ien \=¢) < (Brp) A \~GTp A ).

el i€l

Proof.  Let ¢ be the formula —(A;c; —¢;). The formula 3z ¢ A \;c; ~¢i, is equivalent in
T to 3¢ A —1). Since T' |= 37Z ¢, then according to Property 2.1.1.3 the preceding formula is
equivalent in 7" to (3 ¢) A~ (3T ¢ A1)), which is equivalent in T" to (3T ¢) A= (3T A= (Njer ~¢i)),
thus to (32 ) A (3 A (V,er ¢i)), which is equivalent in T to (3z ) A (3T (V1@ A 04))),
thus to (37 ¢) A =(V,c7(3T ¢ A ¢;)), which is finally equivalent in T" to

Bze) A N\-(CzeAdr).
i€l

O

Property 2.1.1.5 If T = 3?y¢ and if all the variables of § has no free occurrences in ¢ then

Bz e A=(3y¢))
TEGGzteAN-EByoAy)) — Y . (2.3)
(FTTGe NP A )

Proof. The formula
e A=y P AY),

is equivalent in T to
3z e A =3y ¢ A (),

which according to Property 2.1.1.3 is equivalent in T to

3z o A =((3g @) A =(3gd A ),

i.e. to
Fz o A ((=(Fy @) V (Fyo A =),
i.e. to
Bz e A ~(3y9))
\Y
(3z o A (g A 1))
Since all the variables of 4 has no free occurrences in ¢, then the preceding formula is equivalent
in T to
(FzpA=(Ty9))
V
(3zygp Ao A )

11
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Property 2.1.1.6 If T = 3!z ¢ then
TE@TeA9) —=(3TeAe).
Corollary 2.1.1.7 If T =3z ¢ then

TEQ@EzeA N\-¢) = \-ETeAdi)

iel iel
Corollary 2.1.1.8 If T = ¢ — (3'z ) then

TE@AGEeN \-¢i) = WA N-GCTene))

el i€l

2.1.2 Infinite quantifier: 3%

Let M be a model. Let T be a theory. Let ¢(x) be a M-formula and let U(u) be a set of formulas
having at most u as free variable.

Definition 2.1.2.1 We write
M 3H g (), (2.4)

iff for each instantiation 3z @' (x) of Iz p(xz) by individuals of M and for each finite subset
{1(u), .., ¥n(uw)} of elements of ¥(u), the set of the individuals i of M such that M = ¢'(i) A
/\jE{l,-..m} —p;(1) is infinite.

We write T' |= 32wy o(x), iff for each model M of T' we have (2.4).

This infinite quantifier holds only for infinite models, i.e. models whose set of elements are
infinite. Note that if ¥(u) = {false} then (2.4) simply means that M contains an infinite set
of individuals ¢ such that ¢(7). Informally, the notation (2.4) states that there exists a full
elimination of quantifiers in formulas of the form 3z ¢(z) A Ajeqi,. ny ~¢j(2) due to an infinite
set of distinct values of x in M which satisfy this formula. The intuitions behind this definition
come from an aim to eliminate all the quantifiers in formulas of the form 37 ¢ A A;c; —¢; where
I is a finite (possibly empty) set and the ¢; are formulas which do not accept elimination of
quantifiers. The theory of finite or infinite trees presented in Section 2.4 is a good example of
theory which does not accept full elimination of quantifiers. The set W(u) contains in this case
formulas of the form 3z y = f(Z) which can not be reduced anymore.

Property 2.1.2.2 Let J be a finite (possibly empty) set and let p(x) and @;(x) be M-formulas

with j € J. If T |= ai(“)x o(x) and if for each p;(x), at least one of the following properties
holds:

o T'=3x¢j(x),
o there exists Yj(u) € W(u) such that T =V pj(x) — ;(x),

then
T EJrp@) ANjes i)

12



2.2. Infinite-decomposable theory

Proof. Let M be a model of T" and let 3z ¢'(z) A A\ je; ¢ (z) be an instantiation of 3z p(z) A
Njes ~¢;(z) by individuals of M. Suppose that the conditions of Property 2.1.2.2 hold and let
us show that

M 320/ (2) A \jey ¢ (@). (2.5)

Let J' be the set of the j € J such that M [= 3?7z ¢)(z) and let m be the cardinality of
J'. Since for all j € J', M |= 37z ¢/ (x), then for each set M’ of individuals of M such that
Cardinality(M’) > m, there exists i € M’ such that

M N\ =00, (2.6)

jeJ’

On the other hand, since T = 320 () and according to Definition 2.1.2.1 we know that
for each finite subset {¢1(u),...,9¥n(u)} of ¥(u), the set of the individuals i of M such that
M = ¢ (i) ANNj=1 ~¥x(?) is infinite. Since for all j € J—J' we have M |=Vz ¢;(z) — ¢;(z), thus,
M E=Vz (—¢j(x)) — (mpj(x)), then there exists an infinite set £ of individuals i of M such that
M = ' (i) A Njey—y —¢j(i). Since £ is infinite then Cardinality(§) > m, and thus according
to (2.6) there exists at least an individual i € § such that M = ¢'(i) A (Ajes—p ~¢;(i)) A
(Akey —¢%(1)). Thus, we have

M =3z (@) A\ ~¢(@).
jeJ

O

Property 2.1.2.3 IfT = 32wy, o(x) then T |= 322 true.

Proof. Let M be a model of T. If T' |= SN o(z) then M = SN o(z). According to
Definition 2.1.2.1 there exists an infinite set of individuals i such that M = (i) A Aje s —0; (i)
with ¢;(u) € U(u) for all j € J. Thus there exists an infinite set of individuals ¢ such that

M = true A \jeg ~pj(i), ie. M = 39 % true and thus T = 322 true. O

2.2 Infinite-decomposable theory

2.2.1 Definition

Definition 2.2.1.1 A theory T having at least one model is called infnite-decomposable or quit
simply decomposable, if there exists a set W(u) of formulas having at most u as free variable, a
T-closed set A and three sets A', A” and A" of formulas of the form 3za with o € A such that:

1. Every formula of the form 3T o A, with o € A and ¥ any formula, is equivalent in T to
a wnfv decomposed formula of the form

3z’ o/ A (32" " A (32" " N ),
with 37" o/ € A', 37" € A” and 37" /" € A"

2. If 37’/ € A’ then T = 377" o and for each free variable y in 3T/, at least one of the
following properties holds:
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o T =TIy o,
o there exists ¥(u) € VU(u) such that T = Vy (37 ') — ¥(y).
3. If 3o € A" then for each ] of T we have T = ngo(u)xg’ o,

4. If 32" € A" then T k= 2" o

5. If the formula 3%7'a’ belongs to A’ and has no free variables then this formula is either the
formula Jetrue or Jefalse.

Since A is T-closed, then A is a sub-set of AT. While the formulas of A” and A" accept full
elimination of quantifiers according to the properties of the quantifiers 3! and afo("), the formulas
of A’ can possibly do not accept elimination of quantifiers. This is due to the second point of
Definition 2.2.1.1 which states that T = 3?7%'a’. The computation of the sets A, A’ A", A"
and W(u) for a theory T depends on the axiomatization of 7. Generally, it is enough to know
solving a formula of the form 3Za with a@ € F'L to get a first intuition on the sets A’, A”, A"
and W(u). Informally, the sets A’, A” and A” can be called according to their linked vectorial
quantifier, i.e. A’ is the at most one solution set and contains formulas which accept at most
one solution in 7" and possibly do not accept full elimination of quantifiers, the set A” is the
ifinite instantiation set and contains formulas that accept an infinite set of solutions in 7". The
set A" is the unique solution set and contains formulas which have one and only solution in 7.
The set ¥(u) contains generally simple formulas of the form 3za with at most one free variable
and a € A. Tt can also be reduced for example to the set { faux}. Note that the sets A" and A"
are generally not empty since for each model M of any theory T we have M = 3?cx = y and
ME3Jzz=y.

Property 2.2.1.2 Let T be a decomposable theory. Every formula of the form 3T o, with o € A,
is equivalent in T to a wnfv formula of the form 37" o/ with 7'’ € A'.

Proof. Let 3z« be a formula with o € A. According to Definition 2.2.1.1 this formula is
equivalent in T' to a wnfv formula of the form

Eli', O(//\ (33—3// a/l/\ (Elij// a///))7

with 37’/ € A, 37" a” € A” and 37" € A”. Since 37" /" € A" then according to
Definition 2.2.1.1 T &= 37" a”" and thus using Corollary 2.1.1.7 (with ¢ = false) the preceding

formula is equivalent in T" to
3z’ o' A (32" "),
which is equivalent in T to
EI_/ / El ! ! 3 ! "
o A (3xt...x,_y (x, ).

Since 37" a” € A” then according to Definition 2.2.1.1 we have T |= 32’0(“):6;; o” and thus
T |= 32! o. The preceding formula is equivalent in T" to

37" o/ A (3.l true),

which is finally equivalent in T to
37’ o/
O
Using Property 2.2.1.2 and the fifth point of Definition 2.2.1.1 we get
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Corollary 2.2.1.3 Let T be a decomposable theory. FEvery formula, without free variables, of
the form AT a, with o € A, is equivalent in T either to true or to false.

Proof. Let 3% a be a proposition with a@ € A. According to Property 2.2.1.2, this proposition
is equivalent in T to a proposition of the form 3z’ o/ which belongs to A’. According to the last
point of Definition 2.2.1.1, this proposition is of the form Je true or e false. Since T has at least
one model, then either 7' |= 3% o, or T = —(3% «). The condition that 7" has at least a mode is
vital ! In fact, if 7" has no models then we can have T = true < false and thus we have both

TkE3zaand T = —-(Fza). O

2.2.2 Completeness
Theorem 2.2.2.1 If T is decomposable then T is complete.

Proof. Let T be a decomposable theory which satisfies the five conditions of Definition 2.2.1.1.
Let us show that T is complete using Property 1.2.3.1 and by taking formulas of the form 37 o,
with o € A, as basic formulas. Note that according to Definition 2.2.1.1, the sets A’, A” and A"
contain formulas of the form 3Za with o € A.

Let us show that the first condition of Property 1.2.3.1 holds, i.e. every flat formula is
equivalent to a Boolean combination of basic formulas. According to Definition 2.2.1.1 the set A
is T-closed, i.e. (i) A is closed for the conjunction, (ii) every flat formula is equivalent in T to a
formula which belongs to A. Let « be a flat formula. According to (ii) « is equivalent in T to a
formula @ which belongs to A. Since 3 is equivalent in T to 3¢ 8 and 8 € A then « is equivalent
to a basic formula?. Thus, the first condition of Property 1.2.3.1 holds.

Let us show that the second condition of Property 1.2.3.1 holds, i.e. every basic formula
without free variables is either equivalent to true or to false in T'. Let 3% o with o € A be a basic
formula without free variables. According to Corollary 2.2.1.3 either 7' = 3z or T = —(37 ).
Thus, the second condition of Property 1.2.3.1 holds.

Let us show now that the third condition of Property 1.2.3.1 holds, i.e. every formula of the
form

Fx (Nier (3% i) A (Ajes (375 B;)), (2.7)
with a; € A for alli € I and 3; € A for all j € J, is equivalent in T to a wnfv Boolean
combination of basic formulas, i.e. to a wnfv Boolean combination of formulas of the form 3z«
with @ € A. By lifting all the quantifications 3%; after having possibly renamed the variables
which appear in each Z;, the formula (2.7) is equivalent in 7" to a wnfv formula of the form

3z (Nier @i) N Njes ~(3Y; 55),

with o; € A for all ¢ € I and 8; € A for all j € J. According to Definition 2.2.1.1 the set A is
T-closed and thus closed under conjunction. The preceding formula is equivalent in T' to a wnfv
formula of the form

3z a A Njes ~(375 Bj),
with o € A and 8; € A for all j € J. According to the first point of Definition 2.2.1.1 the

preceding formula is equivalent in T" to a wnfv formula of the form

3% o’ A (El:Z‘” a’ A (Hi'”/ o A /\jEJﬁ(Elgj ﬁ]))),

20f course a basic formula is a particular case of a Boolean combination of basic formulas.
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with 37’ o/ € A', 37" o € A", 37" " € A" and §; € A for all j € J. Since Iz o € A” then
according to the fourth point of Definition 2.2.1.1 T = 37" o”’. Thus, using Corollary 2.1.1.7
the preceding formula is equivalent in T" to

Hi,/ a/ A (3.%” al/ A /\je,]_'(zl-f/// a//l A <agj /8])))

By lifting all the quantifies 3y, after having possibly renamed the variables which appear in each
¥Jj, the preceding formula is equivalent in T to

3o/ A (327 0" A Njey —(3F73g; o N By)).

According to Definition 2.2.1.1 the sets A’, A” and A” contain formulas of the form 3z« with
a € A, thus o” € A. Since 8; € A for all j € J and since A is T-closed (i.e. closed for the
conjunction...) then for all j € J the formula o A §; belongs to A. Thus, the preceding formula
is equivalent in T to a wnfv formula of the form

3z' o/ A (32" o A Njey =375 8)))

with 37"/ € A, 3"/ € A", and 3; € A for all j € J. According to Corollary 2.2.1.2 the
preceding formula is equivalent in T" to a wnfv formula of the form

3" o/ A (32" o N Nje s (3 55)),

with 37’ € A’, 37" " € A", and Jy; 8; € A’ for all j € J. Let us denote by Ji, the set of the
j € J such that zj; does not have free occurrences in the formula 3y;3;. Thus, the preceding
formula is equivalent in T" to

_ ieq, (375 B5)A
37’ o/ A (3. 32 _ (Ajes, =303 _ . 2.8
G301 | Gor' o A Njey—s, 33, 8)|) (28)

Since 37" o € A" and Jy; 3; € A’, then according to Property 2.1.2.2 and the points 2 and 3 of
Definition 2.2.1.1, the formula (2.8) is equivalent in T to

37" o' A (32 Fxy_y (true A Nje s, =(375 585)))-

By repeating the three preceding steps (n — 1) times, by denoting by Ji the set of the j € Ji_1
such that z{ . +1) does not have free occurrences in 3y; 3;, and by using (n — 1) times Property
2.1.2.3, the preceding formula is equivalent in T" to

3" o’ A Njeg, —(39; 55)-

Since 37’ o/ € A’ then according to the second point of Definition 2.2.1.1 T = 3?%' o’. Thus,
using Corollary 2.1.1.4 the preceding formula is equivalent in 7" to

(3" ') A Njes, -3z ' A (3@3 ﬁ;)).

By lifting all the quantifies 37, after having possibly renamed the variables which appear in each
yj, the preceding formula is equivalent in T to

(37 ') A Njeg, ~(3T'37; ' A B7).
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According to Definition 2.2.1.1 the sets A’, A” and A" contain formulas of the form Iz« with
a € A. Thus, since 37'a’ € A" and 3y; §; € A’ for all j € Jy,, then o/ € A and §; € A for
all j € J,. Since the set A is T-closed, it is closed for the conjunction, then for all j € J, the
formula o’ A 3} belongs to A and thus, the preceding formula is equivalent in 7" a wnfv formula
of the form

(3 a) A Nje, ~(3;8;),

with o € A and 3; € A for all j € J,. This formula is a Boolean combination of formulas of the
form dZa with a € A, i.e. a Boolean combination of basic formulas. Note that we have never
added new free variables and we have renamed only the quantified variables. Thus, the third
condition of Property 1.2.3.1 holds.
Since T satisfies the three conditions of Property 1.2.3.1, then T is a complete theory. O
According to Theorem 2.2.2.1 and Corollary 1.2.3.2, we have the following corollary:

Corollary 2.2.2.2 If T is decomposable and if for all 37’/ € A’ we have T’ = ¢, then T accepts
full elimination of quantifiers.

Proof. Let T a decomposable theory such that for all 37'a’ € A’ we have T’ = ¢. Let ¢ be a
formula which can possibly contain free variables. In the proof of Theorem 2.2.2.1 we have shown
that T satisfies the three conditions of Property 1.2.3.1 using formulas of the forms Jxa with
«a € A as basic formulas. Thus, according to Corollary 1.2.3.2, the formula ¢ is equivalent in T
to a wnfv Boolean combination of basic formulas, i.e. Boolean combination of formulas of the
form dZa with o € A. According to Property 2.2.1.2 each of these basic formulas is equivalent
in T to a wnfv formula of the form 37’/ which belongs to A’. Since for all 37'a’ € A’ we have
T’ = € and since o/ € A (according to the structure of the set A’ defined in Definition 2.2.1.1)
then the formula ¢ is equivalent in T" to a boolean combination of elements of A. Since T is
decomposable then A is a T-closed set and thus A C AT. Then, the formula ¢ is equivalent in
T to a wnfv boolean combination ¢ of conjunctions of atomic formulas. According to the syntax
of the atomic formulas defined in Section 2, it is clear that ¢ does not contain quantifiers. O
This corollary makes the connection between the set A’ and the notion of full elimination of
quantifiers. In fact, if 7" is decomposable and does not accept full elimination of quantifiers then
it is enough to add axioms to 7' which enable to eliminate all the quantifications of the formulas
of A’ to get a full elimination quantifiers theory. The sets A” and A" are not concerned by this
notion since in any decomposable theory T the formulas of A” and A" accept full elimination
of quantifiers due to their associated vectorial quantifiers: 3! and 350(”). On the other hand, if
T is a decomposable theory which satisfies Corollary 2.2.2.2 then we can interest ourself to get
the smallest sub-set T™ of axioms of 7', such that T™ still accepts full elimination of quantifiers.
For that is is enough to remove axiom by axiom from 7' and check each time if the theory still
satisfies Corollary 2.2.2.2. This corollary shows also the fact that a decomposable theory T' does
not means that 7" admits full elimination of quantifiers. In fact, the theories of infinite trees,
finite trees and finite or infinite trees as defined by M. Maher [33] do not accept full elimination
of quantifier but are decomposable and thus complete [19].

2.2.3 Fundamental examples

We present in this sub-section two examples of simples decomposable theories. The first one is
a simple axiomatization of an infinite set of distinct individuals with an empty set of function
and relation symbols. This theory denoted by Fq can be seen as a small extension of the Clark
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equational theory CET [3], even if according to our syntax the equality symbol is considered as a
primitive logical symbol together with its usual properties (commutativity, transitivity ...). The
second theory is the theory of additive rational or real numbers with addition and subtraction.
The goal of these examples is to show the decomposability of simple theories whose properties are
well known and do not need addition of proofs. An other example of a non-simple decomposable
theory (finite or infinite trees) is given in Section 2.4 with a detailed study of the properties of
this theory.

Let us assume for all this sub-section that the variables of V' are ordered by a strict linear
dense order relation without endpoints denoted by .

Equality theory

Let Eq be a theory together with an empty set of function and relation symbols and whose
axioms is the infinite set of propositions of the following form

(1p) Vap..Va,Jy—(x1 =y) A . A= (zy = 1), (2.9)

where all the variables ...z, are distinct and (n # 0). The form (2.9) is called diagram of
axiom and for each value of n there exists an axiom of Eq. For example the following property
is true in Fq:

Eq = 3Jx—(x=y) A —(z = 2).

The theory Eq has as model an infinite set of distinct individuals.

Note that since Fq has an empty set of function and relation symbols, then AT = F'L and
thus all the equations of Fq are flat equations. Let x and y be two distinct variables. We call
leader of the equation x = y the variable z. A conjunction « of flat formulas is called (>)-solved
in Eq if: (1) false is not a sub-formula of a, (2) all the equations of « are of the form x = y with?
x =y, (3) each equation of o has a distinct leader which does not occur in the other equations
of a.

Property 2.2.3.1 FEvery conjunction of flat formulas is equivalent in Eq either to false or to a
(>)-solved conjunction of equations.

Let z, y and z be variables such that = >~ y > z. The conjunction z = x Ay = z is not (>)-solved
because in the equation x = x we have z % x. By the same way, the conjunction x = y Ay = z is
not (>)-solved because y is leader in y = z and occurs also in = y. The conjunctions true and
x = zAy = z are (>)-solved. The computation of a possibly (>)-solved conjunction of equations
from a conjunction of flat formulas in Eq is evident* and proceeds using the usual properties of
the equality (commutativity, substitution, transitivity... ) and by replacing each formula of the
form x = x and a A false by true respectively by false.

Property 2.2.3.2 Let a be a (>)-solved conjunction of equations and T the vector of the leaders
of the equations of a. We have:

1. Eq =37a.

3Recall that > is a strict linear dense order relation and thus z ¥ z. In other terms z = x is not (> )-solved.
4

Dy=z=z=y. Qrz=yra=z=z=yANz=y. B)z=yAz=x=zx=yAz=y.
(4) false N oo = false. (5) v = = = true.

The rules (1), (2) and (3) are applied only if z > y.
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2. Eq = W 5 true.
3. For all z € var(a) we have Eq = 3%z .

The first point holds because all the leaders of the equations of « are distinct and have one and
only occurrence in «. Thus, for each instantiation of the right hand sides of each equation, there
exists one and only one value for the left hand sides and thus for the leaders. The second point
is a consequence of the diagram of axiom (2.9) which states that for every finite set of distinct
variables x1...x, there exists a variable y which is different from all the x;. Thus, in each model
of Eq there exists an infinite set of individuals. Thus according to Definition 2.1.2.1 we have
Eq E Hg““”}m true. The third point holds since in a (>)-solved conjunction of equations we
have no formulas of the form z = x (because x % ). Thus, using the properties of the equality
for each model of Eq and for each instantiation of the variables of var(a) — {x} either there
exists a unique solution of x or there exists a contradiction in the instantiations and thus there
exists no values for x.

Property 2.2.3.3 The theory Eq is decomposable.

Proof. We show that FEq satisfies the conditions of Definition 2.2.1.1. The sets A, A’, A", A"
and ¥(u) are chosen as follows:

e A is the set F'L.

e A’ is the set of formulas of the form Je o’ where o/ is either a (>)-solved conjunction of
equations or the formula false.

o A" is the set of formulas of the form 3% true.

o A" is the set of formulas of the form 37"« with o/ a (>)-solved conjunction of equations

and T the vector of the leaders of the equations of a’”.

o U(u) = {false}.

It is obvious that FL is Eg-closed and A’, A” and A" contain formulas of the form 37 o with
a € FL.

Let us show that Fq satisfies the first condition of Definition 2.2.1.1. Let o € FL and 9 a
formula. Let Z be a vector of variables. Let us choose an order > such that the variables of
are greater than the free variables of 9% . According to Property 2.2.3.1 two cases arise:

Either « is equivalent to false in E'q and thus the formula dZa A 9 is equivalent in Eq to a
decomposed formula of the form

Je false A (e true A (e true A 1))).

Or, «a is equivalent in Eq to a (>)-solved conjunction 3 of flat formulas. Let X; be the set
of the variables of T which are leader in the equations of 3. Let X, be the set of the variables
of & which are not leader in the equations of 4. The formula 3Za A ¥ is equivalent in Fq to a
decomposed formula of the form

37’ A (32" " A (3" " A Y)), (2.10)

with 2’ = . The formula o’ contains the conjunction of the equations of 3 whose leaders do not
belong to X, i.e. whose leaders are free in 3Z3. The vector Z” contains the variables of X,,. The
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Chapter 2. Infinite-decomposable theory

formula o' is the formula true. The vector "’ contains the variables of X;. The formula o/ is
the conjunction of the equations of 8 whose leaders belong to X;. According to our construction
it is clear that 37’/ € A’, 37"a” € A” and 37"”"a € A”. Let us show that (2.10) and 3Za A
are equivalent in Fq. Let X, X/, X" and X" be the sets of the variables of the vectors® Z, &/,
" and . If « is equivalent to false in Eq then the equivalence of the decomposition is evident.
Else (3 is a (>)-solved conjunction of equations and thus according to our construction we have:
X=X UX"UX", X'0NX"=0, X'nX" =0, X"nX" =0, X' =0, for all 2/ € X" we
have z/ & var(a’) and for all 2’ € X" we have =’ & var(a/ A «). This is due to the definition
of the (>)-solved conjunction of flat formulas and the order > which has been chosen such that
the quantified variables of 3% o are greater than the free variables of 3% . On the other hand,
each equation in 3 occurs in o/ Aa” A’ and each equation in o/ Aa” Ao occurs in 8 and thus
EqE B < (¢ N Aa’"). We have shown that the vectorial quantifications are coherent and the
equivalence Eq = 38 < o/ A a” Ao’ holds. According to Property 2.2.3.1 we have Eq = a < (8
and thus, the decomposition keeps the equivalence in Fq. Let us decompose for example

dryzv=wAz=zAz=xANv=uy.

Let us choose the order > such that z > y > z > v > w. Let us (>)-solve the conjunction
v=wAz=2z2Az=zAv=y. Thus the preceding formula is equivalent in Fq to

deyzv=wAzxr=2zANy=w.
Finally this formula is equivalent to the following decomposed formula
Jev=wA (Fztrue N Tzyxr =2z ANy =w)).

The theory Eq satisfies the second condition of Definition 2.2.1.1 according to the third point
of Property 2.2.3.2 and using the fact that #’ = . The theory Fq satisfies the third condition
of Definition 2.2.1.1 according to the second point of Property 2.2.3.2. The theory Eq satisfies
the fourth condition of Definition 2.2.1.1 according to the first point of Property 2.2.3.2. The
theory Fq satisfies the last condition of Definition 2.2.1.1 because A’ is of the form Je o/ where
o/ is either the formula false or a (>)-solved conjunction of equations. Thus, if e o’ has no free
variables, then either o/ = true or o/ = false. O

Note that Eq accepts full elimination of quantifiers. In fact Corollary 2.2.2.2 illustrates this
result since for all 37'a’ € A’ we have ¥’ = ¢.

Additive rational or real numbers theory

Let F = {+,—,0,1} a set of function symbols of respective arities 2,1,0,0. Let R = () an empty
set of relation symbols. Let Ra be the theory of additive rational or real numbers together with
addition and subtraction. Let a be a positive integer and t1, ..., t,, terms.

Notation 2.2.3.4 We denote by:
e 7 the set of the integers.
e t1 + to, the term +tito.

o i1 +to +t3, the term +t1(+tats).

50f course if Z = ¢ then X =0
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2.2. Infinite-decomposable theory

e —a.ty, the term (—t1) + -+ + (—t1).

a

e 0.tq, the term 0.

e a.ty, the termt1 +--- 411,
—_————

a

o >t the term ty +to + ... +t, + 0, where t1 +ta + ... + Ly, is the term t1 +ta+ ... + 1,
in which we have removed all the t;’s which are equal to 0. For n =0 the term > i t; is
reduced to the term 0.

The axiomatization of Ra is the set of propositions of one of the 8 following forms:

VaVyor +y =y + x,
VaVyVza + (y+2) = (x + y) + 2,
Veax + 0=z,

Vex+ (—z) =0,
Vernox=0—z=0,

Ve lyn.y = x,

VaVyVz (x = y) < (x+ 2z =y + 2),
8 =(0=1).

3

S

N OOt W N

with n an non-null integer. This theory has two usual models: rational numbers () with addition
and subtraction in ) and real numbers R with addition and subtraction in R.

We call block every conjunction « of formulas of the form: true, false, > 1 | a;.x; = ap.1 with
x1, ..., Tp distinct variables and a; € Z for all ¢ € {0,1,...,n}. We call leader of an equation of
the form > 7" a;.x; = ap.l the greatest variables = (k € {1,...,n}) according to the order >
such that aj # 0. A block « is called (>)-solved in Ra if (1) each equation of « has a distinct
leader which does not occur in the other equations of o and (2) o does not contain sub-formulas
of the form 0 = ag.1 or false with ag € Z. According to the axiomatization of Ra we show easily
that:

Property 2.2.3.5 For all k € {1,...,n} we have:

n

n
Ra = Zai.azi =aqag.l < ap.Tp = Z (—a;).x; + ag.1
i=1 i=1,i£k

Property 2.2.3.6 FEvery block is equivalent in Ra either to false or to a (>)-solved block.

Let z, y and z be variables such that © > y > z. The block 2.x +y = (—=1).1 A2.2 +y = 3.1
is not (>)-solved because y is leader in the second equation and occurs also in the first one.
By the same way, the block z +y = 3.1 A0 = 0.1 is not (>)-solved because 0 = 0.1 occurs in
it. The blocks true and x + 2.2 = 2.1 A 3.y + 2.z = 3.1 are (>)-solved. The computation of a
possibly (>-)-solved block is evident® and proceeds using Property 2.2.3.5 and a usual technique
of substitution and simplification by replacing each equation of the form 0 = ag.1 by false if
ag # 0 and by true otherwise and every formula of the form false A o by false.

6
(1) 0 =0.1 = true. (2) 0= ao.1 = false. (3) false N o => false.

(4) Z%:l a;.T; = ag.1N . z%zl @iz = ao.1A
Do b =bo.1 S (bkai — arbs).x; = (bpao — arbo).1

In the rule (2) ag # 0. In the rule (4) x is the leader of the block Z?zl a;.x; = ap.1 and by # 0.
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Chapter 2. Infinite-decomposable theory

Property 2.2.3.7 Let « be a (-)-solved block and T be the vector of the leaders of the equations
of a. We have:

1. Ra =37 a.
2. Ra = Y 1 true.
3. For all x € var(a) we have Ra = 37z .

The first point holds because all the leaders are distinct and do not occur in the other equations.
Thus, if we transform each equation of the form Y ;' ; a;.x; = ap.1 using Property 2.2.3.5 into a
formula of the form ag.xr = > 1 (—a;).x; +ao.1 with z; the leader of this equation, then we get
a conjunction of equations whose left hand sides are distinct and do not occur in the right hand
sides. Thus, for each instantiation of the right hand sides of these equations there exists one and
only value for the left hand sides and thus for the leaders according to Axiom 6 of Ra. The second
point holds because according to the axiom 8 we have Ra = —=(0 = 1) thus using the axiom 7 we
have Ra = =(0+1 = 1+1). Then using the axiom 3 we get Ra = —=(1 = 1+ 1). Thus using the
transitivity of the equality we have Ra = —(0 = 1+ 1). If we repeat the preceding steps n times
we get n different individuals in each model of Ra. Thus for every model of Ra there exists an
infinite set of individuals. Thus according to Definition 2.1.2.1 we have Ra = Hiif‘””}x true. The
third point is evident according to the form of the blocks and the definition of the (>)-solved
block.

Property 2.2.3.8 The theory Ra is decomposable.

Proof. We show that Ra satisfies the conditions of Definition 2.2.1.1. The sets A, A’, A”, A"
and W(u) are chosen as follows:

e A is the set of blocks.

o A’ is the set of formulas of the form Je o’ where o is either a (>)-solved block or the
formula false.

o A" is the set of formulas of the form 3% true.

o A" is the set of formulas of the form 37" o™ with o/ a (>)-solved block and Z the vector
of the leaders of the equations of o'”.

o U(u) = {false}.

Let us denote by BL the set of blocks. It is clear that A’, A” and A" contain formulas of the
form 3% o with o € BL. Let us show that BL is Ra-closed. According to the definition of BL
we have BL C AT. On the other hand BL is closed for the conjunction. Finally, if « is a flat
formula then : if it is the formula true, false, z = 0 or = 1 then it is already a block”, else, the
following rules® transform « into a block:

x=y = z+(-1)y=0.1
r=y+z = z+(-1)y+(-1).z2=0.1

"Because according to Notation 2.2.3.4 the notations 0.1, 1.1 and 1.z represent the terms 0, 1 and x respectively.
8These rules are true in Ra and deduced from the axiomatization of Ra
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2.2. Infinite-decomposable theory

Thus, BL is Ra-closed. Let us show that Ra satisfies the first condition of Definition 2.2.1.1.
Let a € BL and v a formula. Let  be a vector of variables. Let us choose an order > such that
the variables of T are greater than the free variables of 3% . According to Property 2.2.3.6 two
cases arise:

Either « is equivalent to false in Ra and thus the formula 3za A v is equivalent in Ra to a
decomposed formula of the form

Je false A (Fe true A (e true A )).

Or, « is equivalent in 7" to a (>)-solved block . Then, let X; be the set of the variables of
Z which are leader in the equations of 5. Let X,, be the set of the variables of & which are not
leader in the equations of 3. The formula Jza A v is equivalent in T to a decomposed formula
of the form

37 o/ A (3T " A (B o AY)), (2.11)

with 7’ = . The formula o/ contains the conjunction of the equations of 3 whose leaders do not
belong to X, i.e. whose leaders are free in 3Z3. The vector Z” contains the variables of X,,. The
formula o is the formula true. The vector ' contains the variables of X;. The formula o/’ is
the conjunction of the equations of 8 whose leaders belong to X;. According to our construction
it is clear that 37'a/ € A’, 37"a” € A” and 37" € A”. Let us show that (2.11) and 3za A1)
are equivalent in Ra. Let X, X', X” and X" be the sets of the variables of the vectors z, z’, z”
and z"”. If a is equivalent to false in Ra then the equivalence of the decomposition is evident.
Else 3 is a (>)-solved block and thus according to our construction we have: X = X’ UX"UX",
X'NnX"=0,X'nX"=0,X"nX" =0, X' =0, for all z/ € X" we have 2/ & var(a’) and
for all 2/ € X" we have z}’ & var(a/ A @”). This is due to the definition of (>)-solved blocks
and the order > which has been chosen such that the quantified variables of 3% o are greater
than the free variables of 3z . On the other hand, each equation of 3 occurs in o/ A o A o
and each equation in o/ A @” A o occurs in  and thus Ra = 3 < (&/ A a” A a™). We have
shown that the vectorial quantifications are coherent and the equivalence Ra = 8 < o/ Aa” Ao
holds. According to Property 2.2.3.6 we have Ra = « < ( and thus, the decomposition keeps
the equivalence in Ra. Let us decompose for example

Jryz2v4+w=31ANv+z=21ANv+z+2.2=14.1

Let us choose the order > such that x > y > z = v > w. Let us (>)-solve the block 2.v + w =
31ANv+x=21Av+ 2+ 2.2=4.1. Thus the preceding formula is equivalent in Ra to

dryz20+w=31AN2a2+ (1) w=1ANz=1
Finally this formula is equivalent to the following decomposed formula
de2v+w=31AFytrue N (zz2.x+ (-1)w=1Az=1)).

The theory Ra satisfies the second condition of Definition 2.2.1.1 according to the third point
of Property 2.2.3.7 and using the fact that ' = ¢. The theory Ra satisfies the third condition
of Definition 2.2.1.1 according to the second point of Property 2.2.3.7. The theory Ra satisfies
the fourth condition of Definition 2.2.1.1 according to the first point of Property 2.2.3.7. The
theory Ra satisfies the last condition of Definition 2.2.1.1 because A’ is of the form Je o’ where
o/ is either a (-)-solved block or the formula false. Thus, if o/ does not contain free variables
then according to the definition of the (>)-solved blocks o does not contain formulas of the form
0 = apl and thus ' is either the formula true or the formula false. O

Note that Ra accepts full elimination of quantifiers. In fact Corollary 2.2.2.2 illustrates this
result since for all 37’/ € A’ we have 7’ = .
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Chapter 2. Infinite-decomposable theory

2.3 A decision procedure in infinite-decomposable theories

Let T be a decomposable theory together with its set of function symbols F' and its set of relation
symbols R. The sets U(u), A, A’, A” and A" are now known and fixed.

