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Resumo

Modelagem e raciocinio equacional sdo onipresentes na Matemadtica e na Ciéncia da Com-
putacdo. Técnicas de reescrita t€ém sido aplicadas com sucesso para formalizar e implementar
inferéncia automatizada em estruturas matematicas dedutivas. Apresentar teorias equacionais
por meio da reescrita d4 origem a um mecanismo para decidir a redu¢do equacional da
teoria sempre que o sistema de reescrita for terminante e confluente, ou seja, sempre que for
convergente. Resolver problemas equacionais € um passo adiante que requer mais esfor¢o
do que apenas usar reescrita. De fato, “estreitar” problemas equacionais € uma técnica
bem conhecida que adiciona a reescrita o poder necessdrio para buscar solugdes; em outras
palavras, adiciona o poder de buscar instincias das varidveis que ocorrem em um problema
equacional que “unifica” as equacoes.

Por sua vez, a 16gica nominal foi desenvolvida para contornar as inconveniéncias apresen-
tadas quando as varidveis sdo instanciadas. A abordagem nominal usa &tomos nominais em
vez de varidveis para evitar a necessidade de renomeacgdo de varidveis ao lidar com equacdes
na abordagem notacional padrdo. A sintaxe nominal também inclui permutacdes de dtomos
para distinguir algebricamente os dtomos evitando colisdes e capturas destes.

Neste trabalho, estudamos a reescrita nominal moédulo comutatividade. Desenvolvemos o
método estreitamento nominal comutativo (nominal commutative narrowing) para lidar com
o problema de unificagdo nominal médulo teorias equacionais que incluem comutatividade,

o qual ndo € finitario dependendo da representacdo das solugdes.






Abstract

Equational modelling and reasoning are ubiquitous in Mathematics and Computer Science.
Rewriting techniques have been applied successfully to formalize and implement automated
inference in mathematical deductive frameworks. Presenting equational theories by rewriting
gives rise to a mechanism to decide the equational reduct of the theory whenever the rewriting
system is terminating and confluent, i.e., whenever it is convergent. Solving equational
problems is a step further that requires more effort than just rewriting. Indeed, “narrowing”
equational problems is a well-known technique that adds to rewriting the required power
to search for solutions; in other words, it adds the power to search for instantiations of the
variables occurring in an equational problem that “unify” the equations.

On its side, the nominal logic has been developed to contour inconveniences presented
when variables are instantiated. The nominal approach uses nominal atoms instead of
variables to avoid the requirement of variable renaming when dealing with equations in
the standard notational approach. The nominal syntax also includes atom permutations to
algebraically distinguish atoms avoiding atom collisions and captures.

In this work, we study nominal rewriting modulo commutativity. We develop nominal
commutative narrowing to deal with the problem of nominal unification modulo equational
theories that include commutativity, which is not finitary depending on the representation of
solutions.
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Introduction

The E-unification problem is about solving first-order term equations modulo an equational
theory E, that is, given an equational theory E and a unification problem {s ~’ t}, we want to
find a substitution 0 such that s =~ 10, for some s and ¢ first-order terms. E-unification is a
fundamental tool in logic programming and type assignment systems, and applications may
be found at the use of paramodulation, a development of resolution, in automatic theorem
proving as well as the computation of complete sets of critical pairs in the Knuth and Bendix
completion procedure [25, 17].

Given an equational theory that has an equivalent confluent and terminating term rewrite
system (TRS), Fay described a complete unification algorithm for it [11, 17] in the late 70’s.
The method is based on using the narrowing process by Lankford in 1975 [18]. Narrowing
was first mentioned by Slagle in 1974 [21], and Fay gave the first description of the narrowing
technique used as a general E-unification procedure in the presence of a term rewrite system
in 1978 [11].

Narrowing a term is about finding a substitution, which is the minimal instantiation of
the term, such that we are able to apply one rewrite step right after. If we aim to solve an
equation {s ~ t} in an equational theory, that corresponds to a convergent TRS, we may
construct all the possible narrowing derivations, iteratively, from the initial terms s and ¢ until
we get a new equation {s’ ~’ t'} such that s’ and ¢’ are syntactically equal and therefore the
equation can be trivially solved. Hence the composition of the most general unifier with all
the substitutions computed in the narrowing derivations yields an E-unifier of {s ~’ t}, see
[23, 25].

However, in general this procedure does not terminate. The search procedure may contain
various narrowing sequences starting from {s i t}, and the more rules in the TRS, the
more options for the narrowing sequences. In order to avoid useless computations and to
give sufficient conditions for termination, Hullot improved Fay’s algorithm [15]. Now, new
problems have to be treated: there are several equational theories whose axioms cannot

be oriented without loosing the property of finite termination, which is the case of the
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commutativity axiom, and even though we apply Hullot’s algorithm into a convergent set of
rules, it does not always terminate.

This limitation of dealing with commutative operators and axioms was circumvented by
not using C as a rewrite rule, but taking it into account when applying another rule. This
way, we build commutativity into the rewrite process. The main idea is to decompose a set of
axioms into a set E of troublesome identities, like C, and a set R of rewrite rules, with the

purpose of generating a new rewrite relation —g g, defined on equivalence classes of terms:
[slee —R/E [fae iff 35’0 smps’ =Rt =et.

However, if we want to make a one-step reduction from [s]~, with relation to —g JE> WE
would need to investigate the entire equivalence class modulo ~g of s. Although, this would
ask for all E-equivalence classes to be finite, which is the case for commutativity, but it is not
the case for the theory | = {x® 0 ~ x}, for instance, [a|~, = {a,a®0,(a®0)®0,((a®0)®
0)&®0,...}, where a and 0 are constants and & is a binary function symbol.

In this work we chose to follow the approach by Jouannaud et. al. [17], which is a
generalization of Peterson and Stickel’s work [20], and define another relation —g g:

s—ret iff 3(—r)€R,s=C[s],0.5 ~pl6At=C[ro],

which means that each rewrite step involves matching modulo ~g. This allows to avoiding
investigating the whole E-equivalence class prior to applying rewriting steps modulo E, and