2.3.1 Normalized formula

Definition 2.3.1.1 A normalized formula ¢ of depth d > 1 is a formula of the form
—(Fza A /\ ©i), (2.12)
i€l

with I a finite (possibly empty) set, « € FL and the @ls are normalized formulas of depth d; with
d =1+ max{0,dy,...,d,} and all the quantified variables of ¢ have distinct names and different
from the names of the free variables.

Example 2.3.1.2 Let f and g two 1-ary function symbol which belong to F'. The formula

—(Fry=fe ANz =yA-(Fey =gz))A

- [Eletrue A (ex = 2)

is a normalized formula of depth equals to three. The formulas —(3e true) and —(3e false) are
two normalized formulas of depth 1. The smallest value of a depth of a normalized formula is 1.
Normalized formulas of depth 0 are not defined and do not exist.

Property 2.3.1.3 FEvery formula ¢ s equivalent in T to a wnfv normalized formula of depth
d>1.

Proof. It is easy to transform any formula into a wnfv normalized formula, it is enough for
example to follow the followings steps:

1. Introduce a supplement of equations and existentially quantified variables to transform the
conjunctions of equations and relations into conjunctions of flat formulas.

2. Express all the quantifiers, constants and logical connectors with -, A and 3, using the
following transformations® of sub-formulas :

(
ESO —¢) = ~(pA-9),
V) = —(Fz-p).

3. If the formula ¢ obtained does not start with the logical symbol —, then replace it by
(e true A —).

4. Name the quantified variables by distinct names and different from the names of the free
variables.

5. Lift the quantifier before the conjunction, i.e. ¢ A (3Z ) or (Iz ) A ¢, becomes 3T v A Y
because the free variables of ¢ are distinct from those of Z.

9These equivalences are true in the empty theory and thus in any theory T
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2.8. A decision procedure in infinite-decomposable theories
6. Group quantified variables into a vectorial quantifier, i.e. 3z(37p) or I3y ¢ becomes
377 .

7. Insert empty vectors and formulas of the form true to get the normalized form using the
following transformations of sub-formulas:

ﬂ(/\ ;) == —(Je true A /\ —¥i), (2.13)
iel el
(an N\ —ei) = —Eean \ ), (2.14)
i€l iel
-(3z /\ ;) = (3% true A /\ ;). (2.15)
jeJ jeJ

with & € FIL, I a finite (possibly empty) set and J a finite non-empty set.

If the starting formula does not contain the logical symbol < then this transformation will be
linear, i.e. there exists a constant k such that no < kni, where ny is the size of the starting
formula and ns the size of the normalized formula. We show easily by contradiction that the
final formula obtained after application of these steps is normalized. O

Example 2.3.1.4 Let f be a 2-ary function symbols which belong to F'. Let us apply the pre-
ceding steps to transform the following formula into a normalized formula which is equivalent in
T:

(fuv = fwu N (zu=12))V (FuVwu = fow).

Note that the formula does mot start with — and the variables u and w are free in fuv =
fwu A (Fzu = x) and bound in JuVwu = fow.
Step 1: Let us first transform the equations into flat equations. The preceding formula is equiva-
lent in T to

(Fuiwr = fuv ANup = fuu A (Fru=1x)) V (FuVwu = fow). (2.16)

Step 2: Let us now express the quantifier ¥ with =, A and 3. Thus, the formula (2.16) is
equivalent in T to

(Fuiur = fuv Aug = fuu A (Fru =2)) V (Ju—-(Fw -(u = fow))).

Let us also express the logical symbol NV with =, A\ and 3. The preceding formula is equivalent in
T to

—(=(Fuyur = fuv Aug = fwuu A Bzu =) A= (Fu—(Fw—(u = fow)))). (2.17)

Step 3: The formula starts with —, then we move to Step 4.
Step 4: The quantified variables u and w in (Ju—(Fw =(u = fow))) must be renamed. Thus, the
formula (2.17) is equivalent in T to

=(=(Fug ug = fuv Aug = fwu A (Bru = x)) A —~(Jug —~(Fwy —~(ug = fowr)))).
Step 5: By lifting the existential quantifier 3x, the preceding formula is equivalent in T to
(= (Fuy Frur = fuv Aup = fuu Au = x) A =(Jug ~(3wr —(uz = fowr)))).
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Step 6: Let us group the two quantified variables x and wy into a vectorial quantifier. Thus, the
preceding formula is equivalent in T to

=(=(Fuizu; = fuv ANup = fuu Au = x) A =(Jug ~(Jwy ~(ug = fowy)))).

Step 7: Let us introduces empty vectors of variables and formulas of the form true to get the
normalized formula. According to the rule (2.13), the preceding formula is equivalent in T to

= lEIE true A

“(Fuizu; = fuv Aup = fuuAu = x)A
=(Jug —(Fwy —(ug = fown))) ’

then using the rule (2.14) it is equivalent to

= lEIE true A\

—“(Fuizu; = fuv Aup = fuuAu = x)A
—(Jug =(3wr =(Fe ug = fowr))) ’

and finally using the rule (2.15) it is equivalent to

= [36 true A

—(Fuizuy = fuv Aup = fuu Au = x)A
—(Jug true A =(Jwy true A —(Feug = fowr))) ||’

This is a normalized formula of depth 4.

2.3.2 Working formula
Definition 2.3.2.1 A working formula ¢ of depth d > 1 is a formula of the form

=3z an ) ¢i), (2.18)
i€l

with I a finite (possibly empty) set, o € A and the ;s are working formulas of depth d; with
d =14 max{0,dy,...,d,} and all the quantified variables of ¢ have distinct names and different
from the names of the free variables.

Property 2.3.2.2 FEvery formula is equivalent in T to a wnfv working formula.

Proof. Let ¢ be a formula. According to Property 2.3.1.3 ¢ is equivalent in T" to a wnfv
normalized formula ¢ of the form

~Ezan \ i), (2.19)

el

with a € F'L and all the ; are normalized formulas. Since T is decomposable then according to
Definition 2.2.1.1 the set A is T-closed, i.e. (i) A C AT, (ii) A is closed for the conjunction and
(iii) every flat formula is equivalent in 7" to a formula which belongs to A. Since o € F'L, then
according to (iii) « is equivalent in T to a conjunction [ of elements of A. According to (ii)
belongs to A. Thus, the formula (2.19) is equivalent in T to

3z B A N wi), (2.20)

el
with 8 € A. By repeating the preceding steps recursively on each sub-normalized formula ¢; of
(2.20) we get a working formula. O
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Example 2.3.2.3 In the theory Ra of additive rational numbers, the formula

= lEle true A

(Fry=—2ANz=x+y)A
—(Ftrue A =(Jw true A (e z = w))) ||’

18 a normalized formula of depth 4 which is equivalent in Ra to the following working formula

= [Ele true A

~(Fzy+2=01Az+(=1).z+ (=1).y = 0.1)A H
—(Jtrue A =(Jw true AN =(Fez + (—1).w =0.1))) ||~

The formula =(3e z + (—1).w = 0.1) is a sub-working formula.

Definition 2.3.2.4 A solved formula is a working formula of the form
@7 o’ A \ -G 5), (2.21)
el
with I a finite (possibly empty) set, 3x'a/ € A', 3y.p; € A" for all i € I, o different from the

formula false and all the B, are different from the formulas true and false.

Property 2.3.2.5 Let ¢ be a conjunction of solved formulas without free variables. The con-
junction @ is either the formula —true or the formula true.

Proof. Recall first that we write A;c;¢;, and call conjunction each formula of the form
Vi, N\ @iy N ... N i, A true. Let ¢ be a conjunction of solved formulas without free variables.
According to Definition 2.3.2.4, ¢ is of the form

(/\ (37, A /\ ﬁ(ag;jﬁgj))) A true (2.22)
i€l j€J;
with

1. I a finite (possibly empty) set,

2. (3zlal) € Al foralli e I,

3. (F;;0;;) € A’ for alli € I and j € J;,

4. o different from false for all i € I,

5. f3; different from true and false for all i € I and j € J;.

Since these solved formulas don’t have free variables and since T is a decomposable theory then
according to the fifth point of Definition 2.2.1.1 of a decomposable theory and the conditions 2
and 3 of (2.22) we have:
(*) each formula 37}a; and each formula 3y;;/3;; is either the formula Jetrue or Jefalse.
According to (*) and the condition 5 of (2.22), all the sets J; must be empty, thus ¢ is of the
form
(/\ =(37,al)) A true (2.23)
iel
According to (*) and (2.23), the formula ¢ is of the form

(/\ —(Jefalse)) A ( /\ —(Jetrue)) A true

el jer—r
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According to the condition 4 of (2.22), the set I’ must be empty and thus ¢ is of the form

(/\ —(Jetrue)) A true
el

If I = () then ¢ is the formula true, else, according to our assumptions, we do not distinguish
two formulas which can be made equal using the following transformation of the sub-formulas:

pAp =0, QAP =PNp, (PAY)NS= oA (P N9),
A true => ¢, @V false = .

Thus ¢ is the formula

—true

|

Property 2.3.2.6 FEvery solved formula is equivalent in T to a wnfv Boolean combination of
elements of A’.

Proof. Let ¢ be a solved formula. According to Definition 2.3.2.4, the formula ¢ is of the form

-(32" o' A N\ =35 B),

el

with 37’a/ € A’ and 3y}B} € A’ for all i € I. Since 37'a/ € A’ then according to Definition
2.2.1.1 T = 3?%'a/ and thus according to Corollary 2.1.1.4, ¢ is equivalent in T' to the following
wnfv formula
~(3z' o) A N\ =32 o' A 3y 57)))-
i€l

According to the definition of working formulas all the quantified variables of ¢ have distinct
names and different from the names of the free variables, thus the preceding formula is equivalent
in T to the wnfv formula

(37 o) A N\ ~(32'gi o’ A 5Y)).
el

Since 37'a/ € A’ and Jy}B, € A’ for all i € I, then o/ € A and (] € A. Since A is T-closed then
it closed for the conjunction and thus o/ A 8] € A for all i € I. According to Property 2.2.1.2
the preceding formula is equivalent in 7" to a wnfv formula of the form

~(37' ) A N\ (32 6),
i€l

with 37'a’ € A’ and 3z/0; € A’ for all i € I. Which is finally equivalent in T to

(=37 ) v V(37 5)).

el
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2.3.3 The rewriting rules

We present now the rewriting rules which transform a working formula ¢ of any depth d into a
wnfv conjunction ¢ of solved formulas which is equivalent to ¢ in T'. To apply the rule py = p»
to the working formula p means to replace in p, a sub-formula p; by the formula po, by considering
that the connector A is associative and commutative.

[ 3z a A pA
(1) - 3 - true
| —(3g true)
(2) - [ 37 false A @ } — true
3) [ dz an | [ 3z'z" o' N A ]
-/ f— —/
L Nier ~(39: 68i) | | Nier ~(32"g: " N B;)*
[ 37 an T [ 3z /A
(4)
- — —
L Nier ~(39; B7) | L Nier —(37; B1)
[z a A A ) - L
(5) - 35 B — ~Eahp ARG FIA
) [ Neer ~(32,60) 1 e mGETRa NGO e
L iel \F%; 95

with @ € A, ¢ a conjunction of working formulas and I a finite (possibly empty) set. In the rule
(3), the formula 3% « is equivalent in T to a decomposed formula of the form 3z’ o’ A (32" &' A
(3" ™)) with 32’/ € A', Fz" " € A", I " € A" and 37" o different from Je true. All
the (3;’s belong to A. The formula (37"y; /" A 3;)* is the formula (37"'7; /" A 3;) in which we
have renamed the variables of 7 by distinct names and different from the names of the free
variables. In the rule (4), the formula 3% v is not an element of A’ and is equivalent in 7' to a
decomposed formula of the form 3z’ o/ A (37" & A (3¢ true)) with 37’ o/ € A" and 37" o € A”.
Each formula 37, 5, is an element of A’. I’ is the set of the ¢ € I such that 3y}3, does not have
free occurrences of any variables of z”. In the rule (5), I # 0, 35’ 5’ € A" and 3z} 0] € A’ for all
i € I. The formula (3z7'Z, a A B’ A3, A @)* is the formula (327'Z, a« A 3’ A 5} A @) in which we
have renamed the variables of Z and 3’ by distinct names and different from the names of the
free variables.

Property 2.3.3.1 Every repeated application of the preceding rewriting rules on any working

formula @, terminates and produces a wnfv conjunction ¢ of solved formulas which is equivalent
top inT.

Proof, first part: The application of the rewriting rules terminates. Let us consider the 3-tuples
(n1,n2,n3) where the n;’s are the following positive integers:

e n; = a(p), where the function « is defined as follows:

— a(true) =0,
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Chapter 2. Infinite-decomposable theory

—a(=(Fzany)) = 20(¢)
= a(Nier pi) = 2icr alei),

with a € A, ¢ a conjunction of working formulas and the ¢;’s working formulas. Note that
if a(p2) < a(p1) then a(p[p2]) < a(p) where p[ps] is the formula obtained from p when we
replace the occurrence of the formula p; in p by po. This function has been introduced in
[41] and [7] to show the non-elementary complexity of every algorithm solving propositions
in the theory of finite or infinite trees. It has also the property to decrease if the depth of
the working formula decreases after application of distribution as it is done in our rule (5).

ny = [(p), where the function [ is defined as follows:

— B(true) =0,

A2 B i 3gm # Jetrue, }

. er 1)) 14> icr B(pi) if 3" = Jetrue
with the ¢;’s working formulas and T' |= (3za) « (37’ A (32"” A (32"a™))).

We show that:

Hxa/\/\ (Fyi M) Hzé/\/\ (Fw; v))
el iel

where the formula 3% « is equivalent in T to a decomposed formula of the form 3z’a’ A
(3z"a” A (3" ™)) with 3" " # e true, the formula 3z 4§ is equivalent in T to a
decomposed formula of the form 3z’ 0" A (32”7 6" A (Je true)) and all the \; and ~; belong
to A and have no particular conditions.

ns is the number of the sub-formulas of the form —(3za A ¢) with 3za ¢ A’ and ¢ a
conjunction of working formulas.

For each rule, there exists a row ¢ such that the application of this rule decreases or does not
change the values of the n;’s, with 1 < j < 4, and decreases the value of n;. The row i is equal
to: 1 for the rules (1), (2) and (5), 2 for the rule (3) and 3 for the rule (4). To each sequence
of formulas obtained by a finite application of the preceding rewriting rules, we can associate a
series of 3-tuples (n1,n92,n3) which is strictly decreasing in the lexicographic order. Since the
n;’s are positive integers, they cannot be negative, thus, this series of 3-tuples is a finite series
and the application of the rewriting rules terminates.

Proof, second part: Let us show now that for each rule of the form p = p’ we have T = p < p/
and the formula p’ remains a conjunction of working formulas. It is clear that the rules (1) and
(2) are correct.

Correctness of the rule (3):

30

[Elsca/\ ] lﬂx’x”a AN
Nier (i Bi) Nier ~(32"g; " A ;)



2.8. A decision procedure in infinite-decomposable theories

where the formula 3 « is equivalent in 7" to a decomposed formula of the form 37" o/ A (32" @ A
(3" ™)) with 37" o/ € A, 37" o/ € A", I /" € A" and 37" /" different from Je true.

Let us show the correctness of this rule. According to the conditions of application of this
rule, the formula 3% « is equivalent in 7" to a decomposed formula of the form 3z’ o/ A (37" & A
(32" ")) with 37’/ € A, 37" " € A", 37" /" € A" and 7" /" different from Je true.

Thus, the left formula of this rewriting rule is equivalent in 71" to the formula

=37 A 3" A 3BF" " A /\ (3w: 5i)))
icl

Since 37" o/" € A" then according to the fourth point of Definition 2.2.1.1 we have T' |= 3!z""a/",
thus using Corollary 2.1.1.7 the preceding formula is equivalent in T to

-(37' o/ A (3" A /\ (3" A (Jyi i)
el

According to the definition of the working formula the quantified variables have distinct names
and different from the names of the free variables, thus, we can lift the quantifications and then
the preceding formula is equivalent in T" to

(3$ Oé /\ // // /\ l//— O/”/\ﬁi)))

el

ie. to
(E'I/x//a /\a///\ /\ ///— a”//\/Bi)*),
el
where the formula (3z"”'g; & A 3;)* is the formula (32"'y; " A 3;) in which we have renamed
the variables of " by distinct names and different from the names of the free variables. Thus,
the rewriting rule (3) is correct in 7T

Correctness of the rule (4):

[ Iz an ] [ 3z o' N ]

- — —

Nier _‘(E@g ﬁ;) Nier _‘(3371/' ﬁé)

where the formula 3% o is not an element of A’ and is equivalent in T to a decomposed formula
of the form 37’ o/ A (3" & A (Fe true)) with 37’ o/ € A" and 37" " € A”. Each formula 37, 3!
is an element of A’. I’ is the set of the ¢ € I such that 3g;3; does not have free occurrences of
any variables of z”.

Let us show the correctness of this rule. According to the conditions of application of this
rule, the formula 3% « is equivalent in T" to a decomposed formula of the form 3z’ o/ A (37" " A
(e true)) with 37’ o/ € A" and 37" o € A”. Moreover, each formula 3y, 3 belongs to A’. Thus,
the left formula of this rewriting rule is equivalent in T" to the formula

=(3z" o' A (32" A /\ (3y. B
el

Let us denote by I, the set of the i € I such that z! does not have free occurrences in the

formula 3y, 5, thus, the preceding formula is equivalent in T to

el
@'’ A @ 3 | Dien 2GTB)A

@ o A Noerr, ~@780)| ) (2:24)
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Chapter 2. Infinite-decomposable theory
Since 3z"a” € A” and 3y, € A’ for every i € I — I, then according to Property 2.1.2.2 and
the conditions 2 and 3 of Definition 2.2.1.1, the formula (2.24) is equivalent in 7" to

=3z’ A (F2f... 3, (true A N;er, ~(37:57))))- (2.25)

By repeating the three preceding steps (n — 1) times, by denoting by Ij the set of the i € Iy

such that x’(’n_ )11y does not have free occurrences in 3.5}, and by using (n — 1) times Property

2.1.2.3, the preceding formula is equivalent in T" to
=3z A Nier, ~(3iB)),

Thus, the rule (4) is correct in 7'

Correctness of the rule (5):

dz a A A ) »
Hf'ﬁ’/\ —\(Elfca/\@/\—‘(ﬂyﬂ))/\
B Y
- [ /\ (Elf/ 5/) ‘| /\iGI _\(nglgz{a/\ﬁ//\dg /\90)*
i€l ! Z; 0;

where I # () and the formulas 3y’ 5 and 3z §, are elements of A’ for all ¢ € I.

Let us show the correctness of this rule. Since 37’3’ € A’ then according to the second point
of Definition 2.2.1.1 we have T = 37¢'#’, thus, using Corollary 2.1.1.4 the preceding formula is
equivalent to

dxa A pA
| (378 A Nier =G 8 A (32)) |
According to the definition of the working formula the quantified variables have distinct names

and different from the names of the free variables, thus we can lift the quantifications and then
the preceding formula is equivalent in 7" to

3z a A pA
ﬁ[ﬂ[@NﬁAmaﬂﬁﬂﬁA%H]

thus to

Jxa A pA
| (37 8V Vier (375 8 1 6%) |
After having distributed the A on the V and lifted the quantification 37'z; we get
(FzaneA-(3y 8))V
VierGz7'Zia N A3 N6)) |

which is equivalent in T" to

(2.26)

~(3za A A3 B))A
Nier ~Cz7Z,a N NG N6)) |

In order to satisfy the definition of the working formulas we must rename the variables of Z
and ¢’ by distinct names and different from the names of the free variables. Let us denote by
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2.8. A decision procedure in infinite-decomposable theories

(3z7'Z, a N A B N6L)* the formula (3zy'Z, a Ap A B’ AJ}) in which we have renamed the variables
of Z and §'. Thus, the formula (2.26) is equivalent in T to

~FzaNp A3y B))A
Nicr "Gz’ Zia N NG A OL)*

Thus, the rule (5) is correct in T'. It is very important to note that all the rewriting rules preserve
the equivalence of the formulas without adding new free variables.

Proof, third part: Every finite application of the rewriting rules on a working formula produces
a wnfv conjunction of solved formulas.

Recall that we write A\;c; @i, and call conjunction each formula of the form ¢;; A @i, A ..o A
@i, A true. In particular, for I = (), the conjunction A;c; ¢; is reduced to true. Moreover, we do
not distinguish two formulas which can be made equal using the following transformation of the
sub-formulas:

pAp =0, AP =P No, (PAP)ANG= 0N (PAJ),
© A true => @, pV false = .

Let us show first that every substitution of a sub-working formula of a conjunction of working
formulas by a conjunction of working formulas produces a conjunction of working formulas. Let
Nicr @i be a conjunction of working formulas. Let ¢ with k& € I an element of this conjunction
of depth dj. Two cases arise:

1. Either we replace ¢y by a conjunction of working formulas. Thus, let A,c; ¢; be a con-
junction of working formulas which is equivalent to ¢ in T'. The conjunction of working
formulas A;c; s is equivalent in T' to

C N\ e)A(N 95)

iel—{k} JE€Jk
which is clearly a conjunction of working formulas.

2. Or, we replace a strict sub-working formula of ¢ by a conjunction of working formulas.
Thus, let ¢ be a sub-working formula of ¢y, of depth dy < dj, (thus ¢ is different from ¢y,).
Thus, ¢, has a sub-working formula!'® of the form

~(@Fza A (N ) A (9)),

leL

where L is a finite (possibly empty) set and all the v; are working formulas. Let Njes @
be a conjunction of working formulas which is equivalent to ¢ in 7. Thus the preceding
sub-working formula of ¢y, is equivalent in T to

=Gza A (N ) AN 6)s

leL jeJ

which is clearly a sub-working formula and thus ¢y, is equivalent to a working formula and
thus A;c; @i is equivalent to a conjunction of working formulas.

0By considering that the set of the sub-formulas of any formula ¢ contains also the whole formula (.
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Chapter 2. Infinite-decomposable theory

From 1 and 2 we deduce that (i) every substitution of a sub-working formula of a conjunction
of working formulas by a conjunction of working formulas produces a conjunction of working
formulas.

Since each rule transforms a working formula into a conjunction of working formulas, then
according to (i) every finite application of the rewriting rules on a working formula produces a
conjunction of working formulas. Let us show now that each of these final working formulas is
solved.

Let ¢ be a working formula. Let ¢ be the conjunction of working formulas obtained after
finite application of the rules on ¢. Suppose that the rules can not be applied anymore and one
of the working formula of ¢ is not solved. Let 3 be this formula, two cases arise:

Case 1: v is a working formula of depth greater than 2. Thus, ¥ has a sub-formula of the

form
3z a AP A

- [ Y BN Nier ~(32i 0;) }

where 11 is a conjunction of working formulas, I is a nonempty set and «, § and J; are elements
of Aforall i e I. Let (37’8 A (32”5 A (35" 3"))) be the decomposed formula in T of IyF and
let (3z[0] A (326! A (32"5)))) be the decomposed formula in 7' of 3z;6;. If 353" is not the
formula Jetrue then the rule (3) can still be applied which contradicts our supposition. Thus,
suppose that

—_

35" 3" = Jetrue (2.27)

If there exists k € I such that 3z6]” is not the formula 3etrue then the rule (3) can be still
applied (with I = ) which contradicts our supposition. Thus, suppose that

326! = Jetrue (2.28)

for all 4 € I. If there exists k € I such that 3z, is not an element of A’ then since we have
(2.28), the rule (4) can still be applied (with I = () which contradicts our supposition. Thus,
suppose that

dz;0; € A’ (2'29)

for all ¢ € I. If 3gS is not an element of A’ then since we have (2.27) and (2.29), the rule (4)
can still be applied which contradicts our supposition. Thus, suppose that

o e A (2.30)

Since we have (2.29) and (2.30) then the rule (5) can still be applied which contradicts all our
suppositions.
Case 2: 1 is a working formula of the form

=(3zan N\ -3 6i)

i€l
where at least one of the following conditions holds:
1. « is the formula false,
2. there exists k € I such that §; is the formula true or false,

3. there exists k € I such that g0, & A,
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2.4. Application to the theory T of finite or infinite trees

4. Iz g A'.

If the condition (1) holds then the rule (2) can still be applied which contradicts our suppositions.
If the condition (2) holds then the rules (1) and (2) can still be applied which contradicts our
suppositions. If the condition (3) holds then the rule (3) or (4) (with I = @) can still be applied
which contradicts our suppositions. If the condition (4) holds then according to the preceding
point 3g;3; € A’ for all i € I and thus the rule (3) or (4) can still be applied which contradicts
our suppositions.

From Case 1 and Case 2, our suppositions are always false thus ¢ is a solved formula and
thus ¢ is a conjunction of solved formulas.

2.3.4 The decision procedure

Having any formula ¢, the resolution of v proceeds as follows:

1. Transform the formula 1) into a normalized formula and then into a working formula ¢
which is wnfv and equivalent to ¢ in 7.

2. Apply the preceding rewriting rules on ¢ as many time as possible. At the end we obtain
a conjunction ¢ of solved formulas.

According to Property 2.3.3.1, the application of the rewriting rules on a formula ¢ without free
variables produces a conjunction ¢ of solved formulas which is equivalent to v in T" and does not
contain free variables. According to Property 2.3.2.5, ¢ is either the formula true or —true, thus
either T' =1 or T' = —) and thus T is a complete theory.

Corollary 2.3.4.1 If T is infinite-decomposable then every formula is equivalent in T either to
true or to false or to a Boolean combination of elements of A" which has at least one free variable.
2.4 Application to the theory 7 of finite or infinite trees

2.4.1 The axioms of T

The theory 7 of finite or infinite trees built on an infinite set F' of distinct function symbols
has as axioms the infinite set of propositions of one of the three following forms:

VIVY —~fZ = gy 1]
Vv fr=fg— Nxi=y 2]
vzAlz Az = ]z 3]

where f and g are distinct function symbols taken from F, T is a vector of possibly non-distinct
variables x;, ¥ is a vector of possibly non-distinct variables y;, Z is a vector of distinct variables
z; and t;[zZ] is a term which begins with an element of F' followed by variables taken from z or
Z. Note that this theory does not admit full elimination of quantifiers. In fact, in the formula
Jzy = f(x) we can not remove or eliminate the quantifier Jx.

2.4.2 Properties of T

Suppose that the variables of V are ordered by a strict linear dense order relation without
endpoints denoted by .
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Chapter 2. Infinite-decomposable theory

Definition 2.4.2.1 A conjunction « of flat equations is called (>)-solved if all its left-hand sides
are distinct and « does mot contain equations of the form x = x or y = x, where x and y are
variables such that x > y.

Property 2.4.2.2 Every conjunction a of flat formulas is equivalent in T either to false or to
a (>)-solved congunction of flat equations.

Proof. To prove this property we introduce the following rewriting rules:

(1)  false N« = false,

(2) z=fy.ym AT =9g21...20p. =  false,

B) r=fyynAr=faz = = fyieyn ANeq, o Yi = 2
4) z==x = true

5) y== = =y

(6) zxz=yAz=fz1..2 = r=yAy=fz1..2,

() z=yAhzx=z = T=yAy==z

with a any formula and f and g two distinct function symbols taken from F. The rules (5), (6)
and (7) are applied only if z > y. This condition prevents infinite loops.

Let us prove now that every repeated application of the preceding rewriting rules on any
conjunction « of flat formulas, terminates and producing either the formula false or a (>)-solved
conjunction of flat equations which is equivalent to « in 7.

Proof, first part: The application of the rewriting rules terminates. Since the variables which
occur in our formulas are ordered by the strict linear order relation without endpoints “ > 7, we
can number them by positive integers such that

z =y < no(x) > no(y),

where no(x) is the number associated to the variable z. Let us consider the 4-tuples (n1, ne, n3, n4)
where the n;’s are the following positive integers:

e 1, is the number of occurrences of sub-formulas of the form « = fy;...yn, with f € F,
e 1y is the number of occurrences of atomic formulas,

e n3 is the sum of the no(x)’s for all occurrence of a variable z,

e ny is the number of occurrences of formulas of the form y = x, with = > y.

For each rule, there exists a row ¢ such that the application of this rule decreases or does not
change the value of the n;’s, with 1 < j < ¢, and decreases the value of n;. The row 7 is equal to:
2 for the rule (1), 1 for the rules (2) and (3), 3 for the rules (4), (6) and (7), 4 for the rule (5). To
each sequence of formulas obtained by a finite application of the preceding rewriting rules, we
can associate a series of 4-tuples (n1,n2,n3, n4) which is strictly decreasing in the lexicographic
order. Since the n;’s are positive integers, they cannot be negative, thus, this series of 4-tuples
is a finite series and the application of the rewriting rules terminates.

Proof, second part: The rules preserve equivalence in 7. The rule (1) is evident in 7. The
rules (2) preserves the equivalence in 7 according to the axiom 1. The rule (3) preserves the
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equivalence in 7 according to the axiom 2. The rules (4), (5), (6) and (7) are evident in 7.

Proof, third part: The application of the rewriting rules terminates either by false or by a (>)-
solved conjunction of flat equations. Suppose that the application of the rewriting rules on
a conjunction « of flat formulas terminates by a formula 3 and at least one of the following
conditions holds:

1. 3 is not the formula false and has at least a sub-formula of the form false,
2. [ has two equations with the same left-hand side,
3. [ contains equations of the form z = x or y = z with z > y.

If the condition 1 holds then the rule (1) can still be applied which contradicts our supposition.
If the condition 2 holds then the rules (2), (3), (6) and (7) can still be applied which contradicts
our supposition. If the condition 3 holds then the rules (4) and (5) can still be applied which
contradicts our supposition. Thus, the formula § according to Definition 2.4.2.1 is either the
formula false or a (>)-solved conjunction of flat equations. O

Let us introduce now the notion of reachable variable and reachable equation.

Definition 2.4.2.3 The equations and reachable variables from the variable u in the formula

n
dz /\ v; = 1;
=1

are those which occur in at least one of its sub-formulas of the form /\;n=1 v, = tk,, where vy, is
the variable u and v, 41 occurs in the term ty; for all j € {1,..,m}. The equations and reachable
variables of this formula are those who are reachable from a variables which does not occur in T.

Example 2.4.2.4 In the formula
Juvw z = fuv Av = gvu A w = fuv,

the equations z = fuv and v = gvu and the variables u and v are reachable. On the other hand
the equation w = fuv and the variable w are not reachable.

According to the axioms [1] and [2| of 7 we have the following property

Property 2.4.2.5 Let o be a conjunction of flat equations. If all the variables of T are reachable
in 3T« then T = 377 .

According to the axiom 3 we have:

Property 2.4.2.6 Let o be a (>)-solved conjunction of flat equations and let T be the vector of
its left-hand sides. We have T |= 3z av.

2.4.3 7T is infinite-decomposable
Property 2.4.3.1 7T is a decomposable theory.

Let us show that 7 satisfies the conditions of Definition 2.2.1.1.
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Chapter 2. Infinite-decomposable theory

Choice of the sets U(u), A, A’;, A” and A"

Let Fy be the set of the 0-ary function symbols of F. The sets W(u), A, A", A” and A" are
chosen as follows:

o U(u) is the set {fauz} if F — Fy = (), else it contains formulas of the form Igu = f§ with
f € F— FO,

A is the set F'L,
o A’ is the set of the formulas of the form 3z’'a’ such that

— « is either the formula false or a (>=)-solved conjunction of flat equations where the
order > is such that all the variables of T’ are greater than the free variables of 37'c/,

— all the variables of ' and all the equations of o/ are reachable in 3z'c/,

e A” is the set of the formulas of the form 3z” true,

A" is the set of the formulas of the form 3z"a such that o/ is a (>)-solved conjunction

of flat equations and z’” is the vector of the left-hand sides of the equations of o/”.

It is clear that F'L is T-closed and A’, A” and A” contain formulas of the form 3% o with
a € FL. Let us show now that 7 satisfies the five condition of Definition 2.2.1.1

T satisfies the first condition

Let us show that every formula of the form dz a A ¥, with o € FL and ¢ any formula, is
equivalent in 7 to a wnfv formula of the form

3z’ o/ A (3" " A (3T " A)), (2.31)

with 37/ o’ € A’, 37" o € A” and 37" /" € A"
Let us choose the order > such that all the variables of Z are greater than the free variables
of 3Za.. According to Property 2.4.2.2 two cases arise:
Either « is equivalent to false in 7. Thus, ¥’ = 7" = 1" = ¢, o/ = false and o = " = true.
Or, a is equivalent to a (>)-solved conjunction (3 of flat equations. Let X be the set of the
variables of the vector Z. Let Y,., be the set of the reachable variables of 3x3. Let Lhs be the
set of the variables which occur in a left-hand side of an equation of 3. We have:
— ' contains the variables of X N Yj.qq.
— 7" contains the variables of (X — Y,eq) — Lhs.
— T contains the variables of (X — Y,¢,) N Lhs.
— < is the conjunction of the reachable equations of 3z(.
— o is the formula true.
— " is the conjunction of the unreachable equations of 3.

According to our construction it is clear that 3z'a’ € A, 37"a” € A” and 37" € A”. Let
us show that (2.31) and 3Za A ¢ are equivalent in 7. Let X', X” and X" be the sets of the
variables of the vectors Z’, 7 and z'’. If « is equivalent to false in 7 then the equivalence of
the decomposition is evident. Else 3 is a conjunction of flat equations and thus according to our
construction we have: X = X' UX"UX"”, X'NX" =0, X'nX" =0, X" nX" =0, for all

z! € X" we have z} ¢ var(a’) and for all 27 € X" we have z!” & var(a’ A ). Moreover each
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equation of 8 occurs in o/ A @” A o and each equation in o/ A o’ A o’ occurs in 3 and thus
T E B« (& ANa” ANa'). We have shown that the vectorial quantifications are coherent and the
equivalence 7 |= 3 < o' Aa” A o’ holds. According to Property 2.4.2.2, we have 7 = o < (3
and thus, the decomposition keeps the equivalence in 7.

Example 2.4.3.2 Let us decompose the following formula @
Jxyvz = fayNz= frw Av= fz.
First, since w and z are free in @ then the order = will be chosen as follows:
T=Y=v=w- 2.

Note that the quantified variables are greater than the free variables. Then, using the rewriting
rules of Property 2.4.2.2 we transform the conjunction of equations into a (>-)-solved formula.
Thus, the formula ¢ is equivalent in T to the following formula 1

dryvz = fryANy=wAv = fz.

Since the variables x,y,w and the equations z = fxy,y = w are reachable in 1, then ¢ is
equivalent in T to the following decomposed formula

Jryz = fryANy=wA (Fetrue A (Fvv = fz)).

It is clear that (3xy z = fry ANy =w) € A, (Fetrue) € A” and (Jvv = fz) € A”.

T satisfies the second condition

Let us show that if 37'a/ € A’ then T = 37%'a/. Since 37’/ € A’ and according to the choice
of the set A’, either o is the formula false and thus we have immediately 7 | 377/ or o is
a (>)-solved conjunction of flat equations and the variables of Z’ are reachable in 37'a’. Thus,
using Property 2.4.2.5 we get 7 = 37%'d/.

Let us show now that if y is a free variable of 37’/ then 7 | J?yx’' o’ or there exists
(u) € ¥(u) such that 7 | Vy (37’ o) — 1(y). Let y be a free variable of 37'a/. It is clear that
o' can not be in this case the formula false. Thus, four cases arise:

If y occurs in a sub-formula of o’ of the form y = t(z’,z’,y), where Z’ is the set of the free
variables of 3%'a’ which are different from y and where ¢(Z’, z’,y) is a term which begins by an
element of F'— Fy followed by variables taken from Z’ or z’ or {y}, then the formula 37’/ implies
in 7 the formula 37’ y = ¢(7', Z’, y), which implies in 7 the formula 37'z'wy = t(z/, 2, w), where
y = t(&',z',w) is the formula y = ¢(Z, Z’, y) in which we have replaced every free occurrence of
y in the term ¢(Z’, Z’,y) by the variable w. According to the choice of the set ¥(u), the formula
7' Z'wu = (7', 2, w) belongs to ¥(u).

If y occurs in a sub-formula of o' of the form y = fy with fo € Fy then 7 = Jlyy = fy
according to the third axiom of 7. Thus (i) 7 E 37y «’. On the other hand, since o/ is (>)-
solved, y has no occurrences in an other left-hand side of an equation of o', thus, since the
variables of T are reachable in 37'a’ (according to the choice of the set A’), all the variables of
T’ keep reachable in 37’y o’ and thus using (i) and Property 2.4.2.5 we get 7 = 377’y o

If y occurs in a sub-formula of o/ of the form y = 2 then:

1. According to the choice of the set A’, the order = is such that all the variables of Z’ are
greater than the free variables of 37'c/.
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2. According to Definition 2.4.2.2 of the (>)-solved formula, we have y > z.

From (1) and (2), we deduce that z is a free variable in 37'a’. Since o is (>)-solved, y has no
occurrences in an other left-hand side of an equation of o, thus, since the variables of z are
reachable in 37'a/ (according to the choice of the set A’), all the variables of Z’ keep reachable
in 37’y o/. Moreover, for each value of z there exists at most a value for . Thus, using Property
2.4.2.5 we get T E 77y /.

If y occurs only in the right-hand sides of the equations of ', then according to the choice of
the set A’, all the variables of ' and all the equations of o’ are reachable in 3z'a/. Thus, since
y does not occur in a left-hand side of an equation of o/, the variable y and the variables of Z’
are reachable in 37’y o’ and thus using Property 2.4.2.5 we get 7 |= 37Z'y /. In all the cases 7
satisfies the second condition of Definition 2.2.1.1.

7T satisfies the third condition

First, we present a property which holds in any model M of 7. This property results from the
axiomatization of 7 (more exactly from the axioms 1 and 2) and the infinite set of function
symbols F'.

Property 2.4.3.3 Let M be a model of T and let f be a function symbol taken from F — Fy.
The set of the individuals i of M, such that M |= 3T i = [T, is infinite.

Let 37”a"” be a formula which belongs to A”. According to the choice of A”, this formula is
of the form 37" true. Let us show that, for every variable mg’ of " we have 7 = 3‘30(“)
Two cases arise:

Either F' — Fy = 0 then ¥(u) = {fauz} and Fj is infinite since the theory is defined on an
infinite set of function symbols. According to Axiom of conflict of symbols, for every distinct
constants f and g correspond two distinct individuals in every model of 7. Thus, since Fj is
infinite there exists an infinite set of individuals in every model of 7 and thus according to
Definition 2.1.2.1, we have: 7 = Hié‘”“}xj true.

Or, F — Fy # 0, thus ¥(u) contains formulas of the form 3zu = fz with f € F — Fy.
Let M be a model of 7. Since the formula 3z true does not have free variables, it is already
instantiated, and thus according to Definition 2.1.2.1 it is enough to show that there exists an
infinity of individuals ¢ of M which satisfy the following condition:

M | =pr (i) A=+ N =i (i), (2.32)

with j(u) € ¥(u), i.e. of the form 3Zu = fz with f € F — Fj. Two cases arise:

xj true.

e Either F'— Fj is a finite set, then Fy is infinite because the theory is defined on an infinite set
of function symbols. Thus, there exists an infinity of constants f; which are different from
all the function symbols of all the vj(u) and thus using the axiom of conflict of symbols
there exists an infinity of distinct individuals 7 such that (2.32).

e Or, F — Fy is infinite, then there exists a formula ¢ (u)* € ¥(u) which is different from all
the v (u) of (2.32), i.e. which has a function symbol which is different from the function
symbols of all the ¢ (u) - - - 1, (u). According to Property 2.4.3.3 there exists an infinity of
individuals 4 such that M = ¢ (7)*. Since this ¢(u)* is different from all the ;(u), then
according to axiom of conflict of symbols there exists an infinite set of individuals 7 such
that M = (i)* A =p1(i) A+ A=)y, (i) and thus such that (2.32).
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7T satisfies the fourth condition

Let us show that if 32" € A" then 7 = 317" . Let 32"/ be an element of A”. According
to the choice of the set A”" and Property 2.4.2.6 we get immediately 7 = 37"

T satisfies the fifth condition

Let us show that if the formula 37’/ belongs to A’ and has no free variables then this formula
is either the formula Jetrue or Jefalse. Let 37'a’ be a formula, without free variables, which
belongs to A’. We have

1. According to the choice of the set A’, all the variables and equations of 37’a’ are reachable
in 37'a’ and o is either the formula false or a (>)-solved conjunction of flat equations.

2. Since the formula 37’a/ has no free variables and according to Definition 2.4.2.3 there exists
in this case neither variables nor equations reachable in 37'¢/,

Thus, from (1) and (2), Z’ is the empty vector, i.e. € and ' is either the formula true or false.

We have shown that 7 satisfies the five conditions of Definition 2.2.1.1. Moreover, T. Dao
has shown in [16] that this theory has as model the algebra of finite or infinite trees introduced
by Maher in [33|, then 7 is infinite-decomposable and thus complete. O

2.4.4 Solving first-order propositions in 7

Example 2.4.4.1 Let us solve the following formula ¢1 in T :
JVy (Fzwvy = fzAy = fr Aw=gzv)V(x = fy Nz = fz))

Using Property 2.3.1.3 we first transform the preceding formula into the following normalized
formula
Jy true
—(Fetrue A =(Frtrue A= | ~(Fzwvy = fz Ay = fr Aw=gzv)A |)) (2.33)
—(Fex = fyhz = fx)

Since A = FL then the preceding normalized formula is a working formula. Let us decompose
the sub-formula

Jzwvy = fz ANy = fx Aw = gzv. (2.34)

According to Section 2.4.3, the order = is chosen such that z = w = v = y > x. Using the
rewriting rules of Property 2.4.2.2, the sub-formula y = fz ANy = fx N w = gzv is equivalent in
T to the (>)-solved formula y = fz ANz =x ANw = gzv, and thus according to Section 2.4.3, the
decomposed formula of (2.34) is

Jzy=fzAz=a A (Fvitrue A (Fww = gzv))

Since (Gww = gzv) # (3e true) we can apply the rule (3) with I = 0, thus, the formula (2.33) is
equivalent in T to

Jy trueA
—(Je true A =(Fx true A= | ~(Fzvy = fzAz=1x)A |)) (2.35)
—(Jex = fy AN = fx)
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The sub-formula 3zvy = fz Az = x is not an element of A’ and is equivalent in T to the
decomposed formula Izy = fz Nz = x A (v true A (e true)), thus we can apply the rule (4) with
I =0 and the formula (2.35) is equivalent in T to

Jy truen
—(Jetrue N=(Bxtrue N\ = | =(Fzy=fzAz=2)A |)) (2.36)
—~(Jex = fyhz = fx)

Let us decompose now the sub-formula
Jex=fyne=fx (2.37)

Using the rewriting rules of Property 2.4.2.2, the sub-formula x = fy Ax = fx is equivalent in
T to the (>)-solved formula x = fy ANy = = and thus according to Section 2.4.3 the decomposed
formula of (2.87) is

Jex = fy ANy =z A (3etrue A (e true))

Since (Jex = fyNx = fx) & A', then we can apply the rule (4) with I =0 and thus the formula
(2.36) is equivalent in T to

Jytruen
—(Fetrue N =(Frtrue N\ = | ~(Fzy=fzAz=z)A |)) (2.38)
~(Jex = fyny=u1)

According to Section 2.4.3, the formula Je vrai A (Jy true A (Je true)) is the decomposed formula
of Jy true. Since ytrue € A', (3zy=fzNz=212)€ A and (Jex = fy Ny =x) € A" then we
can apply the rule (4) and thus the formula (2.88) is equivalent in T to

(e true A =(3e true A =(3e true)) (2.39)

Finally, we can apply the rule (1) thus the formula (2.39) is equivalent in T to —(3e true). Thus
1 s false in T .

Example 2.4.4.2 Let us solve the following formula ps in T :
eVy (Fzy=fzAz=2)V (Fex=fyrhy=x)V -(z = fy)) (2.40)

Using Property 2.8.1.8 we first transform the preceding formula into the following normalized
formula

Jyxz = fyn
—(Jetrue N =(Jxtrue N— | ~(Fzy=fzAz=z)A |)) (2.41)
~(Fex=fyny==x)

Since A = FL then the preceding normalized formula is a working formula in T. Since (Jyx =
fy)e A, Fzy=fzAz=x)€ A and (Jex = fy Ny =x) € A’ then we can apply the rule (5),
thus the formula (2.41) is equivalent in T to

de truen

—(3x true A =(Jyz = fy))A

—(Fr1yize1 = frn Ay = fz Az =x1)A
—(Froy2 w2 = fy2 ANz = fy2 Ayo = x2)

(2.42)
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According to Section 2.4.3, the formula Je true A (3x true A (Je true)) is the decomposed formula
of x true. Since (x true) ¢ A" and Byx = fy) € A’ then we can apply the rule (4) and thus
the formula (2.42) is equivalent in T to

de truen

(e true) A

—(3myizzr = fyr Ayr = fz ANz =x1)A
=(3zay2 x2 = fy2 A w2 = fya Ay2 = 2)

(2.43)

Finally, we can apply the rule (1), thus the formula (2.43) is equivalent in T to true. Thus ps
18 true in 7T .

2.5 Discussion and partial conclusion

Our decision procedure which is ideal for deciding the validity of complex propositions can also
be applied to first order formulas having free variables and produces in this case a conjunction
¢ of solved formulas easily transformable into a boolean combination of basic formulas. But in
no cases, our algorithm can warrant that ¢ is neither true nor false if it contains at least one
free variables. It can not also present the solutions of the free variables in a clear and explicit
way and can not detect if a formula having at least one free variable is always true or false. This
is why this algorithm is called decision procedure and not general algorithm solving first order
constraints.

In the other hand, we have shown the infinite-decomposability of fundamental theories such
as: the equational theory, the theory of additive rational or real numbers, the theory of finite
trees, the theory of infinite trees, the theory of finite or infinite trees and a combination of finite
or infinite trees with additive rational or real numbers [26]. What about the decomposability
of the theory of linear dense order ? If we take as model the rational numbers then for every
instantiation of the free variables of the formula dz z < © Az < y: either there exists an infinity
values for z, or there exists no values for z ! In fact, if the variables z and y are instantiated
respectively by 1 and 0, then there exists no instantiations for x such that 1 < x Az < 0! This
new behavior does not satisfy the infinite quantifier and thus the theory of linear dense order
is not infinite-decomposable. We must find a new quantifier more expressive than the infinite
quantifier ! This will be our goal in Chapter 3.
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Zero-infinite-decomposable theory
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We present in this chapter the class of the zero-infnite-decomposable theories which is an
extension of the infinite-decomposable theories, and where the infinite quantifier has been re-
placed by a new quantifier called zero-infinite. We show the completeness of these theories using
the sufficient condition of completeness of first order theories given in Chapter 1, and give some
examples of fundamental zero-infinite-decomposable theories. We present also a property that
links the infinite-decomposable theories to the zero-infinite-decomposable theories and show that
the infinite theories Fq, Ra and 7 are also zero-infinite-decomposable. Then, we give a decision
procedure in every zero-infinite-decomposable theory T, in the form of six rewriting rules which
transform a formula ¢, which can possibly contain free variables, into a wnfv conjunction ¢ of
solved formulas, equivalent to ¢ in 1" and such that ¢ is, either the formula true, or the formula
Nicr —true, or a formula having at least one free variable and being easily transformable into a
boolean combination of quantified conjunctions of atomic formulas. In particular, if ¢ has no
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free variables, then ¢ is, either the formula true, or the formula —true. The correctness of our
algorithm is another proof of the completeness of the zero-infinite-decomposable theories. We
end this chapter by an application to the construction of trees on an ordered set. This theory
denoted by 7,4, is a complete axiomatization of a tree construction on any set of individuals
together with a linear dense order relation without endpoints. After having presented the axioms
of 7,4, we show its zero-infinite-decomposability and end by an example on solving propositions
in 7,,q4. Note that the results presented in this chapter have been published in 23], [24] and [25].

3.1 Zero-infinite quantifier: 3}?&,@

Let M be a model and T" a theory. Let ¥(u) be a set of formulas having at most one free variable
u. Let ¢ and ¢; be M-formulas.

Definition 3.1.0.3 We write
M = 3 W o(x), (3.1)

if for each instantiation 3x ¢'(x) of Jx p(x) by individuals of M one of the following properties
holds:

e the set of the individuals i of M such that M = ¢'(i), is infinite,

e for all finite sub-set {11(u),..,n(u)} of elements of VU(u), the set of the individuals i of
M such that M |= ¢'(i) A Njequ,.. oy ~5(8) is infinite.

We write T' = W Wy o(x), if for every model M of T we have M = Wy o(z).

This quantifier is more general than the infinite quantifier and does not restrict the model to be
infinite. In the case where W(u) = {false}, the form (3.1) means that if M = 3z p(z) then M
contains an infinity of individuals ¢ such that M = ¢(7).

Property 3.1.0.4 Let J be a finite possibly empty set. If T = 3}?5..3)95 o(x) and if for each p;,
one at least of the following properties holds:

o T =37z ¢y,
o there exists j(u) € W(u) such that T =V p; — ¢j(x),

then
T = Bz o(x) ANjes i) < Bz p(x)).

Proof. Let 3z ¢'(x) be an instantiation of 3z ¢(z) by individuals of M. Let us show that if
the conditions of this property hold, then

M = (Fz ¢'(2) A N\jeg ~wi(@) < (Fr@'(2)). (3.2)

Let J' be the set of the j € J such that M |= 372 ¢;(z) and let m be its cardinality. Since for all
jelJ', M E Iz cp;- (z), then it is enough that M contains at least m + 1 individuals, to warrant
the existence of an individual i € M such that

Mg A =) (3.3)

jeJ
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On the other hand, since T = EIO 00 )z ¢(x) and according to Definition 3.1.0.3 of the zero-infinite
quantifier, two cases arise:

(1) Either, M = —(3z ¢'(2)), thus M = ~(3Z ¢'(z) A \jes ~p;(x)) and thus the equivalence
(3.2) holds in M.

(2) Or, for every finite sub-set {¢1(u),...,¢n(u)} of ¥(u), the set of the individuals i of
M such that M = ¢'(i) A \j—; ~;(@) is infinite. Thus, since for all j € J — J' we have
M E Vepj(x) — ¥;(z), then there exists an infinite set & of individuals ¢ of M such that
M = ¢'(i) A Njej—y —w;j(i). Since & is infinite, then it contains at least m + 1 individuals
and thus according to (3.3), there exists at least an individual ¢ € £ such that M = ¢'(i) A

(Njes—g =€) A (Akes (1)) and thus such that

ME g (2) A \ ) (a).

jeJ

Since M = 3z ¢'(x) A \jey ~pj(x), then M = 3z ¢'(x) and thus the equivalence (3.2) holds in
M. O

Property 3.1.0.5 If T = ey acgo( ) then T = W Wy o(x).

Let us recall in this section some properties of the vectorial quantifiers. These properties are
proved in Chapter 2. We will handle them all long this chapter.

Property 3.1.0.6 If T = 375y¢ and if all the variables of § has no free occurrences in ¢ then

B3z e A ~(379))
TEQ@TeA-(FygoA)) < v
(Fzge Ao A )

Corollary 3.1.0.7 If T = 37z ¢ then
T @pn A\ -6) < (370) A N\ ~(35 0 A 6).

i€l i€l
Corollary 3.1.0.8 If T |= ¢ — (3! ¢) then
TE@WABTeA N\ ¢i) = WA N\-CZeA@)).

i€l i€l

3.2 Zero-infinite-decomposable theory

3.2.1 Definition

Definition 3.2.1.1 A theory T having at least one model is called zero-infinite-decomposable,
if there exists a set U(u) of formulas, having at most one free variable u, a set A of formulas
closed for the conjunction, a set A" of formulas of the form 3za with o € A, and a sub-set A”
of A such that

1. every formula of the form 3% a A, with o € A and i any formula is equivalent in T to a
wnfv formula of the form

Elx/ Oé/ A (Ell'” a/l A (Ela,:/// n /\7,[)))

with 3z’ € A', o' € A", &/ € A and T = V7" — 7",
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2. if 3T’/ € A, then T |= 377 o/ and for every free variable y in 3T'a’, at least one of the
following properties holds

o T | Iyz' o,
o there exists Y(u) € W(u) such that T =Yy (3T ') — ¥(y),

3. if o € A" then

o the formula =o' is equivalent in T' to a wnfv formula of the form \/;c; a; with a; € A,

"o is equivalent in T to a wnfv formula which belongs to

e for all 2, the formula 32"
A//,
(W) s, n

. '
e for every variable 2, T | 355’z o,

4. every congunction of flat formulas is equivalent in T to a wnfv disjunction of elements of

A,

5. if the formula 37’/ A o with 37’/ € A" and o' € A” has no free variables, then T = ¢,
and o' and o belong to {true, false}.

Note that the decomposition expressed in this definition is similar to the one defined in the
infinite decomposable theories by replacing the infinite quantifier by the zero-infinite quantifier.
The main difference between the two classes of theories resides in the set A” whose properties
have been increased.

3.2.2 Properties

Property 3.2.2.1 If T is zero-infinite-decomposable then every formula of the form 3Ta, with
a € A, is equivalent in T, to a wnfv formula of the form 3z’ AN, with 37’/ € A" and o’ € A”.

Proof. According to the first point of Definition 3.2.1.1, the formula 9Z« is equivalent in T to
a wnfv formula of the form

37 o A (3T " A (3" QM) (3.4)

with 377a’ € A, o € A", " € Aand T | VZ'a” — 37", Since T = Vz"a" — Nz
and according to Corollary 3.1.0.8 (with ¢ is the formula false), the formula (3.4) is equivalent
in T to

37 o’ A (37" "),

which, since o/ € A” and according to the second condition of the third point of Definition
3.2.1.1, is equivalent in T to a wnfv formula of the form

37’ o/ A o],
with 37/’ € A" and of € A”. O
Property 3.2.2.2 Let I a finite possibly empty set. If T is zero-infinite-decomposable then every
formula of the form
Az A Nier ~(30i6i), (3.5)
with « € A and ; € A for alli e 1, is equz’valent inT to a wnfv formula of the form

Elf/a/ // // /\ Elyjﬁ /\ ))7

jeJ

with 3z’ € A, o € A", J a finite possibly empty set with Card(I) = Card(J) and for all
j € J we have 3y;3; € A" and 3] € A”.
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Proof. According to the third point of Definition 3.2.1.1 (with ¢ = A;c; =(37:6;)), the formula
(3.5) is equivalent in 7" to a wnfv formula of the form

37" o/ A (32" " A (33" "N Nje s ~(37555)))s (3.6)

with 37'a’ € A, o/ € A", o € A, B; € Aforall j € J, T |= ¥&"a" — 37" and
Card(I) = Card(J). Since T | Vz"a" — J7"”a/" and according to Corollary 3.1.0.8, the
formula (3.6) is equivalent in T to the wnfv formula

37’ A (3" " A /\ =(3z" (o™ A 3y;85)))-
jeJ
By lifting the quantifications 3y; after having possibly renamed some variables which occur in
the g;, the preceding formula is equivalent in 7' to

37 o' A (Fz" " A /\ 7"y o/" A Bj)),
jeJ

which, since A is closed for the conjunction, is equivalent in 7' to a wnfv formula of the form

3o AET " AN\ ~(FBr)),
keK

with 37’ o’ € A, o € A", B, € Afor all k € K and Card(K) = Card(J) = Card(I). According

to Property 3.2.2.1, the preceding formula is equivalent in T to a wnfv formula of the form

o’ A3 " NN\ -Gy A BY)),
leL
with 37’/ € A’, o/ € A”, for all £ € L we have 3y,5, € A’ and g € A” with Card(L) =
Card(K) = Card(J) = Card(I). O

Corollary 3.2.2.3 Let I be a finite possibly empty set. If T is zero-infinite-decomposable then
every formula of the form

Izan N\ -(Fws), (3.7)
el

with « € A and B; € A for all i € I, is equivalent in T to a wnfv disjunction of formulas of the
form
o’ A3 " AN -3 B))),
JjEJ
with 37'a’ € A, o/ € A", J a finite possibly empty set and for all j € J we have 3y} 3; € A'.

Proof. If I is empty then the corollary holds according to Property 3.2.2.2. Else, suppose that
I ={1,2,...,n} and n # 0. According to Property 3.2.2.2, the formula (3.7) is equivalent in T’
to a wnfv formula of the form

3 o/ A (3" AN\ -G B A B, (3.8)
el

with 37'a/ € A, o’ € A", I = {1,2,...,n}, and for all i € I we have 3y 3. € A" and 3/ € A”.
Thus, the formula (3.8) is equivalent in T to

7 o' A (32" (" A /\ =(3g; B; A B)) N =30, B, A Br))-

1€l,i#n
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Since 3y, 8;, € A’, then according to the second point of Definition 3.2.1.1 we have T' |= 3?7, 3,,.
Thus, according to Corollary 3.1.0.6 (with ¢ = " A\;c; 2, ~(37; BiABY)), the preceding formula
is equivalent in T" to
(3" o' A (32" (0" A Nierin ~(30; B A B7)) A (305 Br)))
T ): V )
(3z'a’ A (32" Gn (" A Nierizen — (395 Bi A BY)) A B A =67)

which according to the first condition of the third point of Definition 3.2.1.1 is equivalent in T'

v (2"’ A (32" (" A Nierign ~FY; B A B7)) A= (305 8r)))
TE Vv ,
(37" A (32" (" A Nierizn =G Bi A BY)) A B A (V e, Brj)))
with T' = (=8y) < (Vjes, Bnj) and By; € A for all j € J,. After having distributed the A on
the V and the 3 on the V, the preceding formula is equivalent in T to

(37" o' A (3" " A (Nierizn ~(39: 8L A BY)) A =3y, 5,)))
T ': v vjEJn s
(30 N (35 0" A By A g A e (3045 1 B1))

which by lifting the quantification 3z”7, and by renaming possibly some variables which occur
in "9, is equivalent in T' to

(32" o’ A (32" " A (Nierizn ~3F5; B A B7)) A =(30r,57)))
T = VVier, ,
(37'32"gn o' N Q" A Bl A Bnj N Nierien ~(38; Bi N BY))
which according to Property 3.2.2.2 (because A is closed for the conjunction and A” is a sub-set
of A), is equivalent in T" to a wnfv formula of the form

(35 o A (3 0" A (Nier in =37 B A B)) A (3, BL))

TE VVie, , (3.9)
(3@9 a; A a;.’ A Nielizn ﬁ(az;j 5;j A 5;;))

with 37'a/ € A, o € A", I = {1,2,...,n}, 3g,pB, € A, for all i € I with i # n we have
Jy;8; € A" and B € A” and for all j € J, we have 370 € A, of € A", 3z,,6;; € A’ and
o e A"

j

Thus, starting from the formula (3.8) which has car(I) = n sub-formulas of the form
~(3gi6; A\ B7), (3.10)

with 3g/p; € A" and 3/ € A", we get a wnfv disjunction of formulas each one containing
card(I) — 1 =n — 1 sub-formulas of the form (3.10). Thus, we have
(1) By repeating another time the preceding steps on the first formula of (3.9) of the form

3o’ A3 " AN\ G B A BD) A= B),
i€l,i#n
we get a wnfv formula equivalent in T of the form
(37"’ A (3" " N (Nieritnizn—1 3G Bi A BY)) A =Cp_1 Br_1) A (37, 8,)))
TE VVier, ;

(ng;- a;- A a;-’ A Nierizn ﬁ(ﬂz;j 5,§j A 5;;.))

(3.11)
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3.2.  Zero-infinite-decomposable theory

with 37'a/ € A", o' € A", I ={1,2,...,n}, 3y, 16,1 € A, 3y, B, € A', for all i € I with i #n
and i # n—1 we have 3y;; € A" and 3 € A" and for all j € J,—1 we have 37}a; € A', o € A,
Jz;;0;; € A" and ¢}; € A”.
(2) By repeating the preceding steps in each sub-formula of (3.9) or (3.11) of the form
hanalf AN\ —(3; 005 A BT,
i€li#n

we get a wnfv formula equivalent in T of the form

(32"’ A (32" " N (Nierigniztn—1 ~CGU BN BY)) A =351 Br-1)))
T >: \ ijJn_l )

(375 A A A Nierignizn—1 (37 035 A 675))

with 377/ € A, o € A", 1 ={1,2,....,n}, 3y, 16,1 € A, foralli € [ withi #nandi#n—1
we have 3g;3; € A" and ] € A” and for all j € J,,—1 we have 377, € A', o € A", 37;0;, € A’
and §;; € A”.

From (1) and (2) we deduce that it is enough to apply the preceding steps a finite numbers
of time on each disjunction by saving the formulas of the form —(3g7.0]), to eliminate all sub-
formulas of the form —(3y;5, A B!). At the end we get a disjunction of formulas of the form

o’ A3 " AN -3 B))),
jeJ

with 37'a’ € A, " € A”, J a finite possibly empty set and for all j € J we have Jy; 3; € A’. O

3.2.3 Completeness

Theorem 3.2.3.1 If T is zero-infinite-decomposable then T is complete.

Proof. Let T be a zero-infinite-decomposable theory which satisfies the five conditions of
Definition 2.2.1.1. Let us show that T' is complete using Property 1.2.3.1 by taking formulas
of the form 3% «, with o € A as basic formulas. Note that according to Definition 3.2.1.1, the
formulas of A’ are of the form 3Za with o € A and A” is a sub-set of A.

Let us show that the first condition of Property 1.2.3.1 holds, i.e. every flat formula is
equivalent in 7T to a wnfv boolean combination of basic formulas. If ¢ is a flat formula, then
according to the fourth point of Definition 3.2.1.1, ¢ is equivalent in T to a disjunction of
elements of A, thus to a disjunction of formulas of the form Je o with o € A, which is a boolean
combination of basic formulas.

Let us show that the second condition of property 1.2.3.1 holds, i.e. every basic formula
without free variables is equivalent, either to true, or to false in T'. Let dZ «a with o € A be a
basic formula without free variables. According to Property 3.2.2.1, this formula is equivalent
in T to a wnfv formula of the form 3z’ o/ A " with 37’/ € A" and o € A”. According to the
fifth point of Definition 3.2.1.1, we have T = ¢, o/ € {true, false} and o € {true, false}. Since
T has at least one model then either T = p or T = —p.

Let us show that the third condition of Property 1.2.3.1 holds, i.e. every formula of the form

3z (Nier (32 i) A (Njes (375 Bj)), (3.12)

with o; € A for all i € I and 3; € A for all j € J, is equivalent in 7" to a wnfv boolean
combination of basic formulas, i.e. a wnfv boolean combination of formulas of the form 3Za with
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Chapter 3. Zero-infinite-decomposable theory

a € A. By lifting the quantifications 3%; after having possibly renamed some variables which
occur in each z;, the formula (3.12) is equivalent in 7" to wnfv formula of the form

dz (/\iel Oéi) A /\jeJ _'(Elgj 5J')’

with o; € A for all i € I and 3; € A for all j € J. According to Definition 3.2.1.1, the set A is
closed for the conjunction. Thus, the preceding formula is equivalent in 7' to a wnfv formula of
the form

T a A Njes ~(395 55),
with o € A and §; € A for all j € J. According to Corollary 3.2.2.3, the preceding formula is
equivalent in T" to a wnfv disjunction of formulas of the form

0’ A (320" A Nies ~(3T5). (3.13)

with 37’/ € A, o € A” and Jy/p, € A for all i € I. Let us show that each formula of
this disjunction is equivalent in 7" to a wnfv boolean combination of basic formulas. Let ¢ be
a formula of the form (3.13). Let us denote by I; the set of the i € I such that z! has no
occurrences in 3y;3.. The formula ¢ is equivalent in T to

- 1. (3TN
333,0/ A 333”...3%”_ (/\zeh ( i~ B .
R [CERDY WSE 2]

Since " € A” and 3y,3. € A’ for all i € I and according to Property 3.1.0.4 and the points 2
and 3 of Definition 3.2.1.1, the preceding formula is equivalent in T, to

3o’ A (3232 (Nier, ~(3,80) A (Galla)),

n—1

which, since o’ € A” and according to the second point of the third condition Definition 3.2.1.1,
is equivalent in T to a wnfv formula of the form

3z'a’ A (327 3wy (Nier, ~(39;67)) A ag),
with 37'a’ € A, ol € A” and Jy,3. € A for all i € I1, i.e. to
' A (3. 32l A Nier, =(39.60)).

By repeating the three preceding steps n — 1 times and by denoting by I the set of the ¢ € Ij,_4
such that l‘/(/n_k +1) has no occurrences in 3y 6., we get a wnfv formula equivalent in 7', of the
form

'’ Ao A Nier, ~(3i5),

with 37/’ € A’, of € A” and 3y.8, € A’ for all i € I,,. Since 37’/ € A’, then according to
the second point of Definition 3.2.1.1, we have T = 3?%'a/, thus T = 377'a’ A o). According to
Corollary 3.1.0.7, the preceding formula is equivalent in T" to

(o’ A of) A Nier, ~(3' o/ Aol A 3G,

which by lifting the quantifications 3y, and by renaming some variables which occur in each g/,
is equivalent in T" to a wnfv of the form

(3 A o) A Nier,, =TGNl A ),
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3.2.  Zero-infinite-decomposable theory

with o/, of, and all the (3 element of A, and 3za’ € A’. Since the formulas o/, of, ] belong to
A and since A is closed for the conjunction, then the preceding formula is equivalent in T" to a
wnfv formula of the form
(3za) A Nier, ~(3wi Bi),

with o € A and 3; € A for all 4 € I. This formula is a boolean combination of formulas of the
form JdZa with a € A, i.e. a boolean combination of basic formulas. Thus, the third condition
of Property 1.2.3.1 holds.

Since T satisfies the three conditions of Property 1.2.3.1, then T is a complete theory. O

According to Theorem 3.2.3.1 and Corollary 1.2.3.2, we have the following corollary:

Corollary 3.2.3.2 IfT is zero-infinite-decomposable and if for every formula of the form 3T’/ A
o’ which belongs to A" we have T’ = € and o/ N " € AT, then T accepts a full elimination of
quantifiers.

Proof. Let T be a zero-infinite-decomposable theory such that for each formula of the form
37'a’ A o’ which belongs to A’ we have T’ = ¢ and o’/ Aa” € AT. Let ¢ be formula. In the proof
of Theorem 3.2.3.1, we have shown that T satisfies the three conditions of Property 1.2.3.1 using
formulas of the form dZa with a € A as basic formulas. Thus, according to Corollary 1.2.3.2,
the formula ¢ is equivalent in T to a wnfv boolean combination of basic formulas, i.e. a wnfv
boolean combination of formulas of the form J3Za with @ € A. According to Property 3.2.2.1,
each one of these basic formulas is equivalent in T to a wnfv formula of the form 37'a’ A o with
37’ o’ € A’ and o/ € A”. Since T’ = ¢ and since o/ A o’ € AT, then the formula ¢ is equivalent
in T to a wnfv boolean combination ¢ of conjunctions of atomic formulas. According to the
definition of the atomic formulas (Chapter 1), it is clear that ¢ does not contain quantifiers. O
Let us now present a property that links the infinite-decomposable theories to the zero-
infinite-decomposable theories. According to Property 3.1.0.5 and Property 2.1.2.3, we have:

Property 3.2.3.3 An infinite-decomposable theory T is zero-infinite decomposable if for each
formula of the form 3z" o/ € A", the formula —a is equivalent in T to a disjunction of elements

of A.

It is obvious that the sets A and A” cited in this property are those that appear in the definition of
the infinite-decomposable theory and not those of the definition of the zero-infinite-decomposable
theories. The theories Fq, Ra and 7 presented in Chapter 2, are zero-infinite-decomposable. In
fact, we have shown their infinite-decomposability using a set A” containing formulas of the form
37" true. Thus, since —true is equivalent to the formula false in all these theories and since the
formula false belongs to A, then each one of these theories are zero-infinite-decomposable.

3.2.4 Fundamental example

Let F' be an empty set of function symbols and R a set of relation symbols containing only the
binary relation symbol <. If ¢; and ¢y are terms, then we write t; < tg for < (t1,t2). Let Ty
be the theory of the linear dense order relation without endpoints, whose signature is S = FUR
and whose set of axioms is the set of the following propositions:

1 Vo—zx <z,

2 VaVyVz (z<yANy<z)—z <z,
3 VaVyrz<yVaez=yVy<uz,

4 VaVyx <y— (Fzz<zAz<y),
5 Vxdyx <,

6 Vedyy < z.
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Chapter 3. Zero-infinite-decomposable theory

Since ' = () then all the equations and relations are flat. Let us introduce three properties that
will help us to show the zero-infinite-decomposability of this theory. These properties are well
known and deduced from the preceding axiomatization. The first one shows the full elimination
of quantifiers of Fourier. The second one shows the behavior of the negation with the relation
< and the last one introduces the notion of zero-infinite in every model of T,,4; due to the fact
that T,,; is dense and without endpoints.

Property 3.2.4.1 Let I and J be finite possibly empty sets. We have

Tm“d':(Hx(/\x<yi)/\(/\zj<x))<_>/\ /\(Zj<yl)

iel jeJ i€l jeJ
Property 3.2.4.2
Torga EVzy—(z <y) < (z=y)V(y <x)).

Property 3.2.4.3 Let M be a model of Tyrq. Let J and K be two finite possibly empty sets of
individuals of M and let p(x) be the following M -formula:

(/\j<l‘)/\(/\ x < k).
jed ke K
The set of the individuals i of M such that M |= (i) is empty or infinite

Suppose that the variables of V' are ordered by a linear dense order relation without endpoints
denoted by .

Definition 3.2.4.4 A conjunction « of flat formulas is called (>=)-solved in Torq if
e all the equations of a are of the form x =y with © > y,
e all the left hand sides of the equations of a are distinct and have one and only occurrence
in «,
e « does not contain sub-formulas of the form false or

o< TINTL < To N NZp_1 <Tp Ny < Xg.

Example 3.2.4.5 Let x, y z and w be variables such that x = y = z = w. The formula
r =y Az <z is not (>)-solved because x occurs in the left hand side of the equation x =y and
occurs also in the relation z < x. The formula z =y ANy < zAz<wAw <y is not (>)-solved
because the last condition of Definition 3.2.4.4 does not hold. The formula x = 2Ny =2Nz <w
is (>)-solved.

Property 3.2.4.6 Every conjunction of flat formulas is equivalent in T,.q, either to false, or
to a (>)-solved wnfv conjunction of flat formulas.

Proof. Let us introduce the set of the following rewriting rules:

(1) z=z = true,
2) y==z = z=y,
3) z=yAhx=2z2 = x=yAz=y,
4) z=yNz==x = x=yAz=1y,
(5) z=yANx<z = x=yAy<z,
6) z=yANz<zx = r=yAz<y,
(7)  false N« = false,
(8) wy<zIN.oANTp_1<zpATn<x9 = false,
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3.2.  Zero-infinite-decomposable theory

The rules (2)...(6) are applied only if > y. This condition prevents infinite loops. In the rule
(8), n is a possibly nul natural numbers!!. It is clear that every repeated application of the
preceding rewriting rules on a conjunction of flat formulas is terminating, and produces either

false or a wnfv (>)-solved conjunction of flat equations equivalent in T,4.

Property 3.2.4.7 Let a be a (>=)-solved conjunction of equations and T the vector the left hand
sides of the equations of . Let [ be a (>=)-solved conjunction of relations. We have

1. Torg ': 1z a.
2. Top = 32 8.

3. for all x € var(a) we have Ty = I72 0.

The first point holds since all the left hand sides of the equations of « are distinct and have
one and only one occurrence in «. Thus, for each model of T,,; and for each instantiation of
the variables which occur in the right hand sides of the equations of «, there exists one and
only value for the left hand sides of the equations of . The second point is a consequence of
Property 3.2.4.3 and holds since the domains of all the models of T,,q are infinite'?. The third
point holds since in a (>)-solved conjunction of equations there exists no formulas of the form
x = x (because = % x). Thus, using the properties of the equality, for every model of T,,q and
for every instantiation of the variables of var(a) — {z}, either there exists a unique solution for
x, or there exists a contradiction in this instantiation and thus there exists no possible values for
x.

Property 3.2.4.8 The theory T,.q is zero-infinite-decomposable.

Proof. Let us show that T, satisfies the conditions of Definition 3.2.1.1. The sets A, A’, A”
and W(u) are chosen as follows:

o A is the set PL.

o A’is the set of formulas of the form Je o’ where o is either the formula false, or a (>)-solved
conjunction of flat equations,

e A" is the set of the (>)-solved conjunctions of relations,

o U(u) = {false}.

It is clear that, F'L is closed for the conjunction, A’ contains formulas of the form 3%’ o/ with
o/ € FL and A” is a sub-set of FL.

Let us show that T, satisfies the first condition of Definition 3.2.1.1. Let € FL and v
any formula. Let Z be a vector of variables. Let us choose the order > such that the variables
of Z are greater than the free variables of 4% a. According to Property 3.2.4.6 two cases arise:

Either, the formula « is equivalent to false in T,,4 and thus the formula 3Za A is equivalent
in Ty.q to a decomposed formula of the form

Je false A (Fe true A (e true A ).

g = 0, then the rule will be of the form x¢ < xo < false.
12Since each model has at least one individual, then using the axioms 1,5 and 6 we create an infinity of distinct
individuals in every model of T4.
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Chapter 3. Zero-infinite-decomposable theory

Or, the formula « is equivalent in T, to a (>)-solved conjunction /3 of flat equations and
relations. Let X, be the set of the variables of Z which occur in a left hand side of equations of
8. Let X, be the set of the variables of & which do not occur in left hand sides of equations of
B. The formula 3Za A ¢ is equivalent in T,,4 to a decomposed formula of the form

37’ o' A (32" " A (3T " A Y)), (3.14)

with Z' = . The formula o’ contains the conjunction of the equations of 3 whose left hand
sides do not belong to X, i.e. whose left hand sides are free in 3z3. The vector z” contains
the variables of X,,. The formula o” contains the conjunction of the relations of 3. The vector
z"" contains the variables of X,;. The formula o is the conjunction of the equations of
whose left hand sides belong to X,. According to our construction, it is clear that 37'a/ € A’,
o € A” and o/ € A. Moreover, according to the first point of Property 3.2.4.7, we have
Tora = VZ'a” — 37", Let us show now that (3.14) and 3Ta A 1) are equivalent in T,,4.
Let X, X', X" and X" be the sets of the variables of the vectors!® of z, #’, z” and z”. If «
is equivalent to false in T,,; then the equivalence of the decomposition is evident. Else, § is a
(>)-solved conjunction of equations and relations. Thus, according to our construction we have:
X=X UX"UX" X'nX"=0,X'nX" =0, X"NnX" =0, X' =0, for all 2/ € X" we
have 2/ ¢ var(a/) and for all " € X" we have 2/’ & var(a/ A ). These properties come
from the definition of a (>)-solved conjunction of flat formulas and the order > which has been
chosen such that the quantified variables of 3% v are greater than the free variables of 3% . On
the other hand, each equation and each relation of 3 occurs in o/ A @’ A @ and each equation
and each relation of &/ A o A @ occurs in  and thus Toy = B« (&/ Ad” A a’). We have
shown that the quantifications are coherent and the equivalence Ty,q = 3 < o/ Aa” Ao holds.
According to Property 3.2.4.6, we have Ty = o <> (8 and thus the decomposition preserves the
equivalence in Ty.

Example 3.2.4.9 Let us decompose the formula
drxyzv=wAz=zAz=xAv=yAv <z

Let us choose first an order > such that x = y = z = v > w. Let us now transform the formula
v=wAz=zAz=xAv=yAv < zinto a (>)-solved conjunction of flat formulas. The
preceding formula is equivalent in Topq to

Jryzv=wAzr=zAy=wAw < z.
This formula is equivalent in T,pq to a decomposed formula of the form
Jev=wA(Fzw<zA (Tzyzr=2zAy=w)).

The theory T,,4 satisfies the second condition of Definition 3.2.1.1 according to the third
point of Property 3.2.4.7 and using the fact that ' = e. The theory T,,, satisfies the first point
of the third condition of Definition 3.2.1.1 according to Property 3.2.4.2 which enables us to show
that every formula of the form —p with ¢ a (>)-solved conjunction of relations is equivalent in
Torg to a disjunction of relations and equations, thus to a disjunction of elements of F L. The
theory T,.q satisfies the second point of the third condition of Definition 3.2.1.1 according to
Property 3.2.4.1. The theory T,,4 satisfies the third point of the third condition of Definition
3.2.1.1 according to the second point of Property 3.2.4.7. The theory T,,q satisfies the fourth

1BOf course, if T = ¢ then X = ()
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condition of Definition 3.2.1.1 since A = FL. The theory T,,4 satisfies the last condition of
Definition 3.2.1.1 because (1) A’ is of the form Je o’ where o is either the formula false, or a
(>)-solved conjunction of flat equations, (2) A” contains (>)-solved conjunctions of relations.
Thus, if 3 o/ A o’ has no free variables then o € {true, false} and o’ € {true}.

We have shown that T,,4 satisfies all the conditions of Definition 3.2.1.1. Thus, it is zero-
infinite-decomposable. O

Note that T,,4 accepts a full elimination of quantifiers. In fact, Corollary 3.2.3.2 confirms
this result since for each formula 37'a’ A o with 37'a’ € A’ and o € A” we have ¥’ = ¢ and
o/ Na" € FL.

3.3 A decision procedure in zero-infinite-decomposable theories

Let T be a zero-infinite-decomposable theory together with its set of function symbols F' and its
set of relation symbols R. The sets ¥(u), A, A" and A” are now known and fixed.

3.3.1 Normalized Formula

Definition 3.3.1.1 a normalized formula ¢ of depth d > 1 is a formula of the form
~Gzan \ ). (3.15)
iel
with I finite possibly empty set, a € FL, all the @; are normalized formulas of depth d; with

d =14 max{0,dy,...,d,} and all the quantified variables of ¢ have distinct names and different
form those of the free variables.

Note that the normalized formulas defined in Chapter 2 of infinite-decomposable theories are the
same than those defined here. Thus, we can use the following property'*

Property 3.3.1.2 cvery formula ¢ is equivalent in the empty theory' to a wnfv normalized
formula of depth d > 1.

3.3.2 Working formula

Definition 3.3.2.1 a working formula @ of depth d > 1 is a formula of the form
—(Fza A /\ ©i), (3.16)
i€l
with I a finite possibly empty set, a € A, all the p; are working formulas of depth d; with

d =1+ max{0,dy,...,d,} and all the quantified variables of ¢ have distinct names and different
from those of the free variables.

Property 3.3.2.2 FEvery formula is equivalent in T to a wnfv conjunction of working formulas.

Proof. Let ¢ be a formula. According to Property 3.3.1.2, ¢ is equivalent in T to a wnfv
normalized formula ¢. Let us show by recurrence on the depth of ¢ that ¢ is equivalent in T" to
a working formula. If ¢ is of depth 1, then it is of the form

~(3za), (3.17)

1 Already proved in Property 2.3.1.3 of chapter 2.
5Thus in every theory.
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with o € FIL. According to the point 4 of Definition 3.2.1.1, each conjunction of flat formulas is
equivalent in 7' to a disjunction of elements of A. Thus, there exists a wnfv disjunction V¢ ; o
with a; € A for all j € J such that T' = a <> V¢ ; ;. Thus, the formula (3.17) is equivalent in
T to

=3z (\/ o)),

Jje€J

which is equivalent in T to

-\ (Gzay),

jeJ

ie. to

A Gz aj),

JjeJ
which by renaming the quantified variables by distinct names and different from those of the free
variables gives a conjunction of working formulas. Suppose now that every normalized formula
of depth n is equivalent in T" to a conjunction of working formulas, and let us show that every
normalized formula of depth n + 1 is equivalent in T to a conjunction of working formulas. Let
¢ be a normalized formula of depth n + 1. The formula ¢ is of the form

“Gzan \ ¢, (3.18)
i€l

where all the ¢; are normalized formulas of depth less or equal to n. According to the recurrence
hypothesis, each one of these normalized formulas ¢; is equivalent in T to a conjunction of
working formulas. Thus, the formula (3.18) is equivalent in 7" to a formula of the form

~Gzan N\ i), (3.19)
el

where all the ¢; are working formulas and o« € A. According to the point 4 of Definition 3.2.1.1,
every conjunction of flat formulas is equivalent in T to a disjunction of elements of A. Thus, there
exists a wnfv disjunction V¢ ;a; with a; € A for all j € J and such that T Ea o Vies ;.
Then, the formula (3.19) is equivalent in 7" to

=3z (\/ aj) A N\ @), (3.20)

jeJ el

which is equivalent in T to

~(37 \ (o5 A\ @1),

jed icl
ie. to
- \/ (Fzaj A /\ ©i),
jed iel
and thus to

A\ —~Gza; A N ei),

JjeJ iel
which by renaming the quantified variables by distinct names and different from those of the free
variables gives a conjunction of working formulas. O
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Definition 3.3.2.3 A solved formula is a formula of the form
-3z o' A A N\ (3 BY)),
i€l
with I a finite possibly empty set, 3'a’ € A, o' € A", Jylp; € A’ for alli € I, &/ and & are

different from the formula false and all the 3. are different from the formulas true and false.

Property 3.3.2.4 Let ¢ be a conjunction of solved formulas without free variables. The con-
junction @ is either the formula true, or the formula N\ —true.

Proof. Let ¢ be a conjunction of solved formulas without free variables. According to Definition
3.3.2.3, ¢ is of the form

true A /\ =3zl A all A /\ ﬁ(ﬂgjl’-jﬁgj)) (3.21)
iel JE€J;
with

1. I a finite possibly empty set,

[\)

. (37al) € A and o € A" for all i € I,

3. (3y;;8;) € Al for all i € I and all j € J;,

4. o/ and o are different from false for all i € I,

5. 1{j is different from true and false for all ¢ € I and all 5 € J;.
Since these solved formulas have no free variables and since 7' is zero-infinite-decomposable then
according to the fifth point of Definition 3.2.1.1 and the conditions 2 and 3 of (3.21) we have

e (*) for every formula 3%/a) A o we have &’ = ¢, o € {true, false} and o € {true, false},
e (**) for every formula 3g;;3;; we have g;; = ¢ and 3}, € {true, false}.

According to the condition 4 of (3.21), all the o/ and o are different from false, thus according
to (*) we get

e (***) The formulas 37,a) A of are of the form Jetrue A true.

On the other hand, according to (**) and the condition 5 of (3.21), we deduce that the sets J;
of (3.21) are empty. Thus, according to (***) we deduce that ¢ is of the form

true A (/\ —(Jetrue A true))
icl

If I = then ¢ is the formula true, else, since we do not distinguish two formulas which can be
made equal using the following transformations of sub-formulas

pAY =D No, (PAP)ANG= oA (PAJ),
YA true = @, @V false = ¢,

then ¢ is the formula

/\ —true.

O
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Property 3.3.2.5 Every solved formula is equivalent in T to wnfv boolean combination of for-
mulas of the form 37" o' A o with 37" o' € A" and o' € A”.

Proof. Let ¢ be a solved formula. According to Definition 3.3.2.3, the formula ¢ is of the form

(3 o’ Ao A\ ~(3 5),
i€l

with 37'a/ € A', o € A" and Jy[B, € A’ for all i € I. Since 37’/ € A’ then according to
Definition 3.2.1.1, T |= 377’/ and thus T |= 3?7’/ A o’. Then, according to Corollary 3.1.0.7,
© is equivalent in 7" to

(37 o/ A"y A N\ (BT o A A (3G B)).
el

According to the definition of working formula, all the quantified variables of ¢ have distinct
names and different from those of the free variables, thus the preceding formula is equivalent in
T to

(@2 o A"y A N\ By A" A BY)).

icl

Since 37’ € A', o € A" and Jy,5, € A’ for all i € I, then o/ € A, o’ € A and ] € A. Since A
is closed for the conjunction, then o/ Ao A 3] € A for all i € I. According to Property 3.2.2.1,
the preceding formula is equivalent in 7" to a wnfv formula of the form

(3 o' A"y N N\ =35 BEABY)),
el

with 37'a/ € A', o’ € A” and for all i € I we have 3y, 3, € A’ and 8! € A”. The preceding
formula is finally equivalent in 7" to

(~(32" o’ Na")) v\ (37 B A BY).
iel

which is a boolean combination wnfv of elements of the form 3%’ o’ A o” with 37’/ € A’ and
/! "
o'eA”. O

3.3.3 The rewriting rules
We present now the rewriting rules which transform a conjunction ¢ of working formulas of any

depth d into a wnfv conjunction ¢ of solved formulas which is equivalent to ¢ in T". To apply the
rule py = po to the working formula p means to replace in p, a sub-formula p; by the formula
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3.8. A decision procedure in zero-infinite-decomposable theories

p2, by considering that the connector A is associative and commutative.

[ 3T a A A
(1) - - true
| —(3y true)
2) - [ 3% a A false A @ ] — true
[ 3z an 1 [ 377" o/ NN
(3) - T :> B =1 = " *
L Nier —(3w: Bi) | L Nier =(32"y; " N B;)
@ [ Franen ] . —(3TaApA=(3F 8)A
L -3y B AE") Nier (327 a A B A BY A @)
[ 3z an | [ 37 Aol
(5) - o — = o
L /\ieI ﬁ(E!yi 61) i L /\ie[’ _‘(El?/i ﬂ@)
[ dZa A pA i B o ,
© ~| [3FnN — ~Brane NGy HAB)A
- [ A @z ) ] | Nier 3z Zia NG NGNS N p)*
L iel \F%; 95

with a an element of A, ¢ a conjunction of working formulas and I a finite possibly empty
set. In the rule (3), the formula 3% a is equivalent in T to a decomposed formula of the form
3o/ A (3" A (3T ")) with 37/ € A, o € A", & € A, T = V&'a" — 7"
and 37" o' is different from Je true. All the 3; belong to A. The formula (3z"y; o/ A 5;)*
is the formula (3z"y; /" A ;) in which we have renamed the variables which occur in z"”
by distinct names and different from those of the free variables. In the rule (4), the formula
3% v is equivalent in T' to a decomposed formula of the form 3z’ o/ A (32" & A (3¢ true)) with
37’/ € A’ and o’ € A”. The formula 33’ 3 belongs to A’. The formula 5" belongs to A” and
is different from the formula true. Moreover, T' |= (=3") < V;c; B with 8/ € A. The formula
(Fzg aNB' AB! ANp)* is the formula (327 aA B A B Ap) in which we have renamed the variables
which occur in Z and ' by distinct names and different from those of the free variables. In the
rule (5), the formula 3% « is not of the form 3% a; A ag with 3Tz 3 € A’ and ay € A", and is
equivalent in T to a decomposed formula of the form 37" o/ A (37" o' A (e true)) with 3z’ o/ € A’
and o’ € A”. Each formula 3y} 3! belongs to A’. The set I’ is the set of the ¢ € I such that 3y}3,
has no occurrences of any variable of Z”. Moreover, T |= (3z2"a”) < ! with o/ € A”. In the
rule (6), I #0, 3y’ 3 € A’, 32/ 6, € A" and B"” € A”. The formula (Izy'z;a A ' A" NS A @)*
is the formula (3zy'z; a A 3 A B” A d] A ) in which we have renamed the variables which occur
in # and ¢ by distinct names and different from those of the free variables.

Property 3.3.3.1 FEvery repeated application of our rewriting rules on a conjunction ¢ of work-
ing formulas terminates and produces a wnfv conjunction ¢ of solved formulas equivalent to ¢ in

T.

Proof, first part : Let us show that for each rule of the form p = p’ we have T' = p < p’
and the formula p’ remains a conjunction of working formulas. It is clear that the rules 1 and 2
are correct in 7.
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Chapter 3. Zero-infinite-decomposable theory

Correctness of the rule (3):

[ A7 aA ] l ATz o/ NN

Nier ~(30i i) Nier ~(32"g; o™ A B;)*

where the formula 3 « is equivalent in 7" to a decomposed formula of the form 37" o/ A (32" & A

(32" ")) with 37/ o/ € A/, o € A", & € A, T = Vz"o" — 3"/ and 37" o different from

Je true. The formula (Ha:’”y a” A 51) is the formula (3z"'y; & A ;) in which we have renamed

the variables which occur in " by distinct names and different from those of the free variables.
Let us show the correctness of this rule. According to the conditions of this rule, the formula

AT« is equ1va1ent in T to a decomposed formula of the form 37" o/ A (32" " A (Elx’” o)) with

7o/ e A" € A, " € A, T V2o — 37" and 37" /" different from Je true. Thus
the left hand side of this rule is equivalent in T" to

-(37 ' A (32" A 3" A /\ (3g: 5i)))
iel

According to Corollary 3.1.0.8, the preceding formula is equivalent in 7" to

(EISC O[ A El.’L’// // /\ I// /// Elyzﬁz))))
i€l

According to the definition of working formula, the quantified variables have distinct names and
different from those of the free variables. We can then lift the quantifications 3y;. The preceding
formula is thus equivalent in T to

(E'.’E Oé A Ell‘" // /\ ngam/\ﬂi))),
el

which, by renaming the variables which occur in " by distinct names and different from those
of the free variables, is equivalent in T to

(E'i(] Oé /\ /l l/ /\ Ell'myi Oém/\ﬁi)*)),
el

thus, the rule (3) is correct in 7.

Correctness of the rule (4):

AT a A A “(FzaApA-3Y F))A

—(3y' B A B") Nier =327 a A BN B A )*
where the formula 37 « is equivalent in 7" to a decomposed formula of the form 3z’ o/ A (32" o A
(Fe true)) with 37’/ € A" and o’ € A”. The formula 37’ 3 belongs to A’. The formula 3"
belongs to A” and is not of the form true. Moreover, T' = (=3") < V;c; B/ with 8] € A. The
formula (377" a A B AB) Ap)* is the formula (327" a A B A B! Ap) in which we have renamed the
variables which occur in Z and 3’ by distinct names and different from those of the free variables.

Since 3y’ #" € A’, then according to the second point of Definition 3.2.1.1, we have T' = 3?7/,
thus according to Corollary 3.1.0.6, the left hand side of our rule is equivalent in T" to

(3za Ao A-(37 B))V
(Fzg' ane N B N-G")

—
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3.8. A decision procedure in zero-infinite-decomposable theories

Since T |= (—=f") < (Vier B)) (always possible according to the condition 3 of Definition 3.2.1.1),
then the preceding formula is equivalent in 7" to

[(FBzaNp A3 F))V
Gzg anpAB A Ve B8]
1.e. to i
(Fzane A=Y B))V
|(327 Vier(a Ao A B ABY))]
i.e. to
FzxaneA=37 5))Vv
Vier(3zg a A A B A )|
and thus to

)

TGxaAwAﬂGyﬁﬁA
Nier =327 a NG A BY A )]
which, by denoting by (327" aA ' A B Ap)* the formula (3zy a A B A B! A ) in which we have
renamed the variables which occur in Z and ' by distinct names and different from those of the
free variables, is equivalent in T" to

rﬁjaAwAﬂﬁyﬂﬂA
Nier (327 a A BN B A p)*

Thus, the rule (4) is correct in T'.

Correctness of the rule (5):

[ Iz an ] [ 3z’ o N« ]
- —
Nier _‘(Egg /3;) Nier _‘(3371/' ﬁé)
where the formula 3% « is not of the form 3% oy Aas with 37 1 € A’ and ap € A” and is equivalent
in T to a decomposed formula of the form 3z’ o/ A (32" o A (e true)) with 37’ o/ € A’ o € A”.
Each formula 37} 8 belongs to A’. I’ is the set of the i € I such that 3y/5; has no occurrences
of the variables of Z”. Moreover, T = (37"a) < o/ with o/ € A”.

Let us show the correctness of this rule. According to the conditions of this rule, its left hand
side is equivalent in T to

=3z o/ A (3" A /\ (37. BY)
i€l

with 37’ o/ € A’, o € A” and all the 37, 8 belong to A’. Let us denote by I, the set of the
i € I such that 2!/ has no occurrences in 3y;3.. The preceding formula is equivalent in T to

1 1 " " (/\z 1 _‘(E@;ﬂ;))/\
-3z’ A (Fxy... 32, l(ﬂlea” Moy ﬁ(ﬂggﬁ{))] ))-

Since o/ € A" and 3y.5] € A, then according to Property 3.1.0.4 and the conditions 2 and 3 of
Definition 3.2.1.1, the formula (3.22) is equivalent in T to

- i - El_’E/B’; N
-(37a’ A (32 .. 32!, [Eél\x’e’lclx”)( 7))

n

(3.22)

))-
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Chapter 3. Zero-infinite-decomposable theory

Since T' | (Fzlh ") « ol with o)) € A” (always possible according to the condition 3 of
Definition 3.2.1.1), then the preceding formula is equivalent in 7" to

=3z’ A (3. 3z ((\ ~GFis) Aan))), (3.23)
i€l
thus to
=37’ A (3] 32 all A /\ =(37.8))))- (3.24)
el

By repeating the four last steps (n — 1) times and by denoting by I the set of the ¢ € I such

that z”

(n—k+1) has no occurrences in 3y, 3!, the preceding formula is equivalent in 7" to

(37 A A Nier, ~(3T80).

Thus, the rule (5) is correct in 7T'.

Correctness of the rule (6):

e T = 3/ 1
37’5’/\,@” ﬂ(ﬂxa/\@/\ﬁ(ﬂy B AB ))/\
- y
ﬁ [ Nier ~(3297) ] Nier ~(Fzg' Zia A B A BT NG A )
iel Zi i

where I # 0, 3y’ ' € A', p” € A” and 3z] 6] € A'. The formula (3zy'Z;a A3 A" NS A @)* is
the formula (3z7'z; o A 3 A B” N 6. A @) in which we have renamed the variables which occur in
7 and ¥ by distinct names and different from those of the free variables.

Let us show the correctness of this rule. Since 35’3’ € A’, then according to the second point
of Definition 3.2.1.1, we have T' = 37%', thus T = 375’3’ A ”. Thus, according to Corollary
3.1.0.7, the left hand side of this rule is equivalent in T to

dxa A pA
-l EraAB) AN ~GE B A8 A B | |

i.e. to

Jxa N pA
ﬁ[ﬂ[ﬁiﬁAﬂﬁAmaﬁﬁiﬁﬁAﬁA&)}r

A7 a A A
ﬁ{[ﬁﬁ@ﬂAmnvw@Gi%HAﬁA&H]'

After having distributed the A on the V and lifted the quantifications 35'z] we get

thus to

FzxaneAN=37 ' A"V
VierGzg'ziaNo NG N B" A 6;)

—

which is equivalent in T to

~(FTane A3y B A BN
Nicr ~3zG'Zia N NG N B N6
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3.8. A decision procedure in zero-infinite-decomposable theories

which, by denoting by (3z7'za Ao A ' A" A8, the formula (3ZF'Z,a A A A B A6L) in
wich we have renamed the variables which occur in Z and 3’ by distinct names and different from
those of the free variables, is equivalent in T to

~FzaNpA=3Y B AB)A
Nicr ~Cz7'Ziane NG A B NOL)*

Thus, the rule (6) is correct in 7T'.
Proof, second part: every finite application of the rules on a conjunction of working formulas
produces a conjunction of solved formulas.

Let us show first that every substitution of a sub-working formula of a conjunction of working
formulas by a conjunction of working formulas produces a conjunction of working formulas. Let
Nicr @i be a conjunction of working formulas. Let ¢, with k& € I, be an element of this
conjunction of depth di. Two cases arise:

1. Either we replace @) by a conjunction of working formulas. Thus, let A;c; ¢; be a con-
junction of working formulas which is equivalent to ¢ in T. The conjunction of working
formulas A;c; ¢; is equivalent in T to

C A ednCN o))

ieI—{k} J€Jk
which is clearly a conjunction of working formulas.

2. Or, we replace a strict sub-working formula of ¢; by a conjunction of working formulas.
Thus, let ¢ be a sub-working formula of ¢y, of depth dy < dj, (thus ¢ is different from ¢y,).
Thus, ¢, has a sub-working formula!® of the form

=(3za A (/\ ¥) A @),

leL

where L is a finite (possibly empty) set and all the 1, are working formulas. Let Njes i
be a conjunction of working formulas which is equivalent to ¢ in T". Thus, the preceding
sub-working formula of ¢y, is equivalent in T to

=Eza A (N ) AN 65)s

leL jeJ

which is clearly a sub-working formula. Thus, ¢ is equivalent to a working formula and
thus A;c; @i is equivalent to a conjunction of working formulas.

From 1 and 2 we deduce that (i) every substitution of a sub-working formula of a conjunction
of working formulas by a conjunction of working formulas produces a conjunction of working
formulas.

Since each rule transforms a working formula into a conjunction of working formulas, then
according to (i) every finite application of the rewriting rules on a conjunction of working formulas
produces a conjunction of working formulas. Let us show now that each of these final working
formulas is solved.

Let ¢ be a working formula. We have shown that every finite application of the rules on a
conjunction of working formulas produces a conjunction ¢ of working formulas. Suppose that the

16By considering that the set of the sub-formulas of any formula ¢ contains also the whole formula (.
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Chapter 3. Zero-infinite-decomposable theory

rules terminate and one at least of the working formulas of ¢ is not solved. Let 1 this working
formula. Two cases arise
Case 1: 1 is a working formula of depth greater than 2. Thus ¢ contains a sub-formula of the

form
3T o A1 A

= 9B Nier ~(328) |
where 1 is a conjunction of working formulas, I is a finite non-empty set and «, 3, and J;
belong to A. Let (373 A (3z"B" A (5" 5"))) be the decomposed formula of 75 and let
(32005 A (2] A (32"6"))) be the decomposed formula of 3z;9;. If 355" is different from the
formula Jetrue then the rule (3) can be applied anymore which contradicts our suppositions.
Thus, suppose that

- )

35" 3" = 3etrue. (3.25)

If there exists k € I such that 320} is not the formula Jetrue, then the rule (3) can still be
applied which contradicts our suppositions. Thus, suppose that

326" = Jetrue, (3.26)

for all ¢ € I. If there exists k € I such that 3z is not of the form 3z, 5, A B with 3z, 8, € A’
and [, € A”, then since we have (3.26), the rule (5) can still be applied which contradicts our
supposition. Suppose that

each 3%;0; isof the form 3z;6. A 0! with3z.0; € A'and ! € A”. (3.27)

If there exists ¢ € I such that 0/ is not the formula true, then since we have (3.25), the rule (4)
can still be applied which contradicts our suppositions. Suppose that all the 8/ are of the form
true. According to (3.27) we get

all the 3%;3; belong to A'. (3.28)

If 3505 is not of the form 37’3 A 5" with 37’3 € A’ and 3" € A”, then since we have (3.25) and
(3.28), the rule (5) can still be applied which contradicts our suppositions. Thus suppose that

5B is of the form 3y B A B" with 353 € A et 3" € A”. (3.29)

Since we have (3.29) and (3.28), the rule (6) can still be applied which contradicts all our
suppositions.
Case 2: 1 is a working formula of the form

3z a A )\ =35 6)

el
and at least one of the following properties holds
1. false is a sub-formula of «,
2. there exists i € I such that §; is the formula true or false,
3. there exists ¢ € I such that 3y;5; € A,

4. Iz« is not of the form I7'a’ A o/ with I7'a’ € A’ and o € A”.
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if the condition (1) holds then the rule (2) can still be applied which contradicts our suppositions.
If the condition (2) holds then the rules (1) and (2) can still be applied which contradicts our
suppositions. If the condition (3) holds then the rules (3) or (4) or (5) (with I = () can still
be applied which contradicts our suppositions. If the condition (4) holds then according to the
preceding point 3y;3; € A" and thus the rule (3) or (5) can still be applied which contradicts our
suppositions.

From the cases 1 and 2, our suppositions are always false, thus v is a solved formula and
thus ¢ is a conjunction of solved formulas.
Proof, third part: Let us show that every repeated application of the preceding rules termi-
nates. The termination of the rule is intuitive and can be shown using the same functions used
in the rules of infinite-decomposable theories. Nevertheless, the new rule (4) needs a function
much more complex than the function § defined in Chapter 3. We prefer then giving a semi-
formal proof using the conditions of applications of our rules. Let ¢ be a working formula. The
rule (3) treats first the two most embedded levels of ¢ using decompositions. Then, the rule (5)
eliminates the quantifications of the Z” on the last levels. Then the rule (4) removes the formulas
of A”. After many applications of the preceding steps, the rule (6) decreases the depth of ¢. All
these steps are repeated until reaching the conjunction of solved formulas. O

3.3.4 The decision procedure

Having a proposition 1, the decision of 1 in T proceeds as follows:

1. Transform the formula 1 into a normalized formula, then into a conjunction of working
formulas ¢ wnfv and equivalent to 1 in T

2. Apply the rules on ¢ as many times as possible. At the end, we get a conjunction ¢ of
solved formulas.

Since the transformation of the proposition % into a conjunction of working formulas ¢ is wnfv,
then ¢ is a conjunction of working formulas without free variables. According to Property 3.3.3.1,
the application of our rules on ¢ produces a wnfv conjunction ¢ of solved formulas and thus a
conjunction ¢ of solved formulas without free variables. According to Property 3.3.2.4, ¢ is either
the formula true, or the formula A;c; —true. Since T is decomposable, it has at least one model
and thus either T' = ¢, or T' = —¢ and thus either T' |= 1, or T' = —1. This algorithm can
be applied on formulas having free variables and produces in this case a conjunction of solved
formulas having free variables. According to Property 3.3.2.5 we have:

Corollary 3.3.4.1 IfT is zero-infinite-decomposable then every formula is equivalent inT" either
to true, or to false, or to a boolean combination of formulas of the form 37" o/ Ao with 37’ o/ €
A, o € A" and having at least one free variable.

This corollary is another proof of the completeness of the zero-infinite-decomposable theories.

3.4 Application to the construction of trees on an ordered set 7,4

3.4.1 Axiomatization

Let F' be an infinite set of function symbols each one having a non-nul arity. Let R be a set of
relation symbols containing the relation symbols < and num of respective arities 2, 1. If £; and
to are terms, then we write t; < to for < (t1,%2). The construction of trees on an ordered set,
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Chapter 3. Zero-infinite-decomposable theory

denoted by 7,4, is the first order theory built on the signature F'U R and whose axioms are the
following propositions:
L VavVy fx = fy— N,z = yi,
VavVy - fz = gy,
Vzlz A\, zi = ti(z, ),
Vrnumzx — —x < x,
VaVyVz numx Anumy Anumz — (< yAy < z) -z < z),
VaVy (numx A numy) — (z <yVz=yVy<x),
VaVy (numx A numy) — (z <y — (Fznumz Az <z Az <y)),
Vo numz — (Jynumy Az <y),
Venumzx — Jynumy Ay < x),
YT —num fZ,
VaVyz <y — (numx A numy),
12 dz num z,

© 00 O O i W N

—_ =
= O

where f and g are distinct function symbols taken from F', x, y, z variables, T a vector of variables
x;, § a vector of variables y;, Z a vector of distinct variables z; and ¢;(Z,Z) a term which begins
by an element of F' followed by variables taken from Z or Z.

The schemas of axiom 1, 2 and 3 are the three schemas of the theory of finite or infinite
trees: the first schema called explosion, the second one called of conflict of symbols and the third
one called of unique solution. The axioms 4, 5,..., 9 concern the relation <, seen as an ordered
relation strict 4,5, total 6, dense 7 and without endpoints 8,9. The axioms 10, 11 and 12 are
called typing azioms. The formulas num x and —num x are called typing constraints since they
link a type to x.

Let us present now four properties that hold in 7,.4. We will use them to show the zero-
infinite-decomposability of 7,,4. Note that the three first properties are just simple extension of
the properties 3.2.4.1, 3.2.4.2 and 3.2.4.3 yet defined in the theory T, at section 3.2.4. The
first property introduces the full elimination of quantifiers of Fourier for the ordered elements.
The second one shows the behavior of the negation with the relation <. The third one holds
since the relation < is dense and without endpoints and introduces the notion of zero-infinite
solutions in all the models of 7,.4. The fourth one shows the infinity of trees in all the models
of 7,.q according to the axioms 1 and 2 of 7,,4.

Property 3.4.1.1

(Nierz < yi A numy;) A

(Ajeszi <o A num z;) - /\ /\(Zj < i A numy; A num z;).

Tord = lEI:c num x N\
icl jeJ

Property 3.4.1.2

—num xV

—numyV

(x =y A numax A numy)V
(y < x A numz A numy)

Tord EVzy (-(x <y Anumz A numy)) <

Property 3.4.1.3 Let M be a model of Torq, let J and K be finite sets of individuals of M and
let ¢'(x) be the following M -formula

num x A (/\j<x/\numj)/\(/\ x < kA numk).
jeJ ke

The set of the individuals i of M such that M = ¢'(i) is infinite or empty.
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Property 3.4.1.4 Let M be a model of Ty-q and f a function symbol of non-nul arity. The set
of the individuals i of M, such that M |= —numi, and the set of the individuals i of M, such
that M |= 3z i = [T, are infinite.

3.4.2 The standard model of 7,,,

The theory 7,4 has as standard model the model A,,.q of the finite or infinite trees with ordered
leaves, defined as follows, starting from a set D7 disjoint from F and together with a linear
dense order relation without endpoints:

Signature of A,,.q The signature of A4 is the same than those of 7,,4.

Domain of Ay.q The domain A,,.q of A,.q4 contains finite or infinite trees built on F'U D. Each
n-ary element of F' is considered as a label of arity n and each element of D is considered as
a label of arity 0. Since all the function symbols of F' have a non-nul arity, then each tree of
the domain of this model contains leaves which belong to the set D and thus all the leaves are
ordered by the linear dense order relation in D. This is why the model is called trees with ordered
leaves.

Operations of A,.g To each symbol f € F of arity n we link the operation of construction
fAord + Agq™ — Aora, where f(ai,...,ay), is the tree whose root is labeled f and whose suns
are aj, ..., ay.

A

ord of the trees reduced to
A

Relations of A,.q4 To the relation symbol num we link the set num
a leaf. To the relation < we link the set of couples (x,y) such that x € num
and the value of z is less than the value of y.

ord g € namAord

3.4.3 Block and solved block in 7,4

Definition 3.4.3.1 We call block, every conjunction o of flat formulas such that each variable

x i «, has at least one occurrence in a sub-formula of a of the form num x or —num x. A block

a without occurrences of the symbol “ =" is called relational. A block a without occurrences of

the symbol “ <7 and where each variable has an occurrence in at least an equation of v is called
equational.

Example 3.4.3.2 The formula
r=fyANy <zAnumyA numz,
s not a block because the variable x has no typing constraint. The formula
x=fyANy <zA-numx A numyA numz,

is a block. The block

x=fyANy=xA-numzxz A numy A numz,

18 not equational because the variable z does not occur in any equation of this block. The blocks
true, false and
r<yANy<zAnumz N\ numy/\ numz,

are relational blocks.

"For example the set of the rational numbers.
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Definition 3.4.3.3 Let « be a block and T a vector of variables. A variable u is called reachable
in 3Za if u is a free variable in T, or a has a sub-formula of the form y = t(u) A ~numy with
t(u) a term containing u and y a reachable variable. In the last case, the equation y = t(u) is
called reachable in Az

According to the axioms 1 and 2 of 7.4, we have the following property

Property 3.4.3.4 Let « be a block. If all the variables of T are reachable in 3T v then T,.q =
7z

Suppose that the variables of V" are ordered by a linear dense order relation without endpoints
denoted by >.

Definition 3.4.3.5 A block « is called well-typed if it does not contain sub-formulas of the
form

e numx N\ —numz,
o = fyAnumz, with f € F,
o r=y/AnumzxA\-numy,
e r =y /N numzx A\ numy,
o r <yAN—-numx,
o y<x A numc.
Definition 3.4.3.6 A block « is called (>)-solved in Typq if
1. « is well-typed,

2. a does not contain sub-formulas of the form B A false, where 8 is a formula different from
true,

3. if x =y is a sub-formula of a, then x =y,
4. all the left hand sides of the equations of « are distinct,

5. if x <y is a sub-formula of a then x and y do not occur in o left hand side of an equation
of a,

6. « does not contain sub-formulas of the form

o< TINANTL < ToN. o NTp—1 < Tp Ny < Xg-

Example 3.4.3.7 Let x, y, z and w be variables such that x >y > z = w. The block
= fyANy < zAnumx A numyA numz,

is not (>)-solved because it contains a sub-formula of the form x = fy A numx. The blocks true,
false and
r=fyANy=zAw < zA-numzAnumyA numz A numw,

are (>)-solved.
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Property 3.4.3.8 FEvery block is equivalent in Torq to a wnfv (>)-solved block.

Proof. To show this property, we introduce the following rewriting rules which transform each
block into a wnfv (>)-solved block equivalent in 7,.4. To apply the rule p; = p2 to the block
p means to replace in p, a sub-formula p; by the formula ps, by considering the connector A
associative and commutative.

(1) y=fxAnumy = false,

(2) x<yA-numcz = false,

(3) y<zxzA-numz = false,

(4)  x=yAnumzxzA-numy = false,

(5) x=yAnumyA-numz = false,

(6)  numx A -numz = false,

(7)  false N« = false,

8) x=fyr..ym AT =gz1..2 = false,

9)  x=fypypNr=frz, = == fy1-Yn A Nic1.n i = Zi,
(10) zo< @I N ATp_1 <zp ATp <x9 = false,

(11) z== = true,

(12) y== = z=y,

(13) z=yANx=z2 = x=yAy=2z,

(14) z=yANzx=fz1..2 = x=yAy= fz1...2n,
(15) z=yAzx<z = r=yAy<z,

(16) z=yAz<zx = x=yAz<y,

where f and g are distinct elements taken from F', x, y, z are variables, T is a vector of variables
and « is any formula. The rules (12),...,(16) are applied only if x > y. Let us show that every
repeated application of these rules on a block terminates, keeps the equivalence in 7,.4 and
produces wnfv (>)-solved block equivalent in 7,.4.

Proof, first part: The application of the rules terminates. Since the variables which occur in
our formulas are ordered by the relation >, we can number them by positive integers such that
x =y < no(x) > no(y), where no(x) is the number linked to the variable z. Let us consider the
4-tuple (n1,n2,n3,ny4) where the n; are the following non-negative integer:

e 17 is the number of sub-formulas of the form = = fy;...y,, with f € F|
e 19 is the number of occurrences of atomic formulas.

e n3 is the sum of the no(x) for each occurrence of a variable =,

e ny4 is the number of formulas of the form x = y, with y >~ «.

to each rule, there exists a row ¢ such that the application of this rule decreases or does not
change the values of the n; with 1 < j < ¢, and decreases the value of n;. The row i is equal
to: 1 for the rule (1), 2 for the rules (2), ..., (7), 1 for the rules (8) and (9), 2 for the rule
(10), 3 for the rule (11), 4 for the rule (12) and 3 for the rules (13), (14), (15) and (16). To
each sequence of formulas obtained by finite application of our rules, we can link a series of
4-tuples (n1,n9,n3,ny4) which is strictly decreasing in the lexicographic order. Since These n;’s
are positive integers, they can not be negative, thus this series is finite and thus the application
of the rules terminates.

Proof, second part: The rules keep the equivalence in 7,,.4. The rule (1) keeps the equivalence
in 7,4 according to axiom 10 and the properties of the equality. The rules (2) and (3) keep the
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equivalence in 7,4 according to axiom 11. The rules (4) and (5) keep the equivalence in 754
according to the properties of the equality. The rules (6) and (7) are evident in 7,.4. The rule
(8) keeps the equivalence in 7,4 according to axiom 2. The rule (9) keeps the equivalence in 7,4
according to axiom 1. The rule (10) keeps the equivalence in 7,,4 according to axioms 4 and 5.
The rules (11),...,(16) keep the equivalence in 7,4 according to the properties of the equality.
Proof, third part: The application of the rules terminates by a (>)-solved block. Suppose
that the application of the rules on a block ¢ terminates by a formula ¢ which is not a (>)-solved
block. According to Definition 3.4.3.6, either ¢ is not a block, or ¢ is a block and one of the six
conditions of Definition 3.4.3.6 does not hold. If ¢ is not a block, then there exists a variable
x of ¢ such that num x or -num x is not a sub-formula of . Since each rule produces a wnfv
conjunction of atomic formulas starting from a conjunction of atomic formulas and since ¢ is
a block, and the only rule which removes the typing constraints is the rule 7 which can not be
applied any more according to our suppositions, then ¢ is the formula false, which contradicts
our supposition (¢ is not a block). Suppose now that ¢ is a block and at least one of the six
conditions of Definition 3.4.3.6 does not hold. According to which conditions 1, 2, 3, 4, 5, 6 does
not hold, one at least of the following rules can still be applied (1),(2),(3),(4),(5),(6) or (7) or
(11),(12) or (8),(9),(13),(14) or (15),(16) or (10), which contradicts our supposition. O
According to axiom 3 of 7,4, we have the following property

Property 3.4.3.9 Let o be an equational (>)-solved block different from the formula false. Let
T be the set of the variables which occur in a left hand side of an equation of a. Let o™ be the
conjunction of typing constraints of the variables of a which do not belong to . We have

Tora = o — AT a.

Example 3.4.3.10 Let z, y and z be variables such that © = y > z and let « be the block
x=fyANy=zA-numxAnumyA numz. We have

Tora = numz — (zyx = fy Ay =z A —numz A numy A numz).

3.4.4 1,4 is zero-infinite-decomposable
Theorem 3.4.4.1 The theory 1,.q is zero-infinite-decomposable.
Proof. Let us show that 7,4 satisfies the conditions of Definition 3.2.1.1.

Choice of the sets ¥(u), A, A and A"

Let BR be the set of the blocks. The sets U(u), A, A" and A” are chosen as follows:
e U(u) contains the set of formulas of the form Iyu = fy with f € F,
e A is the set BR,
e A’ is the set of formulas of the form 37’a/, where

— o/ is an equational (>)-solved block different from the formula false and where the
order > is such that all the variables of Z’ are greater than the free variables of 37'c/,

— all the equations of o/ and all the variables of z’ are reachable in 37’/

e A" is the set of the (>)-solved relational blocks which are different from the formula false.

It is clear that BR is closed for the conjunction, A’ contains formulas of the form 3%'a’ with
o/ € BR and A” is a sub-set of BR.

Let us show that 7,4 satisfies the five conditions of Definition 3.2.1.1.
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T,rq satisfies the first condition of Definition 3.2.1.1

Let us show that every formula of the form 37 a Ay, with & € A and ¢ any formula, is equivalent
in 7,4 to a formula, wnfv, of the form

I o/ A (3" o A (3" & Ap))), (3.30)

with 37’/ € A", o/ € A", &/ € A and T, EVZ" " — 7"

Let us choose the order > such that all the variables of Z are greater than the free variables
of 3Za. Let 8 be a (>)-solved formula equivalent to « in 7,4, ( [ exists according Property
3.4.3.8). Let X be the set of the variables of Z. Let Y. be the set of the reachable variables in
Jz5. Let mbg be the set of the variables which occur in a left hand side of an equation of 3. If
0 is equivalent to false in 7,4, then the formula 3T o A v is equivalent in 7,4 to a decomposed
formula of the form

Je false A (Fe true A (e true A )).

Else, § is a (>)-solved conjunction of flat equations and relations. The formula ITa A ¥ is
equivalent in 7,4 to a decomposed formula of the form (3.30) where:

— 7' contains the elements of X N Y,

— 7" contains the elements of (X — Y,.) — mbg.

— 7" contains the elements of (X — Y,.) N mbg.

— « is of the form o A oy, where o] is the conjunction of all the reachable equations in 3z 0,
and where o is the conjunction of all the sub-formulas of 3 of the form num x or —num x with
x having at least an occurrence in .

— o is of the form of A o/ where of is the conjunction of all the sub-formulas of § of the form
num x or —num x with x & ' and where of is the conjunction of all the sub-formulas of 3 of
the form = < y.

— " is of the form of’ A of where o is the conjunction of all the equations which are not

reachable in 373, and where o4’ is the conjunction of all the sub-formulas of 3 of the form num x
or ~num x with x having at least an occurrence in of’.

According to our construction, it is clear that 3z'a’ € A’, o/’ € A” and o/ € A. Moreover,
according to Property 3.4.3.9 we have 7.4 = Vz"a” — 317"a/". Let us show now that (3.30) and
JZa A9 are equivalents in 7,,4. Let X/, X" and X" be the sets of the variables of the vectors'®
of ', z” and Z”’. If 3 is the formula false then the equivalence of the decomposition is evident.
Else, (3 is a (>)-solved block which does not contain the sub-formula false. Thus, according to
our construction we have: X = X’ UX"UX" X'NX" =0, X'NnX" =0, X"NnX" =0, for all
z € X" we have 2] ¢ var(c/) and for all 27" € X" we have z!” & var(a’ Aa’). These properties
come from the definition of (>)-solved block and the order > which has been chosen such that
the quantified variables of 4% « are greater than the free variables of 3Z . On the other hand,
each equation and each relation of 8 occurs in o’ A @’ A @’ and each equation and each relation
of &/ Na” N a” occurs in 8 and thus Tog = 5 < (&' Ad” Aa”). We have shown that the
quantifications are coherent and the equivalence 7.4 = 8 < o/ A &” A o’ holds. According to
Property 3.4.3.8, we have 7.4 = o < (3 and thus the decomposition keeps the equivalence in

7:)7‘(1'

Tora satisfies the second condition of Definition 3.2.1.1

Let us show that if 37'a/ € A’ then 7,4 = 377'a’. Since 37’/ € A’ and according to the
choice of the set A’, all the variables of Z’ are reachable in 37’a’. Using Property 3.4.3.4 we get

BOf course, if T = ¢ then X =0
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Tord ': Iz

Let us show now that if y is a free variable in 3%'a’ then 7,4 E 37yT’ o/, or there exists
P(u) € ¥(u) with 7,9 E Yy (37" o) — 9(y). Let y be a free variable of 37'a’. Three cases arise:

Either, y occurs in a sub-formula of o of the form y = ¢(Z’, Z’,y), where Z’ is the set of the
free variables of 37/, from which we have removed the variable y, and where ¢(Z',Z’,y) is a
term which begins by an element of F' followed by variables taken from Z’ or z’ or {y}. In this
case, the formula 37’/ implies in 7.4 the formula 37"y = ¢(7', Z’, y), which implies in 7,4 the
formula 37'z'wy = (&', Z/,w), where y = (', z',w) is the formula y = ¢(7',z’,y) in which we
have replaced every free occurrence of y in the term ¢(Z’, z’,y) by the variable w. According to
the choice of the set W(u), the formula 37'z'wu = (&', 2 ,w) belongs to ¥ (u).

Or, y occurs in a sub-formula of o/, of the form y = z. According to the choice of the set
A’, the order > is such that the variables of #’ are greater than the free variables of 37’a’. On
the other hand, according to Definition 3.4.3.6 of the (>)-solved formulas, we have y > z. Thus,
z is a free variable in 37’a’. Since y does not occur in another left hand side of an equation of
o/ (because o is (>)-solved), and since all the variables of Z are reachable in 37’«/, then all the
variables of Z’ remain reachable in 37’y o’ and for each value of z there exists at most a value
for y. According to Property 3.4.3.4 we have 7,4 = 377’y .

Or, y occurs only in right hand sides of the equations of a’. According to the choice of the
set A, all the variables of Z’ and all the equations of o’ are reachable in 3z’’. Since y does not
occur in left hand sides of equations of o/, then the variable y as well as the variables of Z’ are
reachable in 37’y /. Using Property 3.4.3.4 we have 7.4 = 377y o/.

In all the cases, 7,4 satisfies the second condition of Definition 3.2.1.1.

Tora satisfies the third condition of Definition 3.2.1.1
Let us show that 7,4 satisfies the three points of the third condition of Definition 3.2.1.1.

7,rq satisfies the first point of the third condition of Definition 3.2.1.1

Let us show first that if o/’ € A” then the formula —a” is equivalent in 7,4 to a disjunction of
elements of A, i.e. to a disjunction of blocks. Let o’ be a formula of A”. According to the choice
of the set A”, o’ is of the form

(Aeer, num z¢) A (Nper "num vg)A
Nier Nje, (@i < yij A num x; A num y;;)

Thus, the formula —a” is equivalent in 7,,4 to

(\/EGL -num ZZ) \4 (\/keK TnuUm ’Uk)\/
Vier VjeJ,- —(x; < Yij /\ num x; A num yij)

which according to Property 3.4.1.2 is equivalent in 7,4 to

(Vioer, ~num zp) V (Ve g numug)V
(mnum y;;)V
—numzx ,
Vier Vies, | (o
Yij < i A numz; A num y;)V
(ac, = yi; A\ num x; \ num y;;))

which is a disjunction of blocks.
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7,4 satisfies the second point of the third condition of Definition 3.2.1.1

Let us show now that if o” € A” then, for all variable z”, the formula 32" is equivalent in
Tora to an element of A”. Let o” be a formula of A”, three cases arise:

Either, 7 has no occurrences in o”. Thus, the formula 32" o” is equivalent in 7.4 to o
which belongs to A”.

Or, the formula 32" " is of the form Jz” o) A —numa” with of € A” and 2” has no
occurrences in of. Thus, it is equivalent in 7.4 to of A (32" —=num x”), which according to
Property 3.4.1.4, is equivalent in 7,4 to oY, which belongs to A”.

Or, the formula 3z” o is of the form
(Njes zi < 2" A num z;),

32" & A num 2" A l(/\ie[ " < y; N\ num yz)/\]
1

with of € A” and z” has no occurrences in off. Thus, it is equivalent in 7.4 to

(Nier 2" < yi A num y;) A\
(Ajeszi < " A\ num zj),

)7

of A (32" num 2" A [

which according to Property 3.4.1.1, is equivalent in 7,4 to
A Nier Njes(zi < yi A numy; A num z;),

which belongs to A”.

T,rq satisfies the third point of the third condition of Definition 3.2.1.1

Let us show that for each variable =, we have 7,4 = 33“&2)9; (). Let M be a model of 7,4 and
Jdz ¢'(x) an instantiation of 3T p(z) by individuals of M such that M | 3z ¢'(z). Let us show
that there exists an infinite set of individuals ¢ of M which satisfy

M = ¢'(i) A =1 (i) Ao A =t (0),

with all the ¢;(u) € ¥(u). This condition can be replaced by the following stronger condition

numt V ', . .
M (%H@ ) A A1) A+ A (i),

where 1,11 (u) belongs to ¥(u) and has been chosen distinct from 1 (u), . .., ¥, (u), because the
set I of the function symbols in infinite. Since for all k between 1 and n, we have

Tord = numx — —p(x), (axiom 10)

and
Tord = Vni1(z) — —Yp(z), (aziom?2)
then the preceding condition is simplified to

M = (numi A @' (i)) V ($nta (i) A ¢/ (7)),

and thus knowing M | 3z ¢/(z), it is enough to show that there exists an infinite set of individ-
uals ¢ of M such that

M EnumiA@'(i) or M | ni1(i) A (4). (3.31)

75



Chapter 3. Zero-infinite-decomposable theory

Two cases arise:

Either, the formula num z occurs in ¢'(z). Since ¢'(z) is an instantiation of a solved relational
block and M = 3z ¢'(x), the formula num x A ¢'(x) is equivalent in M to an M-formula of the
form

num x A (/\j<:c/\numj)/\(/\ x < kA numk).
jed ke K

according to Property 3.4.1.3 and since M = 3z num x A ¢'(x), then there exists an infinity of
individuals i of M such that M | numi A ¢'(i) and thus such that (3.31).

Or, the formula num z does not occur in ¢'(x). Since ¢'(z) is an instantiation of a solved
relational block and M = 3z ¢/ (x), the M-formula 1,1 () A¢' () is equivalent in M to ¥p11(x).
According to Property 3.4.1.4, there exists an infinity of individuals ¢ of M such that M |=
Yn+1(i), thus such that M | v,11(i) A ¢'(i) and thus such that (3.31).

In all the cases, 7,4 satisfies the third condition of Definition 3.2.1.1.

Torq satisfies the fourth condition of Definition 3.2.1.1

Let us show that every conjunction of flat formulas ¢ is equivalent in 7,4 to a disjunction of
blocks. For that, it is enough to show that every flat formula is equivalent in 7,4 to a disjunction
of blocks. Let ¢ be a flat formula. If it is of the form true, false or num x then ¢ is a block. Else,
the following equivalences after distribution of the A on the V give the needed combinations:

(num zo V —num xg)A\

T = =
ord ': To=T1 < X0 1 A [(num 21V —num 1171)

(num xo V —num xo)A

Tord ): To<T1 =g < T1 N
(num x1 V —num x1)

ro = fr1...TuA\
Tord = o= fr1...00, & .
ord [= 0= [0 l/\ieo._n(num x; V num ml)]

T,rq satisfies the fifth condition

Let us show that for every formula without free variables of the form 3z'a’ A o” with 3z'a’ € A’
and o/ € A” we have T = e, o/ € {true, false} and o € {true, false}. Since the formula
3z’a’ A o” does not contain free variables, then there exists neither reachable variables nor
reachable equations in 37'a’ A o”. Thus, according to the choice of the set A’, the formula 37’/
is of the form Jetrue. On the other hand, according to the choice of the set A”, the formula
true is the only one which belongs to A” and has no free variables. Thus, 7,4 satisfies the fifth
condition of Definition 3.2.1.1.

We have shown that 7,.; satisfies the five conditions of Definition 3.2.1.1. Thus, 7,4 is
zero-infinite-decomposable.

3.4.5 Solving first order propositions in 7,4
Let us solve in 7,4 the following proposition ¢1:
—(FyVevIzy = fzAy= fe Av < zA-numy A num z). (3.32)

Note that the variables x and v are not typed. This formula is true in 7,,.q because the variables
x and v are universally quantified which contradicts the fact that v < z. Let us use our algorithm
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to solve this proposition. Let us transform first the formula (3.32) into a normalized formula
equivalent in 7,4 using Property 3.3.1.2. Thus, the formula (3.32) is equivalent in 7.4 to the
following normalized formula

Jy truen
= Jav trueN
—(Fzy=fzAy=frAv<zA-numyA numz)

Let us transform now this formula into a conjunction of working formulas using Property 3.3.2.2.
The preceding formula is equivalent in 7.4 to the following working formula

[ Ty truen

[ Jxv truen
“(Fznny=fx1ANy=frAv <z A-numzA-numy A num z; A —numv)
A

- —(Fzoy = fzo ANy = fe Av < 29 A—numx A —numy A num za A numuv)
A

—“(Fzsy=fzs ANy = fe Av < zz Anumx A —numy A num z3 A “numuv)
A

“(Fzay = fza Ny = fe ANv < zg Anumzx A —“numy A num z4 A numv)

(3.33)
The three blocks:

e Izyy=fxurANy=frAv <z A-numzA-numyA numz; A "numu,
e dzoy=fzoANy=frAv<zeA-numz A-numy A num zs A num v,
o Jzz3y=fzs Ny= fr Av < z3 Anumax A-numy A num zs A ~num v,

are equivalents in 7,4 to the (>)-solved block false. We can then apply the rule (5) with I = ()
three times on the formula (3.33). Thus, it is equivalent in 7,4 to

[ Ty truen

[ Jzv truen
—(32 false)
A

= — (32, false) )
A

—(3z3 false)

A

“(Fzay=fza Ny = fe ANv < zg A numx A “numy A num z4 A numv)

which after application of the rule (2) three times is equivalent in 7.4 to

Jy truen
- Jzv trueN . (3.34)
—“(Fzay = fza Ny = frx Av < z4 A numz A —~numy A num z4 A\ numv)

Let us now treat the sub-formula

Jzay=fau Ny = frAv<z4Anumz A-numy A num z4 A numuv. (3.35)
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Let us choose the order > such that z4 = = > y > v. According to Property 3.4.3.8, the block
y=fzuNy=frAv<ziAnumzA-numyA num z4 \ numv,

is equivalent in 7,4 to the (>)-solved block
y=fzaNza=xANv <z AnumzxzA-numyA num z4 \ numv.

thus, the formula (3.35) is equivalent in 7.4 to the decomposed formula

dzay = fza N zg = x A numx A “numy A num z4A\
(Jev < & A numx A num vA
(Te true))

Thus, we can apply the rule (5) on the formula (3.34) with I = (). The formula (3.34) is equivalent
in 7,4 to

Jy true
dzv trueN

- Jzay = fza N zg = x A numx A “numy A num z4A\
(v <x A numz A numov)

Note that the sub-formula (v < z A num x A numv) represents the formula o in the rule (5).
Since

o (Fzay=fz4Nzg =2 Anumz A—-numyA numz4) € A,
e (v<xAnumzAnumv) € A",

(x < v Anumaz A numuv)V
(v=a A numz A numuv)V

o Toa E (v <z Anumx A numv) < S

-numuv

then we can apply the rule (4). The preceding formula is thus equivalent in Ty.q to

Jy trueN
_ l Jxv truen 1
—(Fzay = fza A zg = x Anumax A —numy A num zy)

N

= [ drivizsy = fz5 A z5 = x1 A —numy A num zs A x1 < v1 A num 1 A num vy }
A ,

- [ Jxovazgy = fze N 26 = xo A numy A num zg A va = To A num To A num vy }

A

- [ dxsvszry = fzr A z7 = x3 A num xs A ~numy A num z7 A —num vs }

A

- [ drqvgzg, y = f28 Az = x4 A num g A “numy A num zg A\ "num x4 }

which, since the last sub-working-formula is equivalent to the (>)-solved formula false (because
we have num x4 A—num x4) and after application of the rules (5) and (2) with I = 0, is equivalent
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in 7,,4 to
[ 3y truen 1
_ [ 3av truen ]
—(Jzay = fza AN z4 = x Anumx A —numy A num zy)

Wt

. [ drivizsy = fz5 A z5 = x1 A "numy A num zs A x1 < v1 A num 1 A num vy ]
W
- drovezgy = fz6 N\ 26 = T2 A "numy A num zg A Vg = To A num To A nUm U2 ]
A
- [ Jxsvszry = fzs A 27 = x3 A num xs A ~numy A num z7 A Dnum vs }

(3.36)
Since the formula Jzv true is equivalent to the decomposed formula Je true A (3zv true A(3e true))
and (Fz4y = fz4 A zg = x Anumz A —numy A num z4) € A’ then we can apply the rule (5) with
I =-3z4y = fza AN zg =2 A numz A —numy A num z4). The formula (3.36) is thus equivalent
in 'Tm«d to

dy trueA
- Je true
W
- drivizsy = fz5 A z5 = x1 A "numy A num zs A x1 < v1 A num 1 A num vy ]
-/ /\' ?
- drovezgy = fz6 N\ 26 = T2 A "numy A num zg A Vg = To A num To A nUm U2 ]
VAN

- [ Jxsvszry = fzr A z7 = x3 A num xs A ~numy A num z7 A Dnum vs }

(3.37)
which after application of the rule (1) is equivalent to true in 7,.4. Thus, ¢; is true in 7,,.4.

3.5 Discussion and partial conclusion

We have presented in this chapter the class of the zero-infinite-decomposable theories, which is an
extension of the infinite-decomposable theories, by replacing the infinite quantifier by the zero-
infinite quantifier. We have also given a property that links the infinite-decomposable theories
with the zero-infinite-decomposable theories and have shown that the theories T,,4 and 7,4 are
zero-infinite-decomposable and thus complete.

The decision procedure defined in this chapter contains a new rule comparing with those of
the infinite-decomposable theories, which associates a particular treatment to the formulas of
the form —(37' o/ A @) with 37’/ € A" and " € A”. This decision procedure as well as those
defined in Chapter 2, is a proposition decision algorithm which for every proposition gives either
true or false. It can also be applied to formulas having at least one free variable and gives in
this case a conjunction ¢ of solved formulas easily transformable into a boolean combination of
basic formulas. Unfortunately, it does not warrant that the formula ¢ is neither true nor false if
it contains at least one free variables and is not able to present the solutions of the free variables
in a clear and explicit way.

On the other hand, by introducing the theory 7,.; we have felt the first intuitions of the
combination of any first order theory T with the theory of finite or infinite trees. It will be
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Chapter 3. Zero-infinite-decomposable theory
very interesting to define an automatic way to combine any first order theory 1" with the theory

of finite or infinite trees and show the completeness of this new hybrid theory using the zero-
infinite-decomposable theories. This will be our goal in Chapter 4 !
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We present in this chapter an automatic way to combine any first order theory T with the
theory of finite or infinite trees. One of the major difficulties in this combination resides in the
fact that the theory 1" and the theory of finite or infinite trees can have non-disjoint signatures,
i.e. there exists at least a function symbol having two completely different behaviors whether we
are in the theory of finite or infinite trees or in the theory T'. Thus, we must first find a semantic
meaning to this combination, then give a harmonious axiomatization of this melange. For that,
we define semantically this combination as an extension into trees of the elements of the models
of the theory T'. Then, the axiomatization of the extension into trees of T', denoted by T™, is
made essentially from the three axioms of Michael Maher of the theory of finite or infinite trees
[33] and from the axiomatization of the theory T by introducing typing constraints. We also
present the standard model M™* of the theory T™ using the standard model M of T'. To show the
completeness of the theory T%, we introduce a new class of theories that we call flexible and show
that if T" is a flexible theory, then its extension into trees, i.e. T, is zero-infinite-decomposable
and thus complete. The flexible theories are theories having elegant properties which enable us
to handle easily the first order formulas. We end this chapter by an application to the extension
into trees T, of the theory 7,4 of ordered additive rational numbers. We show that T, is flexible
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Chapter 4. FExtension into trees T* of a first order theory T

and thus 77, is complete. Note that the results presented in this chapter have been published in
[15], [20].

4.1 Extension into trees 7™ of T

Since we will handle theories with different signatures S and S*, then we will add to the words:
equation, relation, term, formula, model and theory the prefixes S or S* whether we are in the
signature S or S*. An S-term for example is a term built on the signature S while an S*-term
is a term built on the signature S*. More details are available in Chapter 1.

4.1.1 Axiomatization of T*

Let us recall first the three axioms of the theory of finite or infinite trees. Let S be a signature
containing only an infinite set F' of function symbols. The axiomatization of the S-theory of
finite or infinite trees consists in the set of the following S-propositions:

L Vavy fz = fy— N\ixi = yi,

2 Vavy-fr =gy,

3 vz3lz \; zi = ti(z, i’),
with f and g two distinct function symbols taken from F', x, y, z variables, Z a vector of variables
x;, § a vector of variables y;, Z a vector of distinct variables z; and ¢;(Z, Z) an S-term which begins
by an element of F' followed by variables taken from Z or Z.

Let us fix now a signature S containing a set F' of function symbols and a set R of relation
symbols, as well as a signature S* containing;:

e an infinite set F* = F U F'4 where F4 is an infinite set of function symbols, each one of
non-nul arity, and disjoint from F'.

e aset R* = RU{p} of relation symbols, containing R, as well as a relation symbol p of
arity 1.

Let T be an S-theory. The extension into trees of the S-theory T is the S*-theory T™ whose
axioms are the infinite set of the following S*-propositions, with Z a vector of variables x; and ¥
a vector of variables y;:

1. Explosion: for all f € F* :

VZVY —pfT A-pfy A fT=fi— N\vi=yi

2. Conflict of symbols: Let f and g be two distinct function symbols taken from F™:
VIVy fx =gy — pfZ A pgy
3. Unique solution

vavy (/\pzi) A (N -py;) — 32 \(=pzi A 2 = tr(2, 5, 2))
i j k

where Z is a vector of distinct variables z;, tx(Z, 7, Z) an S*-term which begins by a function

symbol fr € F* followed by variables taken from Z, g, Z, moreover, if f € F', then the S*-

term tx(Z, ¥y, Z) contains at least a variable from ¢ or z
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4.1. Extension into trees T of T

4. Relations of R: for all r € R,
VI rz — /\p:ci

1

5. Operations of F: for all f € I,
vz pfz — | px;
i

(if f is O-ary then this axiom is written pf)
6. Elements not in T for all f € F* — F|

VT —pfx

7. Existence of an element satisfying p (only if F' does not contain 0-ary function symbols):

dz px,

8. Extension into trees of the axioms of T": all axioms obtained by the following transforma-
tions of each axiom ¢ of T': While it is possible replace all sub-formula of ¢ which is of the
form 3z v, but not of the form 3z (A pz;) A¢’, by 3 (A px;) A and every sub-formula of
¢ which is of the form VZ ¢, but not of the form VZ (A px;) — ¢/, by VZ (A px;) — 9.

4.1.2 The standard model M* of T*

Let M = (M, F,R) be an S-model of an S-theory T with F a set of functions in M subscripted
by the elements of F and R a set of relations in M subscripted by the elements of R.

Let M* = (M*, F*,R*) be an S*-model with F* an infinite set of functions subscripted by
the elements of F* and containing the set F, and R* = R U {p} a set of relations subscripted
by the elements of R* and containing the set R as well as an 1-ary relation p.

The extension into trees T of the S-theory T has as standard model the extension into trees

of the S-model M, i.e. the S*-model M* = (M*, F* R*) defined as follows!? :

Domain of M* : The domain M?* is the set of the finite or infinite trees labeled by F* U M
by considering each n-ary symbol in F™* as a label of arity n and each individual of M as a label
of arity 0 and such that each sub-tree labeled by F'U M is evaluated in M and reduced to a leaf
labeled by an element of M. Since F* does not contain function symbols of arity 0 then all the
leaves of any tree a taken from M* belong to M. We understand now the semantic meaning of
an extension into trees of any theory 71" which is finally nothing else a construction of trees on
the individuals of each model M; of T" without creating new leaves that does not belong to M.

Operations of M™* : To each n-ary function symbol f in F* is associated the application
M M*™ — M* such that f(ay,..,a,) is the result of f on (ai,..,a,) in M, if f € F and
a; € M foralli € {1,...,n}, and is the tree whose root is labeled f and whose suns are (ay, .., ay)
else.

Relations of M* : To each n-ary relation symbol r of R* —{p} is associated the set 7™~ = M.

To the relation symbol p is associated the set p™" = M.

9By denoting by (fM* )fer+ and (TM* )rer= for F* respectively R*.
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Chapter 4. FExtension into trees T* of a first order theory T

4.1.3 Examples
Extension into trees of the empty theory

Let S = ) be an empty signature and T be the S-empty theory. This empty theory has as model
every non-empty set without any other restrictions. Let S* = F* U {p} be a signature such that
F* is an infinite set of function symbols, each one having a non-nul arity, and p a relation symbol
of arity 1. The extension into trees of T' is the S*-theory T™* whose set of axioms is the set of
the following propositions:

1. Explosion: for all f € F™* :

VZVy —pfT A-pfy A T = f§— N\zi=vyi

i

2. Conflict of symbols: Let f and g be two distinct function symbols taken from F™:
VIvy fr =gy — pfZ A pgy

3. Unique solution

vavy (A pxi) A (N\-py;) — 32 \(=pzi Az = ti(Z, 3, 2))
% J k

where Z is a vector of distinct variables z;, t(Z, 7, Z) an S*-term which begins by a function
symbol fr € F* followed by variables taken from Z, 7, Z,

4. Elements not in T": for all f € F*,
YT —pfx

5. Existence of an element satisfying p :

dz px.

We can simplify this axiomatization using Axiom 4. We will also replace the relation symbol p
by leaf in order to clarify the intuitions of the our axiomatization. Thus, we get the following
axiomatization:

1. Explosion: for all f € F™* :
VavVy fz = fj— \zi= v

2. Conflict of symbols: Let f and g be two distinct function symbols taken from F* :
VzVy fr = gy

3. Unique solution
vzalz \ z = te(2, 2)
k
where Z is a vector of distinct variables z;, tx(Z, zZ) an S*-term which begins by a function
symbol fi € F* followed by variables taken from Z or Z,
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4.1. Extension into trees T of T

4. Elements not in T for all f € F*,

vz —leaf fZ

5. Existence of an element satisfying leaf :

dxleaf x.

This axiomatization is the axiomatization of the theory of finite or infinite trees of M. Maher
[33], built on the set F* and increased by the relation symbol leaf of arity 1 which distinguishes
the leaves from the other trees. Nevertheless, this axiomatization forces each models of T* to
contain at least a tree reduced to a leaf. This small restriction is due to the fact that according
to the definition of model (see Chapter 1), each model M of the empty theory contains at least
one individual. Thus, the extension M™* of the model M contains at least an individual which
will be reduced to a leaf.

*

Extension into trees T,,;* of the linear dense order relation without endpoints 7T,

Let F' be an empty set of function symbols and let R be a set of relation symbols containing
only the relation symbol < of arity 2. If ¢; and ¢ are terms, then we write t; < to for < (¢1,t2).
Let T,.q the theory of the linear dense order relation without endpoints, whose signature is
S = F U R and whose axioms are the following propositions:

1 Vo—zx <z,

2 VaVyVz (z<yANy<z) —z<z,
3 VaVyrz<yVez=yVy<uz,

4 VaVyx<y— (Fzz<zAz<y),
5 Vxdyx <y,

6 Verdyy < z.

Let now F™ be an infinite set of function symbols each one of a non-nul arity and R* = {<, p}

a set of relation symbol containing the symbol < as well as the relation symbol p. Let S*
be the signature F* U R*. According to the transformations of axioms in Section 4.1.1, the
axiomatization of the extension into trees of the theory T,.q is the S*-theory T,.q* whose axioms
are the following propositions:

1 VaVy -pfz A-pfyA fz=fy— Nizi=y
VIvVy fx = gy — pfT A pgy
vzvy (A pzi) A (N; —py;) — 312 Ap(mpzi A 2z = (2, 9, 2))
VaVyx <y — (px A py),
Vz -pfz,
dz px,
Ve pr — —x < x,
VaVyVzpr ApyApz — (e <yAy<z) —x<z),
VaVy (pr Apy) = (x <yVz=yVy<uz),
VaVy (pr Apy) — (x <y — (Fzpz Az < zAz<y)),
Vepr — (Jypy Az <y),
Vexpr — (Jypy ANy < x),

© 00 J O U i W N

[N
)

—
\)

where f and ¢ are distinct function symbols taken from F*, x, y, z variables, T a vector of
variables x;, § a vector of variables y;, Z a vector of distinct variables z; and ¢;(Z,y, z) a term
which begins by an element de F* followed by variables taken from Z, 4 or Z.
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Chapter 4. FExtension into trees T* of a first order theory T

According to axiom 5, and by replacing the relation symbol p by the relation symbol num,
this axiomatization is simplified to

1 Vavy fz=fy— Nz =y

2 VIV (f7 = g7)

3 Vz3zA,z=tp(T,2)

4 VaVyzr <y — (numz Anumy),

5 Vz-num fz,

6 drnumz,

7 VYrnumzr — -z <z,

8 VaVyVznumax AnumyAnumz — (x <yAy<z)—x<z),
9 VaVy(numzx Anumy) — (x <yVz=yVy<zx),

10 VaVy (numz Anumy) — (x <y — (Fznumz Az < z Az <vy)),
11 Vznumz — (Jynumy Az <y),

12 Vznumz — Fynumy Ay < x),
where f and g are distinct function symbols taken from F*, x, y, z variables,  a vector of
variables x;, § a vector of variables y;, Z a vector of distinct variables z; and ¢;(Z, Z) a term which
begins by an element of F™* followed by variables taken from Z or Zz.
This axiomatization is the same than those of the construction of trees on an ordered set 7,4
given in Chapter 3.

4.2 Completeness of T*

Let us fix for all this section a signature .S containing a set F' of function symbols and a set R
of relation symbols, as well as a signature S* containing

e an infinite set F* = F' U F4 where F4 is an infinite set of function symbols, each one of
non-nul arity, and disjoint from F’,

e aset R* = RU{p} of relation symbols, containing R as well as a relation symbol p of arity
1.

Let us fix also an S-theory T and its extension into trees T*.
Suppose that the variables of V' are ordered by a linear dense order relation without endpoints
denoted by >.

4.2.1 Flexible theory

Definition 4.2.1.1 We call leader of an S-equation « the greatest variable x in o, according to
the order >, such that T |= lza.

Example 4.2.1.2 Let z, y and z be variables such that x > y = z. Let us consider the theory
Ra of the additive rational numbers defined in Chapter 2. The variable x is leader of the equation
2.x 4+ 3.y = 1+ 2.z because x is the greatest variable and Ra = Iz 2.2+ 3.y =1+ 2.2.

Definition 4.2.1.3 A conjunction of S-atomic formulas « is called formated in T if

e « does not contain sub-formulas of the form f1 = fo orrfi...fn ory = x, where all the f;
are 0-ary function symbols taken from F', r € R and x > v,
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4.2.  Completeness of T*

e cach S-equation of a has a distinct leader which has no occurrences in other S-equations
or S-relations of «,

e if o is the conjunction of all the S-equations of « then for all x € var(a’) we have T =
Iz o

Let us introduce now a class of theories T; whose properties will enable us to show the
zero-infinite-decomposability of their extension into trees.

Definition 4.2.1.4 The theory T is called flexible if for each conjunction a of S-equations and
for each conjunction B of S-relations:

1. a A B is equivalent in T to a formated conjunction of atomic formulas wnfuv,
2. the S-formula —f3 is equivalent in T to a disjunction wnfv of S-equations and S-relations,
3. forallzeV

o the S-formula Jx B is equivalent in T to false, or to a wnfv conjunction of S-relations,

o forallx €V, we have T |= Eliﬁém}x s.
Let us present now the main result of this chapter:
Theorem 4.2.1.5 If T is flexible then T™ is complete.

To show this theorem we will first introduce structured formulas much more complex than the
conjunctions of atomic formulas and that we call blocks. We will then show using these blocks
that if T is flexible then T™ is zero-infinite-decomposable and thus complete.

4.2.2 Blocks and solved blocks in 7™
Definition 4.2.2.1 A block is a conjunction o of S*-formulas of the form

e true, false, px, —px,

e x =y, x= fx...xy, with f € F*,

o {1 =ta ANy pri, where t1 and ty are S-terms and var(ty = t2) = {z1,..., 2},
e 1ty...1,, withr € R and the t; S-terms,

and such that o contains px or —px for all variables x € var(a). A relational block is a block
which does not contain S*-equations. An equational block is a block which does not contain
S-relations and where each variable has at least an occurrence in an S*-equation.

Example 4.2.2.2 Let us consider the S*-theory Torg*. The following S*-formula is a block
x = fxy Az = gxy N —~px A py N\ pz.

While the S*-formula
fry = gyx N px A py,

s not a block because fxy and gyx are not S-terms but S*-terms. The S*-formula
fry < gyx A px A py,
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Chapter 4. FExtension into trees T* of a first order theory T

s not a block because fxy and gyx are S*-terms and not S-terms. The block
= fry ANy =2z A—-px A py A pz,
s an equational block, while the block
z= fry ANy =z A —-px ApyA pz/ pw,
18 not equational because the variable w does not occur in any equation of this block.

Definition 4.2.2.3 Let a be a block and T be a vector of variables. A wvariable u is called

reachable in 3T« if u is a free variable in Iz, or a has a sub-formula of the form y = t(u) A—py

with t(u) an S*-term containing w and y a reachable variable. In the last case, the equation
= t(u) is called reachable in ITcv.

Example 4.2.2.4 Let us consider the S*-theory Torg™. In the formula
Jyzx = fry ANy =z A —px A py A pz,

the variables x and y as well as the equation x = fxy are reachable. The variable z as well as
the equation y = x are not reachable because the preceding formula does not contain sub-formulas
of the form —py.

From the general axiomatization of 7%, given in Section 4.1.1, and more exactly from axioms
1 and 2, we have the following property

Property 4.2.2.5 Let « be a block. If all the variables of T are reachable in 3T, then T™ =
J7za.

Definition 4.2.2.6 A block « is called well-typed if o does not contain sub-formulas of the
form:

e prA-puz,

e x =hyApzx, with he F* — F|

e x = fo A—px, with fy a constante of F,

o 19 = fri..xn ANpxo AN px;, with f € F,
e o= fx1..xy ANDxo N\ px;, With f € F™*

® To=x1 ANpxo A\ pri,

e o =x1 A pxg A pay,

e rt1..t, A —px; with r € R and z; € var(rty...t,).

Definition 4.2.2.7 Let a be a well-typed block. An S*-equation of a of the form t1 = to is
called tree-equation in « if for all x € var(ty = t2), pr is a sub-formula of «. It is called
non-tree-equation in « if there exists x € var(ty = t3) such that —px is a sub-formula of a.
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In a block well-typed a every equation is either a tree-equation or a non-tree-equation. This
property holds since in a well-typed block there exists no sub-formulas of the form —px A pz.
Note also that all the non-tree-equations of a well-typed block a are of the form x =y or z = fy
with f € F™*.

Definition 4.2.2.8 Let a be a well-typed block. Let x =t, with t a term, be an S*-tree-equation
of a. The variable x is called a-leader of the S*-equation x = t. Let t1 = to, with t1 and to
two S-terms, be an S*-non-tree-equation of a. We call a-leader of the S*-equation t, = to the
greatest variable xy, in var(ty = to) according to the order = such that T |= Iay t1 = to.

Example 4.2.2.9 Let us consider the theories Torg and Topg™. Let x,y,z be variables with
x>y > z. Let a be the block

x = fxyANz=yA-pxApyApz.

The variable x is a-leader of the S*-equation x = fxy. The variable y is a-leader of the S*-
equation z =y because Torg = Nyz =1y and y > z.

Definition 4.2.2.10 A block « is called (>)-solved in T* if

1. « is a well-typed block which does not contain sub-formulas of the form false A B with § a
formula different from the formula true,

2. each S*-equation of a has a distinct a-leader which does not occur in the S-relations of a,

3. every conjunction of S-equations and S-relations is formated in T .

Note that from the last point of this definition and according to the definition of the formated
formulas in T', we deduce that if = y is a sub-formula of the (>)-solved block « then z > y.
Note also that every S*-equation of the form x = y is also an S-equation.

Example 4.2.2.11 Let us consider the theory Topq™. Let x,y, z be variables with x > y = w = z.
The block

r= fry ANy =wAw = z-pxr A py A pzA pw,

is not (> )-solved because w is the leader of the S-equation w = z and occurs also in the S-equation
y = w. The blocks false, true, and

x=fryANy=2zAw=zA—-pxApyApzA pw,

are (> )-solved.

Property 4.2.2.12 If T is flexible then every block is equivalent in T* to a wnfv (> )-solved
block.

Proof. Let us introduce the following rewriting rules which transform a block into a wnfv
(>)-solved block in T* for every flexible theory T'. To apply the rule p; = p2 to the block
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p means to replace in p, a sub-formula p; by the formula ps, by considering the connector A
associative and commutative.

(1) pxzA-px = false

(2) x=hyApzx = false

(3) x=foAN—pzx = false

(4) xo = fr1..xn A pao ANy DT = false

(5)  xo=gx1..xn APTO N PTG = false

(6) xo=x1 ApxoA-px1 = false

(7)  xy=x1 AN—paogApxy = false

(8) rti.tpn AN-pz = false

(9)  false N = false,

(10) =z = fiy1--ym ANx = foz1..2n N-pxr = false,

(11) z==z = true

(12) x=gy1..Yn NT = gz1...2n A\ —pT = T =gY1--Yn N Nie1.n ¥ = % N Dz,
(13) z=yAzx=gz1...2n N DT = x=yYyAYy=gz..2n N\ P,
(14) z=yAxz=2zA-px = x=yAz=yA-px

(15) y=aA-pz = z=yA-pz

(16) oA Nierpri = o AN b

with h € F*—F, foaconstant of F', f € F', g € F* and f; and f> two distinct elements of F*. In
the rule (8), r € R and z € var(rt;...t,), the rules (13), (14) and (15) are applied only if x > y.
In the rule (16), « is a non-formated conjunction in 7" of S-atomic formulas, var(a) = {x1...,2n},
I ={1,...,n} is a finite possibly empty set and ' is a formated conjunction (according to the
order =) of S-atomic formulas equivalent to « in T2°. Let us show now that every repeated
application of the preceding rules on a block « terminates, keeps the equivalence in T* and
produces a wnfv (>)-solved block £.

Proof first part: every repeated application of the rules on a block terminates. Since the
variables which occur in our formulas are ordered by the linear dense order relation >, we can
number them by positive integers such that z > y < no(x) > no(y), where no(zx) is the positive
integer associated to the variable x. Let us consider the 5-tuple (nq, ne, n3, n4, ns) where the n;
are the following non-negative integers:

e 1, is the number of sub-formulas of the form x = fy;...y,, with f € F*,

e 19 is a function which gives 1 if the formula contains a non-formated conjunction in 71" of
S-atomic formulas and 0 otherwise,

e ng3 is the number of occurrences of atomic formulas,
e ny is the sum of no(z) for every occurrence of a variable x,
e 15 is the number of sub-formulas of the form y = « with = > y.

for each rule there exists a row ¢ such that the application of this rule decreases or does not
change the value of the n; with 1 < j <4, and decreases the value of n;. The row i is equal to: 3
for the rules (1)...(10), 4 for the rule (11), 1 for the rule (12), 4 for the rules (13) and (14), 5 for
the rule (15) and 2 for the rule (16). To each sequence of formulas obtained by finite application
of the rules, we can associate a series of 5-tuples (n1,n2,n3,n4,n5) which is strictly decreasing

20The formula o’ always exists since T is flexible.
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in the lexicographic order. Since these n;’s are positive integers they can not be negative and
thus this series is finite and the application of our rules terminates.

Proof, second part: The rules keep the equivalence in 7*. The rule (1) is evident in T%*. The
rule (2) comes from axiom 6 of 7. The rules (3) and (4) come from axiom 5 of 7. The rule
(5) comes from axioms 5 and 6. The rules (6) and (7) come from the properties of the equality.
The rule (8) comes from axiom 4 of 7. The rule (9) is evident. The rule (10) comes from axiom
2 of T*. The rule (11) is evident in 7*. The rule (12) comes from axiom 1 of 7. The rules
(13), (14) and (15) are evident in 7™ and come from the properties of the equality. The rule (16)
holds since T is flexible and using axioms 4,5 and 8 of 7™ which enable to move from properties
on T to properties on 7™ by introducing typing constraints.

Proof third part: every finite application of these rules on a block produces a (>)-solved
block equivalent in 7*. Let us suppose that the obtained formula is not a (>)-solved block and
no-rules can be applied. Thus, at least one of the three conditions of Definition 4.2.2.10 does not
hold. According to which condition 1 or 2 or 3 does not hold one at least of the rules (1),..., (9)
or (10),(12),(13),(14), (16) or (11),(15), (16) can be applied which contradicts our supposition.
O

Property 4.2.2.13 Let a be an equational (= )-solved block, different from the formula false.
Let o be the conjunction of the sub-formulas of « of the form py or —py with y a variable
of a which is not a-leader in the S*-equations of «. Let T be the set of the a-leaders of the
S*-equations of a. We have T* = o — za.

This property comes from axiom 3 of 7 and using the fact that the block « is (>)-solved.
Example 4.2.2.14 Let us consider the theory 7,.q. We have
T EpwApz— Faeyzr = frw ANy =z A-pxApyApzA pw).

But we have not
T E eyr = frw ANy =z A —-pzx ApyApz A pw

because if we instantiate z by a tree-value for example f1 (f a 1-ary function symbol taken from
F* —{+,—,0,1}) then y will be a tree which contradicts the fact that we have py.

4.2.3 T* is zero-infinite-decomposable
To show Theorem 4.2.1.5, it is enough to show the following theorem:
Theorem 4.2.3.1 If T is flexible then T™ is zero-infinite-decomposable.

Proof. Let T be a flexible theory. Let us show that T satisfies the fifth conditions of Definition
3.2.1.1. Let us denote by Fy the set of the constants of F. The sets ¥(u), A, A’ and A” are
chosen as follows:

Choice of the sets ¥(u), A, A" and A”

e U(u) is the set of the S*-formulas of the form I5u = fy A —pu, with f a function symbol
taken from F™* — Fj.

e A is the set of the blocks.

e A’ is the set of the S*-formulas of the form 37'c/, where
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— o/ is an equational (>)-solved block, different from the formula false, and such that
the order = is such that all the variables of Z’ are greater than the free variables of
3z’

— all the variables of Z’ and all the S*-tree-equations of o/ are reachable in 37/,

— all the variables of the S*-non-tree-equations of o/ are reachable in 37'a/
o A" is the set of the (>-)-solved relational blocks.

Note that the set A is closed for the conjunction and A” is a sub-set of A.

T* satisfies the first condition of Definition 3.2.1.1

Let us show that every formula of the form 397 o A, with o € A and ¥ any formula is equivalent
in T* to a wnfv S*-formula of the form

3 o A (32" o A (T Q" AY))), (4.1)

with 37/’ € A, o/ € A", & € A and T* = V2" o — 7"

Let us choose the order > such that all the variables of Z are greater than the free variables of
JZa. Let B be the (>)-solved block of v, ( (3 exists according to Property 4.2.2.12). Let X be the
set of the variables of the vector Z. Let Y,, be the set of the reachable variables in 9z and let
Y,rea be the set of the non reachable variables in 3Z(3. Let us rename the variables of Yeq N X
which have at least one occurrence in a non-tree-equation of 3 by variables greater than all the
other variables of 3. Note that these variables are quantified and thus we can rename them and
keep the equivalence. Let 5* be the (>)-solved block of 3. Let Lead be the set of the 3*-leaders
of the S*-equations of 3*. If fauz is a sub-formula of 5* then 7’ = " = 7" = ¢, o/ = true,
o' = false and o = true. Else
— 7' contains the variables of X N Y.cq,

— 7" contains the variables of (X — Y,.,) — Lead.

— 7" contains the variables of (X — Y,,) N Lead.

— o is of the form o) A oy where o is the conjunction of (1) all the tree-equations of 3* which
are reachable in 3z(*, (2) all the non-tree-equations of 3* whose (*-leader is not element of
Ynace N X. The formula o is the conjunction of all the sub-formulas of 3* of the form px or
—|px with = having at least an occurrence in of.

— " is of the form of A o) where of is the conjunction of all the sub-formulas of 8* of the form
pxz or -px with x € . The formula of is the conjunction of all the sub-formulas of 8* of the
form rty...t, with » € R and t; S-terms.

"N oy where of is the conjunction of (1) all the S*-tree-equations of 3*
which are not reachable in 3z3*, (2) all the S*-non-tree-equations of §* whose #*-leaders belong
t0 Yirea N X. The formula o’ is the conjunction of all the sub-formulas of 3* of the form px or
—pz with z having at least an occurrence in of’.

According to our construction, it is clear that 37’/ € A’, o” € A” and o € A. Moreover,
according to axiom 3 of T* and Property 4.2.2.13 we have 7.4 | VZ"a” — 37"a"". Let us
show now that (4.1) and 3T A ¢ are equivalents in 7*. Let X', X” and X" be the sets of the
variables of the vectors?' of z/, " and z"’. If 5* is the formula false, then the equivalence of
the decomposition is evident. Else, §* is a (>)-solved block which does not contain the sub-
formula false. Thus, according to our construction we have X = X’ U X" U X" X'Nn X" = (),

— o' is of the form o

210Of course, if Z = ¢ then X = ()
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X'NX"=0,X"NnX" =0, for all 2/ € X" we have z/ ¢ var(a’) and for all z” € X" we have
z!" & var(a/ A o). These properties come from the definition of (>-)-solved block and the order
> which has been chosen such that the quantified non-reachable variables are greater than the
quantified reachable variables which are greater than the free variables in 3z(3*. On the other
hand, each S*-equation and each S*-relation of 3* occurs in o/ A @’ A @’ and each S*-equation
and each S*-relation of o/ A @” A o occurs in 8* and thus T = 3* < (o/ Ao Aa"). We have
shown that the quantifications are coherent and the equivalence T* = 3* < o/ A o” A @ holds.
According to Property 4.2.2.12 we have T* = o < (* and thus the decomposition keeps the
equivalence in T*.

T* satisfies the second condition of Definition 3.2.1.1

Let us show that T™* satisfies the second condition of Definition 3.2.1.1, i.e. if 37'a’ € A’ then
T* = 377'd’. Since 37'a’ € A’ and according to the choice of the set A’, the variables of Z’ are
reachable in 37'a’. Thus, according to Property 4.2.2.5 we get T* | 377'/.

Let us show now that if y is a free variable in 37’/ then T* = 37yz’ o/, or there exists
Y(u) € ¥(u) such that T* = Vy (37’ /) — 1(y). Let y be a free variable of 37’a/. Since o is an
equational (>)-solved block different from false, then three cases arise:

Either, y occurs in a sub-formula of o of the form y = ¢(Z’, Z’, y) A —py, where Z’ is the set
of the free variables of 3%’/ which are different from y, t(z’, Z, y) is a term which begins by an
element of F* — Fy, followed by variables taken from Z’ or z’ or {y}. In this case, the formula
37’/ implies in T* the formula

'y = (7T, 7, y) A -py,
which implies in T% the formula
377wy = (@, 2, w) A —-py, (4.2)

where y = t(Z/, ', w) is the formula y = ¢(Z’, Z’, y) in which we have replaced every free occurrence
of y in the term ¢(Z', Z’, y) by the variable w. According to the choice of the set ¥(u) defined in
Section 4.2.3, the formula (4.2) belongs to ¥(y).

Or, y occurs in a sub-formula of o’ of the form y = z A —py. In this case, since y is o'-leader
of the equation y = z, then we have y > z (because o’ is (>)-solved), and thus, z is a free
variable in 37’/ because the order > is such that all the variables of Z’ are greater than the free
variables of 37'a’ (thus greater than y). On the other hand, since o is a (>)-solved block, y is
not o’-leader in another equation of @’ (because all the o/-leaders are distinct), thus the variable
y can not occur in another left hand sides of an S*-equation of o’ (because —py is a sub-formula
of the well-typed block o). Thus, since the variables of T are reachable in 37’/ (according to
the choice of the set A" in Section 4.2.3) then all the variables of #’ remain reachable in 37"y o/'.
Moreover, for each value of the free variable z, there exists at most a value for y. Thus, according
to Property 4.2.2.5 we have T* = 377y o'.

Or, y occurs only in sub-formulas of the form

xo =t(y) or t; =ta, (4.3)

with zg = t(y) an S*-tree-equation of o/, ¢(y) an S*-term which begins by an element of f € F*
and contains at least an occurrence of the variable y, and t; = to an S*-non-tree-equation of o’
containing at least an occurrence of y. Let us recall that according to the choice of the set A’
(section 4.2.3), T’ contains the quantified reachable variables in 37’ o’ and all the tree-equations
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of o/ are reachable in 37'a’. Two cases arise: (1) If y occurs in a tree-equation of o', then since y
does not occur in another left hand side of a tree-equation of o/, then the variables of Z'y remain
reachable in 37’y o/ and thus according to Property 4.2.2.5 we get T* = 377’y o/. (2) If y occurs
only in non-tree-equations of ', then according to the choice of the set A’ the variables of Z’
are reachable in 37’ o/. Since y does not occur in a tree-equation of o/, then the variables of z’
remain reachable in 37’y /. Moreover, since o’ is (>)-solved then its S-equations are formated
and thus T* | 37y « and thus according to Property 4.2.2.5 we get T* = 377y o/.
In a Il the cases, T™ satisfies the second condition of Definition 2.2.1.1.

T* satisfies the third condition of Definition 3.2.1.1
T™* satisfies the first point of the third condition of Definition 3.2.1.1

Let us show that if o” € A” then the formula —a” is equivalent in T* to a disjunction of elements
of A, i.e. to a disjunction of blocks. Let o be an S*-formula which belongs to A”.

According to the choice of the set A” given in Section 4.2.3, either o is the formula false
and thus -’ is the formula true which belongs to A”, or o’ is a (>-)-solved relational block of
the form

BACNA pe) ACA —py),

reX yey

with 3 a conjunction of S-relations of the form rt;...t, with r € R and var(f) C X. According
to the second point of the definition of flexible theory, we have T' &= =8 « ' where 3’ is a
disjunction of S-relations and S-equations. Thus, according to the axiomatization of 7™ (more
exactly Axioms 4,5 and 8), the S*-formula —” is equivalent in 7% to an S*-formula wnfv of the
form

(\V BeApe) V(N —px) Vv (\ py),

keK zeX yey

where each 3], is either an S-equation or an S-relation, p,, is a conjunction of S*-formulas of the
form px for every variable x € var(f},). It is obvious that this formula is a disjunction of blocks.
Thus T™* satisfies the first point of the third condition of Definition 3.2.1.1.

T* satisfies the second point of the third condition of Definition 3.2.1.1

Let us show that if o € A” then for every variable x”, the S*-formula Jz"a”

T* to an element of A”. Let o be an S*-formula of A”, three cases arise:

(1) If 2" has no occurrences in o, then the S*-formula 32" o is equivalent in T* to /" which
belongs to A”.

(2) If the S*-formula 32" o is of the form 32" of A =pz” with of € A” and z” has no
occurrences in of, then the S*-formula 32" " is equivalent in T* to of A (32" —pa”), which
according to axiom 3 of T™* is equivalent in 7™ to of, which belongs to A”.

(3) If the S*-formula 32" o/ is of the form

is equivalent in

32" o] A o,

with of a conjunction of S*-relations with z” ¢ var(af) and ¢ a relational block containing
only S*-relations of the form pz” or rt;...t, with r € R and 2" € var(rt;...t;,), then the formula
32" o is equivalent in T* to

o N A (32 ), (4.4)
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with ¢ the conjunction of the typing constraints of ¢ of the form px or —pz with z € var(af).
Thus, the formula o/ A ¢ is a relational (>)-solved block. If ¢ is reduced to the formula pz, then
according to axiom 7 of T*, the formula (4.4) is equivalent in T* to af A ¢, which belongs to
A”. Else, @ is of the form 1 A 2 A pz” where o1 is the conjunction of the typing constraints of
¢ which have no occurrences of z”, and s is the conjunction of the relations of ¢ of the form
rty...t, with r € R and the t;’s S-terms. According to the last point of the definition of flexible
theory, the formula 32" 9 is equivalent in 7" to false or to a conjunction b wnfv of S-relations.
Thus, according to axioms 8 and 4 of T™*, the formula 32" o1 A o A pz” is equivalent in T* either
to false or to the relational (>)-solved block wnfv ¢1 A ¢f. Thus, the formula (4.4) is equivalent
in T% to false or to
af Ao A1 A gh,

which is a relational (>-)-solved block. Thus, T™* satisfies the second point of the third condition
of Definition 3.2.1.1.

T* satisfies the third point of the third condition of Definition 3.2.1.1

Let us first introduce two properties which hold in each S*-model M* of T™. The first one comes
from the axiomatization of T and introduces the notion of zero-infinite in M*. The second one

comes from the last point of the definition of the flexible theories using also axioms 4 and 8 of
T*.

Property 4.2.3.2 Let M* be an S*-model of T* and f € F* — Fy. The set of the individuals 1
of M*, such that M* |= 3T i = fT A —pi, is infinite.

Property 4.2.3.3 Let M* be an S*-model of T*. Let \c;7j(x) be a conjunction of S-relations,
i.e. a conjunction of S-formulas of the form rty...t, with r € R and the t;’s S-terms. Let
3z Ajes r} (z) be an instantiation of Ix \;c;r;(x) by individuals of M*. Let p(z) be the formula

pr A /\ 75(x). (4.5)
Jj€J
The set of the indiwviduals i of M* such that M* |= ¢(i) is empty or infinite.

Let M* be an S*-model of T*. Recall that ¥(u) is the set of the formulas of the form
dju = fy A —pu, with f € F* — Fy. Let ¢(x) be a formula which belongs to A”. Let us show
that for every variable x we have T™* |= Wy o(x). Let 3z ¢/ (x) be an instantiation of 3% ¢ ()
by individuals of M* such that M* | Jx¢'(z). Let us show that there exists an infinity of

individuals i of M* which satisfy

M* | @' (3) A =ap1 (@) A - A=t (i),

with 1j(u) € ¥(u). This condition can be replaced by the following stronger one

* piV 1. . .
M ): <¢n+1 (Z)) AN (§) A =1 (8) A - - A (1),

where ¥, 41(u) belongs to ¥(u) and has been chosen different from all the ¥;(u), ..., ¥, (u),
(always possible because F* — F' is infinite according to the definition of F**). Since for every k
between 1 and n, we have
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o I™ = px — ~y(x)
o T = tpy1(z) — —p(x) (axiom 2 of T™ conflict of symbols).

The preceding condition is simplified to

M E (pi A Q(0) V (i1 () A (0)):

Thus, knowing M* | 3z ¢/(z), it is enough to show that there exists an infinity of individuals 4
of M* such that

M*Eping(i) or M* b (i) A& (0. (4.6)

two cases arise:

Either, the formula px occurs in ¢'(z). Since ¢'(z) is an instantiation of an equational
(>)-solved block and M* |= Jz¢'(x), then according to axiom 4 of T%, we deduce that the
S*-formula px A ¢'(z) is equivalent in M* to an S*-formula of the form (4.5). According to
Property 4.2.3.3 and since M* = 3z pz A ¢'(x), there exists an infinity of individuals ¢ of M*
such that M* |= pi A ¢/(i) and thus such that (4.6).

Or, the S*-formula px does not occur in ¢'(x). Since ¢'(x) is an instantiation of a rela-
tional (>)-solved block and M* | Jx¢'(z), then the S*-formula ¢,41(x) A ¢'(2) is equiva-
lent in M* to ¥p41(x). According to Property 4.2.3.2, there exists an infinity of individuals
i of M* such that M™* = ,41(7), thus such that M* = 1,41(i) A ¢'(i) and thus such that
(4.6).

In all the cases T satisfies the third condition of Definition 3.2.1.1.

T* satisfies the fourth condition of Definition 3.2.1.1

Let us show that every conjunction of flat formulas is equivalent in T to a disjunction of elements
of A. For that, it is enough to show that every flat formula is equivalent in T* to a disjunction
of blocks. Let ¢ be a flat formula. If it is of the form true, false or px then ¢ is a block. Else
the following equivalences after distribution of the A on the V give the needed combinations

rrQg... T\
Nizo(p@i V —pw;)

i

T | rxg...ty < l

xo = T1N\
i—o(pzi V opxi) |’

T ): Ty = X1 < [ 1

o = fr1...Tu\
i—o(p@i V ~pwi)

with » € R and f € F*. Thus T™ satisfies the fourth condition of Definition 3.2.1.1.

T Exo = fry..xp <

)

T* satisfies the fifth condition

Let us show that for every S*-proposition ¢ of the form 37'a’ A " with 37’a’ € A’ and o € A",
we have T = ¢, o € {true, false} and " € {true, false}. Since ¢ does not contain free variables,
then there exists no reachable variables and no reachable equations in 3z’a’. Thus, according
to Section 4.2.3, we have ¥’ = . According to the choice of the set A’, the S*-formula o’ is a

(>)-solved block different from the formula false, thus since Je o/ does not contain free variables,
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then o is the formula true??. Thus, the S*-proposition ¢ is of the form e true A o’. According
to the choice of the set A” given in Section 4.2.3, o/’ is a relational (>)-solved block. Since it
does not contain free variables then it is either the formula true, or the formula false?. Thus,
the theory T™ satisfies the fifth condition of Definition 3.2.1.1.

The theory T™ satisfies all the conditions of Definition 3.2.1.1. Thus it is zero-infinite-
decomposable and thus complete. The theorem 4.2.1.5 is then proved. O

4.3 [Extension into trees 7, of ordered additive rational numbers

4.3.1 Axiomatization

Let FF = {4, —,0,1} be a set of function symbols of respective arities 2,1,0,0. Let R = {<}
a set of relation symbols containing only the binary relation symbol <. Let S be the signature
FUR.

Notation 4.3.1.1 Let a be a positive integer and the t1,...,t, s S-terms. Let us denote by
e 7 the set of the integers,

t1 < tg, the S-term < tits,

t1 + to, the S-term +tqto,

t1 + to + t3, the S-term +ty (—f—tgtg),

0.t1, the S-term 0,

—a.ty, the S-term (—t1) + -+ - + (—t1),

a.ty, the S-term t1 +--- +t1.
—_——

a

Let T,q be the S-theory of ordered additive rational numbers. The axiomatization of T4
consists in the set of the following S-propositions

1 VaVyx+y=y+=z,

2 VaVyVza + (y+2) = (x+y) + 2,
3 Vex+0=uz,

4 Vzx+ (—z)=0,

5, Venax=0—x2=0, (n#0)
6, VzIlyny==z, (n#0)

7 Vr-x <z,

8 WVaVyVz(zx <yAhy<z)—x<z,
9 VaVy(r<yVz=yVy<uz),

10 VaVyz <y — (Jzz < 2zAz<y),
11 Vzx3dyz <y,

12 Vxdyy < =z,

13 VaVyVzex <y — (x+z2<y+2),
14 0<1.

22The formula o’ does not contain sub-formulas of the form f1 = f2 with f1 and f2 constants of F' because o
is (>)-solved and thus all the S-equations are formated.

23The formula o’ does not contain sub-formulas of the form rfi...fn with r € R and f; constants of F' because
o' is (>)-solved and thus all the S-relations are formated.
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with n a non-nul integer.
Property 4.3.1.2

n

n
Twd ': ZCLZ.’Ez =ag.l & ap.xp, = Z (—ai).azi + agp.1,
i=1 i=1,ik

for every k € {1,...,n}.

Let F* be an infinite set of function symbols containing the set {+, —,0,1}. Let R* = {<, p}
be a set of relation symbols containing the symbol < as well as the relation symbol p. Let S* be
the signature F* U R*. According to the transformations of axioms given in Section 4.1.1, the
axiomatization of 17, is the infinite set of the following S*-propositions:

1 vVavyg ((-p fx) A (=p f9) A fZ2 = fy) — Nz = ui,

2 VavVyfr =gy — pfTApgy,

3 VAV (Nierpxi) A (Njes —pY;) — (312 Nyer (7P 2k A 21 = t(Z, 9, 2))),
4 VaVyzr <y— (pz Apy),

5 VaVypz+y < prApy,

6 Verp —x < px,

7 Yz —p hZ,

8 VaVy (pr Apy) »z+y=y+x,

9  VaVyVz(px ApyApz)—z+(y+2)=(r+y) + 2
10 Vxpr —x+0=uz,

11 Vezpr—az+(—z)=0,

12, Vepr—(nz=0—2=0), (n#0)

13, Vepx — JypyAny==z, (n#0)

14 Vzxpxr— —x<uz,

15 VaVyVzpz ApyApz— (z<yAhy<z)—x<z),
16 VaVy(pzApy) — (z<yVez=yVy<z),

17 VaVy(px Apy) = (z<y— (FzpzAhz<zAz<y)),
18 Vzpx — (JypyAz<y),

19 Vapr — BypyAy<uz),

20 VaVyVz(pzrApyApz)—(x<y—(x+z<y+2)),

21 0<1,
with f and ¢ two distinct function symbols taken from F*, h € F* — F, x, y, z variables, T a
vector of variables x;, § a vector of variables y;, Z a vector of distinct variables z; and tx(Z, 7, 2)
an S*-term which begins by a function symbol fi element of F* followed by variables taken from
T or g or z. Moreover, if f € F then t(Z, 7, Z) contains at least a variable of § or z. A similar
theory has been introduced by A. Colmerauer to model the execution of Prolog III and Prolog
IV [6].

Note that the theory of trees and the theory of additive ordered rational numbers have non-
disjoint signatures. In fact, the symbols 4+ and — are tree constructors in the theory of trees
and operations of addition and subtraction in the theory of additive ordered rational numbers.
Note also that T}, does not accept full elimination of quantifiers. For example, the S*-formula
Jdzy = fx with f € F — {+,—,0,1} can not be simplified anymore in T7},.

4.3.2 Completeness

Theorem 4.3.2.1 The extension into trees T, of ordered additive rational numbers Ty is a
complete theory.
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According to Theorem 4.2.1.5, it is enough to show that T, is flexible to get the completeness
of T';. Thus, let us show the following property

Property 4.3.2.2 The theory T,q of ordered additive rational numbers is a flexible theory.

Proof. Let us show that T,4 satisfies the three conditions of Definition 4.2.1.4. In order to
simplify this proof, we will remove the prefix S from the words: equations, relations, terms,
formulas, since we will handle only the theory T4 of signature S.

Let us denote by > %" ; t;, the term & + {2 + ... + ¢, + 0, where #; + t2 + ... + {,, is the term
t1+to+...4+1t, in which we have removed all the terms ¢; which are equal to 0. For n = 0 the term
>ivq t; is reduced to the term 0. Formulas of the form Y ;" | a;.z; = ap.1 and Y i a;.2; < ap.1
with a; € Z are called blocks in T,4. According to Definition 4.2.1.1, and since for all z; €
var(Y iy a;.x; = ap.1) with a; # 0 we have Tpq = 3'z; i, a;.2¢; = ag.1, (Property 4.3.1.2 and
axiom 6, of Ty4), then the leader of an equation of the form Y ;" ; a;.z; = ag.1 is quit simply the
greatest variable zj with k € {1,...,n} such that a; # 0.

T,q satisfies the first condition of Definition 4.2.1.4

Let us show that every conjunction of equations and relations is equivalent in 7" to a formated
conjunction of atomic formulas wnfv, i.e. to a conjunction o wnfv of atomic formulas such that

1. « does not contain sub-formulas of the form f; = fs or rfi...f, or y = x, where all the f;
belong to {0,1}, r € {<} and z > y,

2. each equation of « has a distinct leader which have no occurrences in other equations or
relations of «,

3. if o is the conjunction of the equations of « then for all x € var(a’) we have T,4 = 372 /.

Let us introduce now the following rules that transform every conjunction of flat formulas
either to false, or to a wnfv formated conjunction of blocks equivalent in T,4.

(1) false N« = false

2o =

4) z=y — z+(-1)y=0.1

o iy (D=0l

o (Bt ] = (B oo
O | Bt | = [ B o< tuoo oo

In the rule (3), ap # 0. In the rules (7) and (8), the variable xj is the leader of the equation
Yoiai.x; = ap.l and by # 0. In the rule (8), A = 1 if a > 0 and A = —1 otherwise. Of course,
every repeated application of these rules terminates and produces either false or a formated
conjunction wnfv of blocks equivalent in Tp4.

Let a be a conjunction of atomic formulas. By introducing quantified variables to transform
the formulas into flat formulas, « is equivalent in T,4 to a formula of the form 3z 8 with 3 a
conjunction of flat formulas. Let us choose the order - such that the variables of & are greater
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than free variables of 3% (3. Let § be the formula obtained from (3 after application of the
preceding rules. Two cases arise:

Either, ¢ is the formula false, thus the formula 3% § is equivalent to false in T4, thus the
conjunction « is equivalent to false in T,4 which is a formated atomic formula.

Or, ¢ is a formated conjunction of blocks such that each variable of T has an occurrence as
leader in an equation of . This restriction comes from the order > which has been chosen such
that the variables of T are greater than the free variables of 3% 3. Thus, the formula § is of the

form

( /\ 0z,) N 6%,

i€l
where each 9§, is an equation of § whose leader z; is a variable of Z and where §* is a conjunction
of blocks which does not contain occurrences of the variables of Z. The formula 3Z3 is then
equivalent in T,4 to

5 A @z N 6r,).
i€l
which since each leader x; does not occur in another equation, is equivalent in 7,4 to
0" A /\(3901 0z,),
el
which since for each leader x; we have T,q = 3lx;0,,, is equivalent in Tpg to 6*. Thus, the
formula « is equivalent to the formula ¢* which is a formated conjunction of blocks and thus a

conjunction of atomic formulas. Then, the theory T4 satisfies the first condition of Definition
4.2.1.4.

T.q satisfies the second condition of Definition 4.2.1.4

Let us show that every formula of the form —a where « is a conjunction of relations is equivalent
in T4 to a disjunction of equations and relations. According to the preceding point, the formula
« is equivalent in T,y to a conjunction of blocks of the form Z?:l bj.x; < bp.1. Since the order
is linear then we have

Twd ): _'(Z bj.l'j < bo.l) — ((Z(—bj)l‘] < (—bo).l) V (Z bj.:L‘j = bo.l))
j=1 j=1 J=1

Thus, the formula —« is equivalent in 7,4 to a disjunction of blocks, and thus to a disjunction
of equations and relations. The theory T,, satisfies the second condition of Definition 4.2.1.4.

T,q satisfies the third condition of Definition 4.2.1.4

Let us show that for every conjunction of relations § and every variable x we have:
e the formula Jx § is equivalent in Ty, either to false, or to a wnfv conjunction of relations,
o Toa =38 ap.

The first point is evident and comes from the Fourier elimination of quantifiers. The second
point holds since the order is dense and without endpoints. Let M be a model of T,4. For every
instantiation 3z 4'(:) of 3z 4(¢) by individuals of M, if M = 3'(i) then there exists an infinity
of individuals 7 of M such that M | (/(i), thus T,y = ifauty, .

The theory T5q is flexible, and thus the extension into trees 7T}, is zero-infinite-decomposable.
Consequently it is complete according to Theorem 4.2.1.5. O
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4.4 Discussion and partial conclusion

Since the theory of finite or infinite trees does not accept full elimination of quantifiers, then
the extension into trees of any first-order theory T does not accept full elimination of quantifiers
but has a big power of expressiveness and enables us to model hard problems in the form of
first order constraints. We can cite for example the constraints representing k-winning positions
in multi-players games introduced by A. Colmerauer and B. Dao [16, 7] which can be modeled
easily using an extension into trees of additive integer numbers. The idea of the extension of
the model of Prolog IV by other first order theories uses also extension into trees of first order
theories. In fact, this work is a perspective of an extension of Prolog IV, by allowing the user to
quantify the Prolog clauses and use our decision procedure to solve these clauses. Unfortunately,
the two decision procedures given in Chapter 2 and 3 solve only propositions and can not present
the solutions of the free variables in a clear and explicit way. A such work needs more complex
definitions than those of the flexible theories as well as strong semantic conditions on the function
and relation symbols of T'. Let us then choose for example the theory T, of additive ordered
rational numbers and let us try to give an efficient algorithm for solving any first order constraint
in 777, ! This will be our goal in Chapter 5.
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Chapter 5

Solving first order constraints in 7,
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We present in this chapter an algorithm for solving general first order constraints in the theory
T7,. The algorithm is given in the form of 28 rewriting rules which transform every formula ¢
into a wnfv disjunction ¢ of solved formulas, equivalent to ¢ in T, and such that ¢ is, either
the formula true, or the formula false, or a formula having at least one free variable and being
equivalent neither to true nor to false in T);;,. While the decision procedures given in Chapter
2 and 3 solve only propositions and can not express clearly the solutions of the free variables,
this algorithm can check formulas having free variables and being always true or false in 7, and
gives either true or false. Moreover, the solutions of the free variables of ¢ are always expressed
in a clear and explicit way. We end this chapter by an example of solving a formula having free
variables and being always false in T;;. Note that the results presented in this chapter have been
published in [14], [17], [21].

5.1 First order constraint in 77,

5.1.1 A convenient axiomatization of 77,

Let F' be an infinite set of function symbols containing the symbols {+, —,0,1} of respective
arities 2,1,0,0. Let R be a set of relation symbols containing the 1-ary relation symbols num
and tree .
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Let a be a positive integer and t1, ..., ¢, terms. Let us denote by:
e 7 the set of the integers,

e t| < to9, the term < t1ts,

e t1 + to, the term +t;t9,

o {1 + to + t3, the term +¢1(+tat3),

e (.11, the term 0,

e —a.ty, the term (—t1) 4+ -+ + (—t1),

a

e a.ty, the term ¢ + --- + tq,
~————

a

o X7 ,t;, the term ¢ + ...+, +0 with ¢; + ... + ¢, the term ¢; + ... + ¢, where
all the terms equal to 0 have been removed. For n = 0 we get the term 0.

The theory T, of the extension into trees of ordered additive rational numbers consists in
the set of the following propositions:

1 VZVy (tree fT N tree fg A fT = fy) — N, xi = Yi,

2 VzVy fx = gy — num fT A\ num gy,

3 VavVy (Niep numxi) A (Njey treey;) — (312 Ngeg (tree zx A 21 = t4(2, 9, 2))),
4 VaVyz <y — (numz A numy),

5 VeVy num x + y < numx A numy,

6 Yz num — x < numz,

7 VZ tree hZ,

8 VaVy (numx A numy) — x+y =y + z,

9  VaVyVz(numx A numyAnumz) — x+ (y+2) = (x+y)+ 2,
10 Venumzx —x+0=ux,

11 Vznumz — x4+ (—z) =0,

12, Vznumz — (nx =0— z =0),

13, Vznumz — lynumy Any =z,

14 Vznumzxz — —x <z,

15 VaVyVznumz AnumyAnumz — (z <yAy<z) —x < 2),
16 VaVy (numax Anumy) — (x <yVe=yVy<x),

17 VaVy (numz Anumy) — (x <y — (FznumzAzx < zAz<y)),
18 Vznumzx — Fynumy Az <y),

19 Vznumzx — ynumy Ay < x),

20 VaVyVz(numz AnumyA num z) = (z <y — (z+2 <y-+2)),
21  Vznumz < —treex

22 0<1,

where n is a non-nul integer, f and g are two distinct function symbols of F, h € F —{+,—,0, 1},
x,y, z are variables, T is a vector of variables x;, i is a vector of variables y;, Z is a vector of distinct
variables z; and where t;(Z,y, ) is a term which begins by a function symbol f; € F — {0, 1}
followed by variables taken from & or § or z, moreover, if fi € {+,—} then ¢x(Z, 7, Z) contains
at least a variable of § or Z.
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This axiomatization is a more convenient version than those given in Chapter 4, in sense that
it introduces explicitly the relation symbol tree to distinguish trees from rational numbers which
will help us to present simple rules for solving first order constraints in 77,.

From axioms 6,8,9,10,11 and 12 we have the following property

Property 5.1.1.1 For every k € {1,...,n} we have

k k
T = (3% a2 = ag.1 A /\ num x;) < (agzy = Ele,i#k(—ai).xi +ag.1 A /\ num x;).
i=1 i=1

5.1.2 Example of first order constraint in jd

Let us now introduce an example of constraints in . Let us consider the following two-player
game: An ordered pair (n,m) of non-negative ratlonal numbers is given and one after another
each player subtracts 1 or 2 from n or m but keeping n and m non-negative. The first player
who cannot play any more has lost.

Suppose that it is the turn of player A to play. A position (n,m) is called k-winning if, no
matter the way the other player B plays, it is always possible for A to win, after having made
at most k moves. The constraint defined in [7] expressing that a position z is k-winning is:

Jymove(x, y) A =(Fzmove(y, ) A
=(Jymove(z,y) A =(Fzmove(y,z) A =(... A

winningy,(z) < —(Jymove(z,y) A =(xmove(y, x) A —(false)) . ..)
—~
2k

Each position (n,m) is represented by ¢(i,j) with ¢ a function symbol of arity 2 and i,5 € Q.
The constraint move(x, y) is defined by

(FiFjz=c(i,j)Ny=cli—1,7) Ai >1Aj>0)V
Fidjz=c(i,j)ANy=cli —2,5) Ni>2ANj>0)V
(Fidgz=c(i,j)ANy=c(i,j—1)Ai>0Aj>1)V
(FiFjz=c(t,j) Ny=c(i,j—2)Ai>0Aj>2)V
(=(FFj =z = c(i,5) A numi A numj) Az =y)

By replacing the definition of move in the constraint winningy (), we have a first-order constraint
with one free variable x in the theory T7,. Solving this constraint means finding the positions x
which are k-winning.

5.2 Blocks and quantified blocks in 77,

5.2.1 Blocks and solved blocks in T7,

Suppose that the variables of V' are ordered by a linear dense order relation without endpoints,
denoted by . For every formula ¢, the bounded variables are renamed such that in each
sub-formulas of ¢ we have x > y for each bounded variable x and each free variable y.

We call leader of the equation xg = fxi...z, or xy = z1, with f € F — {0,1}, the variable
zg. We call leader of the formula 37" ;a;.x; = ag.1, with a; € Z for all i € {0,...,n}, the greatest
variable zj in the order > such that az # 0.

Let f € F and a; € Z for all i € {0,...,n}. We call basic formula every conjunction « of
formulas of the form

o true, false,

e numx, treex,
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e =Y, T = fylyna
° Z?Zlai.ﬂii =agp.1, E?Zlai.xi < ag.l.

The formulas num x and tree x are called typing constraints.

Let « be a basic formula

(1) We say that numz is a consequence of a if o contains at least a sub-formula of the
following form

e numx, r=yAnumy, x =0, =1,

e y—=xAnumy,xr=—-yANnumy,y=—x/N\numy,

e z=y+xAnumz,z=x+yANnumz,x=1y+zAnumz/\ numy,
o M7 ja;.x; = ap.1 or X7 a;.7; < ap.1 with x one of the ;.

(2) We say that treex is a consequence of a if a contains at least a sub-formula of the
following form

o r=yAtreey, y =z treey,

o x =—yANireey, y=—x N ireey,

e r=y+zAtreez,z =z+yANtreez, y=x+zANtreey\Nnumz,y = z-+xNtreey \ num z,
o treex, x = hyi...yn, with h € F — {+,—,0,1}.

(3) We call tree section of «, the conjunction «y of the sub-formulas of a of the form

e (rue, treex,

e x =yorz= fy..yy, with f € F—{0,1} and where z is such that tree x is a sub-formula
of a.

This section ay is formated if the left hand sides of the equations of a; are distinct and for each
equation of the form x = y of ay we have = > y.
(4) We call numeric section of «, the conjunction «,, of the sub-formulas of a of the form

o true, false, num x,

o X% a;.x; = ap.l, ¥ a;.x; < ap.l,

e x =y, x=—y, x =1y+ 2, where x is such that num x is a sub-formula of a.
This section oy, is consistent if T, = 3T v, with = var(ay,). It is called formated if

e «,, does not contain sub-formulas of the form x =y, x = —y, x =y + 2z, 0 = apl, 0 < apl,
with ag € Z,

e «,, is consistent and each leader of an equation of «; occurs in only one equation of «,,
and does not occur in the inequations of «,.

A variable u is called reachable in 3Z« if u is a free variable in dZa, or « has a sub-formula of
the form y = t(u) A treey with t(u) a term containing u and y a reachable variable. In the last
case, the equation y = t(u) is called reachable in Jza.

From axioms 1 and 2 of 7], we have the following property
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Property 5.2.1.1 Let a be a basic formula. If all the variables of T are reachable in 3T  then
Tr E Iza.

We call bloc every basic formula « such that for each variable x in «, either num x or tree x
is a sub-formula of o and « does not contain sub-formulas of the form

o r=0Atreex, z=1A treex,

o r=yAnumxANireey, x =y A treex \ numy,

o r=—yAtreex ANnumy, T =—y A\ numzx A treey

e x=y+zAnumxAtreey, x=y~+zAnumz A tree z, x = hy A num zx,

o x=y+zAtreex N\ numy N\ num z,

o X! ja;.x; = ap.l Atreexy, X qa;.x; < ag.1 A tree zy,

with h € F — {+,—,0,1}, k€ {1,...,n} and a; € Z for all i € {0, ...,n}.

Since each variable x in a block has a type of the form num x or tree x, then every block «
can be divided into two disjoint sections: a tree section and a numeric section.

A block a without equations is called relational block. A block o without inequations and
where each variable has an occurrence in at least an equation of « is called equational block. A
block « is solved if its tree sections and numeric section are formated.

Since in a solved block the numeric section is consistent and according to axioms 3 and 13,,,
we have the following property

Property 5.2.1.2 Let o be a solved block and T the vector of the variables of . We have
Tr, E Jza.

5.2.2 Properties of the solved blocks in T7,

Property 5.2.2.1 Let a be an equational solved block. Let T be the vector of the leaders of the
equations of a. Let o be the conjunction of typing constraints of o of the form tree x or num x
with x does not belong to . We have

T):Oé*—>3!:fa

Proof. This property is a consequence of axioms 3 and 13, of T)7,. In fact, the equations of the
tree section of a have distinct leaders, i.e. distinct left hand sides, and since the equations of the
numeric section of a have distinct leaders which have an occurrence in one and only one equation
of the numeric section of «, then by transforming all the equations of this numeric section into
formulas of the form ap.xp = 21:1,i¢k(_ai)-$i + ag.1 where zj, is the leader of the equation
Yo ai.xy = ap.l (Property 5.1.1.1), then the left hand sides of these equations are distinct and
do not occur in other equations of the numeric section of o. Thus, in every model of T, and
for every instantiation of the variables which occur in the right hand sides by individuals which
respect the typing constraints of «, there exists a unique value for the leaders of these equations,
(axiom 13,,). For each of these values and for each instantiation of the variables which are not
leader in equations of the tree section of a by values which respect the typing constraints of
«, there exists a unique value for the leaders of the equations of the tree section of «a (axiom
3). Note that the instantiations are conditioned by the fact that they must respect the typing
constraints of «, which explains the meaning of the implication in this property. O
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Example 5.2.2.2 Let x,y, z,v,w be variables such that x >y > z > v = w. We have

x = fryw Ay = A
224+2w=1A3v+w=0.1A
tree x \ numv A\ num w/\
tree y N\ num z

T = numw — lvzzy

This property can be written using Property 5.1.1.1 in the following form

r = fryw Ay = xA
22=1+4(-2).wA3v=(-1)wA
tree x A numv A num wA

tree y N\ num z

T E numw — Jlvzzy

for each instantiation of w by numeric values, there exists one and only one value for v and z
(axiom 13,), and thus one and only one value for x and y (axiom 8). Note that if the variable
w is instantiated by tree values for example f(g(0)), then this formula is equivalent to false in
every model of T, according to awioms 5 and 21 and thus

= fryw Ay = A
z+2w=1ANv+w=0A
tree x \ numv N\ num w
tree y \ num z

Ty b= 3vxzy

Property 5.2.2.3 Let a and (3 be two solved blocks having the same numeric section and the
same typing constraints. Let oy and (B be the tree sections of o and 5. If T, = a — (3 and
if ap and B have the same set of variables which occur in a left hand side of an equation, then

T Eaepf.

Proof. Since o and (8 have the same numeric section and the same typing constraints, then
there exists a formula § such that = d A ap and 8 =6 A ;.

Let T be the vector of the variables which occur in a left hand side of an equation of oy
(thus of 3 also) and let X be the set of the variables of Z. Since o and [ are solved blocks,
then X N var(d) = (. Let v be the conjunction of the typing constraints of a (thus of g also)
concerning variables which belong to . Thus, the formula 7 is a sub-formula of §. According to
Property 5.2.2.1, we have T}, = v — 3'Zoy and T}, = v — 3!'26;. Thus, T, =0 — 3'Z oy and
T, =6—3zp6.

Knowing T, = o — (3, ie. T}, =EVyVZ S A oy — 0 A B, with yz the vector of the variables
of a A 3, then the following equivalences are true in 77,

V@Vﬂ?é/\at—wﬂ\ﬁt,

> ng—'(Elzi‘é N oy N\ _|((5 A ﬁt)),
— Yyg=(O A (3T ar A—B)), because X N var(d) =0
— Yyg=(0 A=(Fz oy A Br)) because T, =0 — 3z oy
and using corollary 3.1.0.8 (chapter 3),
> Vg_'(d A _\(Ei‘ ﬁt A Oét)),
— Yy=(0 A (3Z 6 N —aw)), because 17, = 6 — 3z 5,

and using corollary 3.1.0.8,
— Vg—'(ﬂié/\ﬁt/\—'(é/\at)),
e ngj'é/\ﬂt%é/\at

Thus, we have T, = (o« — 3) < (6 — «a). Since T}, Ea — 3, we have T}, = a < (. O

108



5.2. Blocks and quantified blocks in T,

5.2.3 Decomposition of quantified blocks in 77,

Let ¢ be a formula. Let Z be a vector of variables and a a solved block such that for all
unreachable quantified variable u in 3Za and all reachable quantified variable v in 3Za we have
u = v. We call decomposition of the formula 3za A ¢ the formula

3zt ot A (322 A (33 a3 AY))), (5.1)

obtained as follows : Let X be the set of the variables in Z. Let us decompose the set X into
two disjoint subsets: X, (the set of the elements of X which are reachable in 3z«) and X,,. Let
Lead be the set of the leaders of the equations of a. We have:
— ! is the vector of the variables of X,.

72 is the vector of the variables of X, — Lead.
— #3 is the vector of the variables of X, N Lead.

al is of the form al A ad where ol is the conjunction of all the equations in 3za whose leader
is reachable, o} is the conjunction of all the typing constraints of o which concern variables of
var(ad).
— a? is of the form a2 A a2 where o is the conjunction of all the inequations of o and o3 is the
conjunction of all the typing constraints of a which do not concern variables of 3.

— a? is of the form a3 A a3 where aF is the conjunction of the other equations and a3 is

the conjunction of all the typing constraints of a which concern the variables of var(a3). The
restriction on the order > of the quantified unreachable and reachable variables is due to an
aim to get as leaders of the equations of the numeric section of o unreachable variables. If one
quantified leader is reachable then we deduce that all the quantified variables of this equation
are reachable.

Let A be the set of the solved blocks. Let A be the set of the formulas of the form 3z'al,
where a! is a solved equation block and all the variables of Z! are reachable in 3z'a!. Let A2

be the set of solved relation blocks

Property 5.2.3.1 Let 3z'al be a formula without free variables which belongs to A*. We have
' = ¢ and o' = true.

Proof. Since the formula 3z'a! has no free variables, then there exists no reachable variables
in 3z'a!. Thus, according to the definition of the set A! we have ' = ¢. Thus, the formula
Jz'al is equivalent in T, to the formula without free variables a'. According to the definition
of the set A', the formula o' is a solved block. Since this solved block does not contain free
variables then it is the formula true. O

In Chapter 4, we have shown that T, is zero-infinite-decomposable. Thus, we have the
following properties

Property 5.2.3.2 If 3z'a! € A! then T = 37zt o' and for every free variable y in 3z'al, at
least one of the following properties holds:

o T7, = Jyzl ol
e there exists a formula 1 (u) € W(u) such that T}, E Yy (32t al) — ¥(y),
Property 5.2.3.3 If o € A?, then for every 2% we have T, = 3?&2)3[;2 a?.

Property 5.2.3.4 If o® € A?, then for every 2, the formula 3x?a? is equivalent in Tr, to a
formula which belongs to A2.
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Property 5.2.3.5 For every decomposed formula of the form (5.1) we have: 3ztat € A, o? €
A%, a3 € A and T*; = V2?2 o? — 317303,

Proof. Let 3z'a! A (37202 A (32303 A ¢)) be the decomposed formula of 3Za A ¢. According to
the construction of the sets ', Z2, 3, o', o and o? defined in Definition 5.2.3, it is clear that
Jdz'al € A and o? € A%. Let us show now that Vz2a? — 317303, Since o contains the typing
constraints of all the variables which occur in o and do not occur in Z3 and since Z° contains the
leaders of the equations of o2, then according to Property 5.2.2.1 we have T E a? — Az3as,

ie. Vz2a?2 — 37303 O

Example 5.2.3.6 Let v,w,z,y,z be variables such that w >y = z = x > v. Let us decompose
the following formula in T,

Jwzyz
v=forAw+2x+(-2).z=1Ay+3.2=0.1A
z<1A3z+2.2<0.1A

tree v A numw N\ numx A\ numy N\ num z

(5.2)

the reachable variables of this formula are v and x. Thus, we have Xgee = {v, 2}, Xinace =
{w,y,z} and Lead = {v,w,y}. Since w =y = z = x, then (5.2) is equivalent to the following
decomposed formula

dxv = fox A treev A num xA
dzz<1A3.24+ 2.2 <0.1AnumzAnumx A tree vA

Jwyw+2.2+(—-2).2=1Ay+3.2=0.1A
numw A numx A numy A num z)

Note that the elements of A' does not accept elimination of quantifiers, since the variables of
z! are reachable in 3z at. In fact, in the formula 3z v = fvx the quantification 3x can not be
eliminated in T),.

1 3 1 2

In all what follows we will use the notations z', z2, z2, a', o?,a? to refer to the decomposition

of the formula Jzo.
5.3 Solving first order constraints in 7},

5.3.1 Working formulas and solved formulas

Definition 5.3.1.1 A normalized formula ¢ of depth d > 1 is a formula of the form

=(3zan N ¢i), (5.3)
i€l

with I a finite possibly empty set, o a basic formula and the @; normalized formulas of depth d;
and d =1+ max{0,dy,...,d,}.

Of course we have the following property

Property 5.3.1.2 Ewvery formula is equivalent in T); to a normalized formula.
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Definition 5.3.1.3 A working formula is a normalized formula in which all the occurrences of
= are of the form =F with k € {0,...,9} and such that each occurrence of a sub-formula of the
form

¢ =-F3Ta NP A /\ i), (5.4)
i€l
has of = true if k = 0 and satisfies the first k conditions of the following condition list if
k > 0. Here of is a solved block and is called propagated constraint section, af is a basic formula
and is called core constraint section, the @; are working formulas, and in the conditions: [BP A 3¢
1s the conjunction of the equations and relations of the immediate top-working formula i of ¢ if
it exists, i.e. 1 = —F(IGBCNBP A P A Njes &5) with ¢; working formulas.

1. if ¢ exists then T = oP N a® — BP A 3¢, and the tree-sections of o and (B¢ N (P have the
same set of left-hand side of equations,

2. the tree-section of o A aC is formatted and the formula o A o does not contain —numax A
numx for any variable x,

3. o Naf is a block,

4. the numeric-section of aP N\ af is consistent, and we have u = v for u any unreachable
variable in T and v any reachable variable in T,

5. of N\ af is a solved block,

6. of is the formula B¢ A BP if ¢ exists, and is the formula true otherwise. The formula of
is a solved block and for each relation numx (or —numx) in o, if x does not occur in an
equation or inequation of af then numzx (resp. —numx) does not occur in af,

7. (37 a®) is decomposable into (3z! ot A (32?2 a® A (3¢ true))),
8. (3 a®) is decomposable into (3z' a* A (Fe a® A (3¢ true))),
9. (37 a®) is decomposable into (3z* at A (Je true A (Fe true))).

The intuitions behind this definition come from an aim to be able to control the execution of our
rewriting rules according to each value of k in a working formula. We strongly insist in the fact
that =% does not mean that the normalized formula satisfies only the k™ condition but all the
conditions 1 with 1 <1 < k.

We call initial working formula a working formula of the form

-9 (3¢ true A /\ ©i)
el

with ¢; working formulas where all negation symbols =¥ have k = 0 and all propagated constraint
sections are reduced to the formula true. We call final working formula a formula of the form

-7 (3¢ true A /\ —-8(3z; af Ao A /\ e B A B)))s (5.5)
icl Jj€J;
where the fj are different from the formula true.
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Definition 5.3.1.4 A general solved formula is a formula of the form

Izt ot Ao AN\ -(T7; B, (5.6)
el
where 3zt ol € A, o? € A%, Jy! B! € AL, all the o' A a? A B} are solved blocks and all the (3}
are different from true.

According to the properties of =% and =%, in the final working formula (5.5), of = true and
ij = o A af. Thus, the formula (5.5) is equivalent in T to the following disjunction of general

solved formulas
VGziaf A N =355 85)) (5.7)

el jEJi

Thus, we have the following property

Property 5.3.1.5 Every working final formula of the form (5.5) is equivalent in T, to a dis-
gunction (5.7) of general solved formulas.

Property 5.3.1.6 Let ¢ be a working formula of the form

—\k(ﬂf a A aP A /\ ®;)
el

with 6 < k <9 and ¢; working formulas. We have

TE-Fta®Aa? AN ¢}) « —(a? A(FTa® A N 6)))
iel el

with ¢ the normalized formula obtained from ¢; by replacing all =k by .

Proof Let 1 - if it exists - be the immediate top-working formula of ¢. Thus, % is of the form

“FEgBEABP Ao A N &)

jedJ

with qﬁ; working formulas. According to Definition 5.3.1.3, since k& > 6 then the normalized
formula satisfies the k first conditions of this definition and thus according to the sixth point of
this definition we have two cases:

(1) if ¢ does not exists, then of is the formula true according to the sixth condition of
Definition 5.3.1.3. Thus, the property is true.

(2) if ¢ exists, then o = BP A 3¢ according to the sixth condition of Definition 5.3.1.3. Since
the variables of Z can not occur in 3¢ A P, then these variables can not occur in of, thus we can
lift the formula o before the quantification 3% and thus the property is true.

Let us present now one of the most important property in 7, which shows the differences
between the decision procedures defined in Chapter 2 and 3 and an algorithm solving general
first order constraints in 7.

Property 5.3.1.7 Let ¢ be a general solved formula of the form (5.6). If ¢ has no free variables
then @ is the formula true, otherwise neither T |= ¢ nor T |= -y
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Proof.
Let ¢ be a general solved formula of the form
o A’ A N\ (T B, (5.8)
iel

where 3zt ol € A, o? € A% Jy} B} € AL, all the o' A o® A B} are solved blocks and all the 3}
are different from true. Two cases arise:

Case 1: Let us show that if ¢ has no free variables then ¢ is the formula true. Since ¢ has no
free variables then 3z' a' A @ has no free variables. Since 3z' ! € A' and has no free variables
then according to Property 5.2.3.1 the formula (5.8) is equivalent in 7" to the following formula
without free variables

o® A N\ =G 5)), (5.9)
el
Since a? € A? and o has no free variables then according to the definition of the set A? we have
a? = true. Thus, the preceding formula is equivalent in . to the following formula without
free variables
N\ —35i D). (5.10)
1€l
Since 3y} 3} € A! and has no free variables, then using Property 5.2.3.1, we deduce that 3} 3} =
Jetrue. But according to the condition of the formula (5.8) all the formulas 3} are different from
true and thus I must be the empty set. Thus, the preceding formula is equivalent to true in T7,.

Case 2: if ¢ has at least one free variable, then let us show that there exists at least a model

M of T, and two distinct instantiations ¢’ and ¢” of ¢ by individuals of M such that

ME-¢ and ME "

Let us choose for example for M the standard model of T, given in Chapter 4.24

(1) Let us show that ¢’ exists. Let z be a free variable of ¢:

e If 2z occurs in the formula a' A o? then since 3z' o' € A and o? € A2, the formulas o' and
a? are solved blocks, thus all the variables are typed, thus numz or ~numz is a sub formula
of a! A a?. To make false ¢ it is enough to instantiate the free variable z by an element
of Q if ~numz is a sub formula of a' A a? ; and by h if numz is a sub formula of a' A o
with h € F —{0,1} a O-ary function symbol, i.e. a tree constant. By this instantiation ¢’,

we make a contradiction in the typing of z, thus M | —¢'.

e Else, there exists k € I such that the formula Elyj,i ﬁ,% with k& € I has at least one free
variable. Since Hg,i ﬂ,i € A', then ﬁ,i is a solved block then according to Property 5.2.1.2
there exists an instantiation 35} 3)1 of the free variables of 3, B} such that M = Iy B
thus M | =3zt ot A a? A Nier ~(35} B})), thus M =~

(2) Let us show now that there exists ¢” such that M = ¢”. The formula ¢ is of the form
3zt ot Ao AN\ -(Ty; B, (5.11)
icl

where 3zt ol € A, o? € A% Jy} B} € AL, all the o' A o® A B} are solved blocks and all the 3}
are different from true.

24This model has as domain the set of finite or infinite trees labeled by @ U F' and such that each sub-tree
labeled by Q U {+, —} is evaluated in @ and reduced to a leaf labeled by Q.
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Let a?* be the formula o in which we have removed the typing constraints which concern the
leaders of the equations of a'. Let us also transform the equations of the numeric section of o'
and (3} by moving to the right hand sides the terms containing variables that are not leaders (see
Property 5.1.1.1). The preceding formula is equivalent in 77, to

3zt ot A A N\ -3y B, (5.12)
i€l

where the equations of the numeric section of a! (respectively 3}) have distinct left hand sides
which have no occurrences in other right hand sides of equations of the numeric section of o'
(respectively 3}). This is due to the fact that 3z'a® € Al and 35} 8} € AL, and thus o' and 3}
are solved. Since 3y} B} € A! then 3} is a solved block, thus it is consistent and different from
false. Moreover since 3} are different from true then each 3} has at least a variable. According
to the definition of A! all the variables of 7! are reachable and thus there exists at least one free
variable in each 3! according to the definition of the reachable variables. Since a! A o A 3}
are solved blocks then they are consistent and thus there exists an instantiation of 3z a® A o?*
such that this instantiated formula is true in M (Property 5.2.1.2), thus according to Property
5.2.3.3 there exists an infinity of instantiations of the variables of o®* which make it true in M
(and not zero because there exists at least an instantiation since the blocks are solved). For each
value of these instantiations and for all instantiations of the right hand sides of the equations
of the numeric section of a', there exists a value for the leaders of these equations because the
leaders of the equations of a! do not occur in o®* ( o' A a® A B} are solved blocks). For each of
these values and instantiations of the variables of the equations of the tree section of o' which
are not leaders, there exists a value for the leaders of these equations (axiom 3). Then, there
exists an infinity of instantiations of the free variables of 3z' o' A o which make the instantiated
formula true in M. Let us show now that there exists from this infinity of instantiations, an
instantiation which makes false each formula of the form 37!} and thus makes true ¢”. In each
sub-formula of the form 33! 3} the leaders of the equations of the numeric section of 8} do not
occur in the equations and inequations of a! A o because a' A a® A Bil are solved blocks. Since
for each instantiation of the right hand sides of the equations of the numeric section of 3} there
exists a value for the leaders. Thus, it is enough to choose a different value to these leaders to
make false all the 35 3}. This is possible because the domain M is infinite and more exactly Q
is infinite. For each instantiation of the variables which are not leaders in the tree section of 3}
there exists a unique value for the leaders, thus it is enough to take another value to make false
all the 3y} B!. This is possible because the domain of the trees is infinite and more exactly the
set of the function symbols of F' is infinite. Thus there exists an instantiation which make true

Jztal A a? and false each sub-formula of the form 33! 3}. Thus, this instantiation is the formula

/"

@ .

Property 5.3.1.8 Every general solved formula is equivalent in T to a boolean combination of
formulas of the form 3z'al Aa?, with Iz'al € A and o € A2, which do not accept elimination
of quantifiers.

Proof. Let ¢ be the following general solved formula
V Gz A N\ ~G5i85)) (5.13)
il j€J;

C

where the §7; are different from ¢rue. The formula ¢ is extracted from a final working formula
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of the form
- (Getrue \ =°(Bziaf Aaf AN\ (351555 A BY))
iel JEJ;

According to the conditions of =8, we have ol = true and all the variables of Z; are reachable in
3%;0f. Moreover, 37;cf is decomposed in T}, into Elai"z-afl /\an, with 3z;acl; € Al and an € A2

According to the conditions of -2, we have vo=af Aoy = af, the Bf; A\ 3] are solved blocks
and the 3g;;0;; belong to A'. Thus, we deduce that 7 Ao are solved blocks. Since each variable
in Z; is reachable in 3¥;af, it remains reachable in 37;y;;0f A fj Since each variable y in ¥;;
is reachable in 3Jy;;3;;, two cases arise: (1) y is reachable without using variables in Z;, in this
case, y remains reachable in 3z;y;;a5 A B;, (2) y is reachable using variables in Z;, in this case,

17
since all variables in Z; are reachable in 3Z;y;;05 A 3f;, then y is still reachable in this formula.

K
Thus, the formulas 32;¥;;a§ A f] can be decomposed into 37;y;; afl/\ fj/\alﬁ, with 37;y;; afl/\
i € Al and of? € A2

According to Property 5.2.1.1, the formula (5.13) is equivalent in T" to the formula

V ((@Fzad) AN\ —(B2ggij05 A Bi))

i€l JEJ;

We have proved that each quantified conjunction is of the form 3z'a! A a? where z'la! € A! and
a? € A%, This property is then proved.O

5.3.2 Main idea

The general algorithm for solving first-order constraints in 71" uses a system of rewriting rules.
The main idea is to transform an initial working formula of depth d into a final working formula
of depth less than or equal to three. The transformation is done in two steps:

(1) The first step is a top-down simplification and propagation. In each sub-working formula,
af A af is transformed into a solved block, then 3za‘ is decomposed into three parts. The
third part is eliminated and added to the core-constraint section of the immediate sub-working
formulas using a special property of the quantifier 3!. The constraints of the two other parts in
of are propagated to the propagated-constraint section of the immediate sub-working formulas.
In this step, the rules 1 to 24 are applied and transform the initial working formula into a working
formula where each negation symbol is of the form —7.

(2) The second step is a bottom-up simplification and elimination of quantifiers. This step
is done by the rules 25 to 28. In each sub-working formula of depth one or two, the rule 25
eliminates quantified variables of the second part of the decomposition (the third one had been
already removed in the first step). The rule 26 eliminates the constraints of the second part
in the deepest level. Each sub-working formula of depth 3 is transformed step by step to a
conjunction of working formulas of depth 2 by the rule 28 using a property of the quantifier 37.
The transformations in this step can create new sub-working formulas where the first step needs
to be done. At the end of the transformations, we obtain a final working formula of depth less
than or equal to 3.

5.3.3 The rewriting rules

We present now the rewriting rules which transform an initial working formula to a final working
formula, which is equivalent in 777;. To apply the rule p; = p2 to the working formula p means
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to replace in p, a sub-formula p; by the formula ps, by considering that the connector A is
associative and commutative.

ot =W N

© 0 D

11

12

13

14

15
16
17

18

19
20
21
22

23

24

25

26
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—YFunumax A treex Aa A p)

-1Jux = fyAx =gz Atreex ANa A )

-tBur =z Aanp)

-l3ay =z Atreex Aa A )

1 Jux = fyr..yn ANx = fz1...2,A
treex Na N\ @

1 Jux=yANx= fz1..2n\
treex N\ treey N a N\ @

~tBur=yAx=2Ntreex Aa A )

-4(Fu0=0.1AaA )

-4(3a0 < ag.1 A A )
numx/\numy/\a/\gp

4 e —yA

numx/\numy/\a/\gp

4 Elux—y—i—z/\numx/\
numy/\numz/\a/\gp

Elu El 164-2; = ag. 1N
—|4 ]: b .l’] = bo]./\
/\num:z:/\oz/\gp

EIUE L 10;.2; = Qg. 1A ]

—4 leb X< bo. 1IN
Anumz AaAp |
~13za AP A )
=23z a® A aP A )
=23z AP A )
—2(3za AP A )
=23z AaP A p)
=33z a A aP A )
=33z a AP A p)
43z a A aP A )
7 [ Jxa® A aP A pA
| (36N BPAY)
6 [ 3Eac AaPA
A0 GE AB A )
- 3z ac A aPA
| Nier =365 A BY)
- 3zt AaP A A
-*(3yB° A BP)

A

il Hﬂ I

L

I

true

true

=tFua A p)

-Fuz =y Atreexr AaAg)

1| FuE = fyeyn ANy = 2N
treex N N\ @

_1 Jux=yAy= fz1..2pA
treex N treey Na N\ ¢
-tFur=yAy=zAtreex Aa )
—|4(E|aoz/\<,0)
“(Fua A p)
4| Jux+(=1).y =0.1A
numx ANnumyNa A
4| Juz+y=0.1A
numx AnumyNa A
4| Juz+(-1).y+(—1).2 =0.1A
numx Anumy AnumzNa g

—/

du E?Zlai.xi = ag.1N
- E?:l(bkai - akbi).xi =
/\ numax A a @
EIuE L 10;.25 = ag.1N
4 Zzlk(bkaz agb;).z;
Anumax Aa A
23z ac A aP A p)

(3T numz Aac Aol A )
l(ﬂx tree z A a A aP A @)
=3z num z A a A P A p)A ]

H

—|1(35c tree z A a A aP A p)
=33z aAaP Ap)
true
43z a N aP A )
>3z a AaP A )
7 [ Jx a A aP A pA
| EFY AP AY)
7 [ 32122 0L A a2 A aPA

A 35 A A i)

s [ 320t A a2 A aPA
| Nier =° (365 A YY)
=73z a A aP Ao A=2(3GBL A BP)A
Nier =" (3ZGB7 A B A B2 A po)

(bkag - akbo).l/\

< (bgaog — arbo). 1N
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[ 3za° A aP A A
27 7
7 =9 (3etrue A BP) = true
.
Jra %‘;CQ‘ZQA T3z a® AaP A A =835 5 A BP))A
28 7| ¢ = —6(3z7z; 6¢ A 6P A
- /\_‘9(351'%‘0/\75) ZE/\I ( Yzi 05 i 900)
L i€l

In all these rules, « is a basic formula, ¢ and v are conjunctions of working formulas.

In the rules 1 to 14, the equations and relations in a® and o are mixed by considering the
connector A associative and commutative. In these rules, except the rule 6, all modifications in
the right hand side are done in a“, since o is a solved block.

In the rule 2, f and g are two distinct function symbols taken from F'. In the rules 4, 6, 7
x > y This condition prevents infinite loops and makes the procedure terminating. In the rule
5, the equation x = fz;...z, does not belong to of. In the rule 6, if the equation x = fz;...2,
belongs to o, then x = y A =numy is moved to a”. In the rule 7, the equation = = z does not
belong to oP.

We recall that the notation 0.1 in the rule 8 means the term 0. In the rule 9, ag > 0. In the
rules 13 and 14 the variable x, is the leader of the equation ¥;a;x; = agl and by # 0. Moreover
the equation ¥;b;.x; = bg.1 does not belong to oP. In the rule 14, the relation ¥;b;.x; < bg.1
does not belong to a? and A =1 if ag > 0 and A = —1 otherwise.

In the rule 15, the tree section of a®Aa? is formatted and there is no sub-formula in aAaP of
the form numa A—numz. In the rule 16 respectively 17, the typing constraint numz, respectively
—numz is not in a® A of and is a consequence of a® A oP. In the rule 18, z does not have typing
constraint in o A o and neither numz nor —numz is a consequence of a A oP.

In the rule 19, a“Aa® is a block. In the rule 20, the numeric section of a“AaP is inconsistent.
In the rule 21, the unreachable variables in Z are renamed if necessary such that u > v for each
unreachable variable v and each reachable variable v in z and the numeric section of a® A o is
consistent. The consistency can be verified for example by using the first step of the Simplex.
In the rule 22, a® A oP is a solved block.

In the rule 23, 7€ is obtained from 3¢ as follows: for all variable z € var(3¢), we add all the
relations numx or —numx which are in 8P but not in ¢, and for all the variables y which do
not occur in an equation or inequation of 3¢ we remove all relations numy or —numy which are
both in 8¢ and GP. The formula ~? is the formula o A af.

In the rule 24, 37a¢ is decomposed to Iz'at A (FT2a? A (FT3a?)), ¢ = B¢ A a® and
W= Aat Aa? Aal.

The four rules 25, 26, 27 and 28 can not be applied on the occurrence of =7 of the first level
of the general working formula. In the rule 25, I’ is the set of ¢ € I such that 8¢ does not
contain occurrences of any variables in 2. The formula a“®* is such that T = (322a?) < o
and is computed using the Fourier quantifier elimination. The propagated-constraint section
B = at A a®* Aol

In the rule 26, ¢ is such that every negation symbol —F has k > 6, ¢q is obtained from ¢
by replacing all occurrences of =% by = and all propagated-constraint sections by true. Let 32
the formula obtained from 3°? by removing the multiple occurrences of typing constraints and
for all the variables y which do not occur in an inequation of 3> we remove all relation numy or
—numy which are both in 3°! and 3°2. If 3? is the formula true then I = (), otherwise the 3¢2*
with i € I are obtained from (32 as follows: Since 3% € A? then it is of the form

(Aver, numze) A (Apex "numug)A
(Ajes 2it1 aij-wi < agj-1) A N\j—y numa,) |’
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thus —3? is of the form

(Veer, ~num ze) V (Ve g numug) V (V=1 7numy, )V
VjGJ((Z?:l aijx; = agj.1 A\ Npp—1 numay,)V
(X1 (=aij)z; < (—agj).1 A N1 numay,))

Each element of this disjunction is a block and represents a formula 55%*. Of course we have
T E (=) <V, 55>

In the rule 28, T # ), ¢ is such that every negation symbol —* has k > 6, g is obtained
from ¢ by replacing all occurrences of —=* by =% and all propagated-constraint sections by true.
Moreover 67 = aP and 6§ = 7§ A B¢ A .

Property 5.3.3.1 Every repeated application of the preceding rewriting rules on an initial work-
ing formula terminates and produces a wnfv final working formula equivalent in T,.

Proof, first part: Let us show that every repeated application of these rules on an initial
working formula terminates. Note that the rules 1...7 are applied on sub-working formulas which
begin by the symbol =! without changing the value of this symbol. By the same way, the rules 8
...14 are applied on sub-working formulas which begin by the symbol =%. Let us then divide this
proof into three parts: (1) every application of the rules 1...7 on a working formula which begins
by —! terminates, (2) every repeated application of the rules 8...14 on a sub-working formula
which begins by —* terminates, (3) every repeated application of the rules 15 ... 28 terminates.

(1) Let us show that every application of the rules 1... 7 on a sub-working formula which
begins by =!(3Za A ) terminates. Since the variables of V are ordered by a linear dense order
relation >~ without endpoints, then we can associate to each variable = a positive integer no(x),
such that x > y if no(x) > no(y). Let the 3-tuple (n1,ns2,n3) where

e n; is the number of equations of the form x = fy;...y, in «,
e 1y is the sum of the no(x) for all occurrences of a variable z in a,
e n3 is the number of equations of the form y = x with z > y in a.

for each rule, there exists a row 4 such that the application of the rules decreases or does not
change the values of n;, with 1 < j <4, and decreases the value of n;. This row 7 is equal to 1 for
the rules (2) and (5), 2 for the rules (1), (3), (6) and (7), and 3 for the rule (4). To each sequence
of formulas obtained by finite application of the rules, we can associate a series of 3-tuples of the
form (nq1,n9,n3) which is strictly decreasing in the lexicographic order. Since the n; are positive
integers, they can not be negative and thus this series is finite and the application of the rules
1...7 terminates.

(2) Let us show now that every application of the rules 8...14 on a sub-working formula
which begins by —% terminates. This termination is evident since the rules 8 ...12 transform
the equations and inequations into a basic form and the rules 13 and 14 remove the double
occurrences of the leaders.

(3) Let us show now that every repeated application of the rules 15 ... 28 terminates. Starting
with an initial working formula of the form —%(Jetrue A ¢), with ¢ a conjunction of working
formulas where all the negations are of the form =Y, the rule 24 is the only one that can be
applied by changing the —% to =7 and all the internal =% to —!. According to what we have
shown every repeated application of the rules 1... 7 on a sub-working formula which begins
by —! terminates. Then, the rule 15 changes —' into —2. For every sub-working formula which
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begins by —2, the rules 16, 17 and 18 can be applied at most one time for each free variable which
has not yet a typing constraint in a®AaP. These rules create new working formulas which begins
by —'. This loop is finite since we never add new untyped variables during the application of this
part of rules. Note also that every application of the rules 19 to 24 terminates. Concerning the
rules 25 and 27, they can be applied one and only one time on each sub-working formula. In the
rule 26, we replace a sub-working formula containing a sequence of ='—% by the same working
formula with a sequence ="—? and containing |I| working formulas where the sequence of = has
been removed. In the rule 28 we decrease the size of the depth of the working formula. Thus,
we can not apply infinitely these rules. This is a semi-formal proof ; we can make a better proof
using a big n-tuples due to the high number of rules.

Proof, second part: Let us show that the rules are correct in 7;;. The rules 1..14 are evident
in T, and come from the axiomatization of T;. In the rule 15, since the tree section of a®A aoP
is formated and does not contain sub-formulas of the form num x A tree z, the symbol —! can be
changed into —2. Thus, this rule is correct.

In the rule 16, since num z is a consequence of a® A aP, then the formula a®A o is equivalent
in T, to a® A o A num z. Thus, this rule is correct. By the same way, we show the correctness
of the rules 17 and 18.

In the rule 20, since the numeric section of a® A of is inconsistent, then the formula a® A of
is equivalent in T, to false. Thus, this rule is correct.

The rules 19, 21 and 22 are correct because their conditions are sufficient to change their
negation symbols into =3, =% =3 (respectively)

Correctness of the rule 23:

7 | 3T a® A aP A oA 7 AT a® A aP A A
=53y 5° A B A1) =53¢ AP A )

where ¢ is obtained from (3¢ as follows: for all variable x € var(8°), we add all the relations
numz or ~numx which are in SP but not in 8¢, and for all the variables y which do not occur in
an equation or inequation of 3¢ we remove all relations numy or —numy which are both in 3¢
and (P. The formula ~? is the formula o A af.

We know that 5°A P is equivalent to v*ABP in T),. Thus, let 87 be the tree section of 4P and
(P the numeric section of BP. Let c;” be the tree section of a®A o and o the numeric section
of a® A aP. According to the conditions of =°, ;¥ and 37 have the same set of variables which
occur in the left hand sides of equations. We have also o? = 8 and T, = 8° A BP — o A aP.
Thus

TEAANB - ~°ANa AP,

l.e.
T ABYABE = Ao Ao,

and thus
TEYANB AP — A Na? ANalP.

Since the tree sections of y¢ A 37 and v¢ A ;¥ have the same set of variables which occur in the
left hand sides of equation and according to Property 5.2.2.3, we have

TEANB N <y Ny Ayl

thus
TEBNLP - Na® AP
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Since 7?7 = a“ A of then the rule 23 is correct in T7,.
Correctness of the rule 24:

—_

N ° 3B A BY A s N LT AYE A i)

with 7 = S A a® and ¥ = P Aat A a® AP,
According to Definition 5.3.1.3 of working formula, since we have the symbol =% then B =
a® A oP. Thus, the left hand side of this rule is equivalent in 777, to a formula of the form

3z af A aPA 7 3222t A a®? A aPA
)

~(3za AP A N\ (o AP A EGBE A i),
i
thus to
=3z a AP A N\ =(E5B5 A @)
According to Property 5.3.1.6, the preceding forlmula is equivalent in T, to
(o A @zt A N\ -(F0B A wi)))-
i

According to Definition 5.3.1.3 of working formula, since we have —® then the conditions 4,5,6

of Definition 5.3.1.3 hold. Thus, the formula 3Za“ can be decomposed in T;;. The preceding
formula is thus equivalent in T, to a formula of the form

—(a? A (37 a A (3z%a? A (33 A /\ (Fmi67 A 0i))))),

with T, |= vz2a? — z3a. According to Corollary 3.1.0.8 of Chapter 3, the preceding
formula is equivalent in 77, to

—(a? A Bzta™ A (3z%a? A /\ (B2 a A G5 A 9i))),

ie. to
3222 at A a®? A aPA
N ~CBG a3 ABEANaT AN NP Ap;) |
This rule is thus correct in T7,.
Correctness of the rule 25:

7| T A aPA . Izt A af* A aPA
Nier = GuiBE A BY) Nier =GB A B77)

where I’ is the set of i € I such that 3¢ does not contain occurrences of any variables in 2. The
formula a®* is such that T%, E (322a?) < a®* and is computed using the Fourier quantifier
elimination. The propagated constraint section B = at A a®?f Aol

According to Definition 5.3.1.3 of working formula, since we have =%, then the sixth condition
of this definition holds, thus 37 = a“ A a?. The left hand side of this rule is equivalent in 7%, to
a formula of the form

—\(Hf a Aol A /\ ﬂ(OZC NP A (Elgzﬁzc N 902')))7

i

120



5.3. Solving first order constraints in T,

i.e. to
=3z AP A N\ -GFBE A @)
i
which according to Property 5.3.1.6 is equivalent in T3, to a formula of the form
(o A (@Fza A N\ ~(FTB A 9i)))-
i

According to Definition 5.3.1.3 of working formula, since we have =7, then the conditions 4,5,6 and
7 of this definition hold. Thus the formula 3Za‘ can be decomposed in T, with 37303 = Jetrue.
The preceding formula is thus equivalent in 7, to

—(a®? A (3zta A (32 A /\ (F5:B; A @i))))-

Let us denote by I;, the set of the i € I such that 22 has no occurrences in 33} 3. The preceding
formula is equivalent in 777, to
32,322
(0 A (30 A a? A | (Aer, =8B ). (5.14)

(327 a® A Nier—r, 2G5 651))
According to the properties 3.1.0.4, 5.2.3.2 and 5.2.3.3, the formula (5.14) is equivalent in T}, to

Jz3.. 32,
~(a” A (Fz'al AP A (A il ( ylﬂd)) ))- (5.15)
(322 a?)

According to Property 5.2.3.4, there exists a? € A? such that T, = (322 a?) < af? with
af? € A%, The preceding formula is thus equivalent in T o to

—(a? A Bztat AP A (F2F.. 302, /\ (37 B A as?))),
i€ly
ie. to
—(a? A Bztat AaP A (T2 322 a A /\ (351 85))).
el
By repeating the preceding steps (n — 1) time and by denoting by Ij the sets of the i € I
such that x( k1) has no occurrences in ngil ﬁfl, the preceding formula is equivalent in 7 to

—(aP A (Fztat A aP AaP A Nier, ~(351B))),

ie. to
=3zt A a2 AP A /\ -(371 85 At A aS? A aP)).
1€l
This rule is thus correct in T7,.
Correctness of the rule 26

7| FTaT AP AN | T3z AaP Ao A=2(FGBL A BP)A
=8(3yp° A pP) Nier = 3ZHBP A B A B A o)
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Chapter 5. Solving first order constraints in T,

where ¢ is such that every negation symbol =* has k > 6, ¢ is obtained from ¢ by replacing all
occurrences of =% by =0 and all propagated-constraint sections by true. Let 32 be the formula
obtained from 3°? by removing the multiple occurrences of typing constraints and for all the
variables y which do not occur in an inequation of 3> we remove all relation numy or ~numy
which are both in 3! and 3. If 32 is the formula true then I = ), otherwise the 3¢%* with
i € I are obtained from (32 as follows: Since 3% € A? then it is of the form

(Aeer numze) A (Ngex ~numug) A
(Ajes 2it1 aigzi < ags) A Npp—1 numam, )

thus —3? is of the form

(Veer, ~num z¢) V (Ve g numug) V (V=1 ~numa,y, )V
Ve (it aijzi = aoi1 A N\j,—y numa,y, )V
(i1 (—aij)z; < (—aoj)l A N\j—q numayy,))

Each element of this disjunction is a block and represents a formula 5¢2*. Of course we have
wd = (28%) =V, B

Since we have —®, then according to Definition 5.3.1.3, the formula 373¢ is equivalent in
T, to a decomposed formula of the form g8t A ? with gt € AL, Let 32 be the formula
obtained from $? by removing from 3°? the multiple occurrences of the typing constraints and
by removing from 3 all the relations numy or treey which are both in 8! and 3% for every
variable y which has no occurrences in the inequations of 3°2. The left hand side of this rule is
equivalent in 77, to

-(3za AP Ao A-(3GBP A B A BY)).

According to the definition of the set A' and Property 5.2.1.1, we have = 3?43°!, thus T =
3?2451 A BP. According to Property 3.1.0.6 of Chapter 3, the preceding formula is equivalent in
Tr, to

=(3zaf A aP Ao A=(3GBP A BN V(32PN LA G2 A Q).
According to the conditions of this rule, the formula -3 is equivalent in T, to a disjunction of
the form \/,¢; 3¢%*. The preceding formula is thus equivalent in Tr, to

=32 AP A A= A BN A N\ —(BEBP A BT A B A ).
el

Thus this rule is correct in T7,.
Correctness of the rule 27

=1(3za° AP Ao A=°(3etrue A BP)) = true.

According to the properties of =7 in Definition 5.3.1.3, the formula 3? is the formula o A of.
This rule is thus correct in T7,.
Correctness of the rule 28

3z a N aP A pA

T3z a A aP Ao A=8(3G A BP)A
7 35 6° A BPA P
- 8 e = =8(3zyz; 6 A &Y A
- [/\ﬁg(ﬂzz‘% AY) 26/\1 Gy #0)
i€l
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5.3. Solving first order constraints in T,

with I # 0, ¢ is such that every negation symbol —* has k > 6, ¢ is obtained from ¢ by replacing
all occurrences of —=* by = and all propagated-constraint sections by true. The formula &Y = ab,
0f =5 NB°Na“.

According to the properties of =® and —? in Definition 5.3.1.3, we have ” = o A o and
P =a’ANaP A [B° The left hand side of this rule is equivalent in 77, to

=3z’ AP Ao A=(FGB°A N\ ~(3Z5))). (5.16)
i€l
According to the properties of =7 and the definition of the set A!, all the variables of § are
reachable in 3yB°. Thus, according to Property 5.2.1.1, we get T, = 37g3°. According to
Corollary 3.1.0.6 defined in Chapter 3, the formula (5.16) is equivalent in T, to

~((Bza® AP Ao A=(3g6%)) v\ (Bzgzis A B A AaP A )
i€l
ie. to
—(3Za AP A A=(3gB° A a A aP)) A Nier 7 (3ZYZivg A BEAaC AN aP A ).

Since 7 = a® A aP, 6 = aP and 6§ = ¢ A 3° A a° then the preceding formula is equivalent in
T, to

1@z AP A A=S(TG A BP)) A \-C(TZgz 65 A ST A ).

i€l

Thus this rule is correct in 1.
Proof third part: Let us show that every finite application of the rules on an initial working
formula produces a final working formula. Let ¢ be an initial working formula of the form
—%(3¢ true A \;e; i), where all the negations of the ¢; are of the form —°. The only rule which
can be applied is the rule 24, which starts the solving process by a top-down simplification and

propagation of constraints. It is the rules 1...24 which will be used in these steps. At the end,
all the sub-working formulas contain negations of the form —7. The rule 25

7| 3TN aPA g | FTtat Aot A aPA
9(3s.A¢C P 7 9(35.AcC P
Nier =" (30685 A B;) Nier = (3B N B;)

with I = ) can now be applied on the most nested sub-working formulas and changes the
negations from —7 into —%, then the rule 26,

=T(3Za AaP A A=2(FgB A BP))A
Nier = (3TGBP A B A BFZ A o)
7_8

=*(3g6° A B7)

can be applied and changes every sequence of the form — into a sequence of the form —
This rule creates also a conjunction of working formulas each one containing negations of the
form —!, on which the first steps will be applied again. When a sequence -7 is obtained, then
the rule 27

. [ Az A aP A oA

7_9

=1(3za A aP Ao A= (3etrue A BP)) = true

or the rule 25 can be applied and changes the internal negations from —’—8 to =8—?. When we

have only sequences of the form —7—8—% we can decrease the depth of the working formula from
3 to 2 by applying the rule 28

3z a N aP A pA

=T(3za A aP Ao A=8(3F A BP)A
7 35 6° A BPA oo
- 8 e = =8(3zyz; 6 A &Y A
i€l
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All these steps are repeated until reaching the following formula

=7(3e true A /\ -5z of Aok A /\ _'9(3371‘3' 5 /\ /gzpj)))’
el Jj€di

which is a final working formula.

5.3.4 The algorithm of resolution
Solving a general constraint ¢ in T}, proceeds as follows:

1. Transform ¢ into a normalized formula, then into an initial working formula ¢, which is
equivalent to ¢ in T7;.

2. Transform ¢ into a final working formula v using the rewriting rules defined in the subsec-
tion 5.3.3.

3. Extract from ¢ the disjunction of general solved formulas, equivalent to v in T7;,. If the
disjunction contains the general solved formula true, then it is reduced to true.

Example 5.3.4.1 Let ¢ be the following constraint having i, j as free variables:
Jrxx = fij Ai >0 A —numz A numi A numj A —(3k j = 2k A numk).

We can see that numj A =(3k j = 2k A numk) is always false in T, since for every variable j,
there exists a unique variable k such that j = 2k (axiom 13,,). Let us transform ¢ into an initial
working formula (the propagated-constraint sections are underlined):

-0-93zx = fij Ai > 0 A ~numa A numj A true A =°(3k j = 2k A numk A true))
After having applied the rules 24, 15, 16, 15, 19, 21, 22, 23 in this order, we obtain
-1-83zz = fij Ai > 0 A ~numaz A numi A numj A true A —°(3k j = 2k A numk A true))

The rule 24 can now be applied, we get

T_T7

-/

-Y3zkx = fij A j = 2k A numk A —numax Ai > 0 A numi A numj)

1> 0 A numi A numj A true/ ]

After having applied on the sub-working formula —'(...) the rules 15, 19, 21, 12, 22, 23 the
preceding formula is equivalent to

T_T7

-

t > 0 A numi A numj N true/
3wk x = fij A j — 2k = 0 A numk A —numax Ai > 0 A numi A numj)

The rule 24 can be applied. We get

=T=7(i > 0 A numi A numj A true A =" (true Ai > 0 A numi A numy))

The rules 25, 26 are applied in this order and we obtain

=770 > 0 A numi A numj A true A =°(true Ai > 0 A numi A numy))

Finally, by application of the rule 27, we get the final working formula =" true, which is equivalent
to the empty disjunction of general solved formulas, i.e. false.
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5.3. Solving first order constraints in T,

Since T7'; has at least one model and according to properties 5.3.3.1, 5.3.1.5 and 5.3.1.7, we
get the following corollary

Corollary 5.3.4.2 FEach formula is equivalent in T ,, either to true, or to false, or to a dis-

junction of general solved formulas having at least one free variable and being equivalent neither
to true nor to false in T,.
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Chapter 6

Conclusion

We have presented in this thesis new classes of theories and given for each one a decision pro-
cedure. We have also presented an automatic way to combine any first order theory T with the
theory of finite or infinite and have shown that if T is flexible than T™ is complete. We have
ended this thesis by a general algorithm solving any first order constraint in a combination of
trees and rational numbers.

S. Vorobyov [41] have shown that the problem of deciding if a proposition is true or not in the
theory of finite or infinite trees is non-elementary, i.e. the complexity of all algorithms solving
propositions is not bounded by a tower of powers of 2's (top down evaluation) with a fixed height.
A. Colmerauer and T. Dao [7] have also given a proof of non-elementary complexity of solving
constraints in this theory. As a consequence, the complexity of our algorithm and the size of
our solved formulas are of this order. We can show easily that the size of our solved formulas is
bounded above by a top down tower of powers of 2's, whose height is the maximal depth of nested
negations in the initial formula. The function a(p) used to show the termination of our rules
illustrates this result. However, the general algorithm of Chapter 5 is reduced to the algorithm
of [16] if the initial formula contains only tree constraints well typed. In this case, we will get
without any doubts the same performances than those of [16], i.e. solving formulas having until
160 nested alternated quantifiers (3V). On the other hand, the constraints expressing k-winning
positions in [16, 7| can be expressed in a much more easy way in an extension into trees of
positive integer numbers. In fact, while the integer a is expressed in [16] by the tree 2* f%(0),
this integer will be expressed directly using the term a in the extension into trees of positive
integer numbers. This simplification will probably enable us to get better performances in terms
of time-execution and maximal depth of solved formulas comparing with those of [16].

Currently, we try to find a more abstract characterization and/or a model theoretic char-
acterization of the decomposable theories. The actual definition gives only algorithmic insight
into what it means for a theory to be complete. We expect to add new vectorial quantifiers in
the decomposition such as 3" which means there exists n and EIT\I;(O%) which means there exists n
or infinite, in order to increase the size of the set of decomposable theories and may be get an
abstract definition much more simple than the one defined in this thesis. Another interesting
challenge is to find which special quantifiers must be added to the decomposable theories to
get an equivalence between complete theory and decomposable theory. A first attempt on this
subject is actually in progress using the quantifiers 3 and 37\3’(&). It would be also interesting to
show if these new quantifiers are enough to prove that every theory which accepts elimination of
quantifiers is decomposable.

Z0f course fO(x) = z and f* 7' (z) = f(f*(x))
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We have also established a long list of infinite and zero-infinite decomposable theories. We
can cite for example: theory of finite trees, theory of infinite trees, theory of finite or infinite
trees [19], theory of additive rational or real numbers with addition and subtraction, theory of
linear dense order without endpoints, theory of ordered additive rational or real numbers with
addition, subtraction and a linear dense order relation without endpoints, combination of tress
and ordered additive rational numbers [24], construction of trees on an ordered set [23], extension
of trees by first-order theories [20].

Currently, we are showing the decomposability of other fundamental theories such as: theory
of lists using a combination of particular trees, theory of queues as it has done in [39], and the
combination of trees and real numbers together with addition, subtraction, multiplication and a
linear dense order relation without endpoints. We try also to find some formal methods to get
easily the sets 1(u), A’, A” and A" for any decomposable theory T

Our initial aim in this thesis was to give axiomatizations of complex theories around trees
and show their completeness. We have made better by introducing the term extension into trees
of theories and by giving conditions on 1" and only on 7" so that the theory T-+trees is complete.
We have also shown the completeness of a theory built on the model of Prolog III, which was
unproved before. In order to extend this theoretical work, we plan with Thom Fruehwirth [27]
to add to CHR a general mechanism to treat our normalized formulas. This will enable us to
implement quickly and easily our algorithms and get a general idea on the expressiveness of first
order constraints in complete theories around trees.
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Abstract

The goal of this thesis is the study of a harmonious way to combine any first order theory
with the theory of finite or infinite trees. For that:

First of all, we introduce two classes of theories that we call infinite-decomposable and zero-
infinite-decomposable. We show that these theories are complete and accept a decision procedure
which for every proposition gives either true or false. We show also that these classes of theories
contain a large number of fundamental theories used in computer science, we can cite for example:
the theory of additive rational or real numbers, the theory of the linear dense order without
endpoints, the theory of finite or infinite trees, the construction of trees on an ordered set, and
a combination of trees and ordered additive rational or real numbers.

We give then an automatic way to combine any first order theory 7" with the theory of finite
or infinite trees. A such hybrid theory is called extension into trees of the theory T" and is denoted
by T™*. After having defined the axiomatization of T™ using those of T', we define a new class of
theories that we call flexible and show that if T is flexible then T™ is zero-infinite-decomposable
and thus complete. The flexible theories are first order theories having elegant properties which
enable us to handle easily first order formulas. We show among other theories that the theory
Tq of ordered additive rational numbers is flexible and thus that the extension into trees T}, of
Tuaq is complete.

Finally, we end this thesis by a general algorithm for solving efficiently first order constraints
in T7;. The algorithm is given in the form of 28 rewriting rules which transform every formula
, which can possibly contain free variables, into a disjunction ¢ of solved formulas equivalent
to ¢ in T, and such that ¢ is either the formula true, or the formula false, or a formula having
at least one free variable and being equivalent neither to ¢rue nor to false in T';,. Moreover, the
solutions of the free variables of ¢ are expressed in a clear and explicit way in ¢.

Keywords: Theory of finite or infinite trees, Complete theory, Combination of theories, Solving
first order constraints, Rewriting rules.
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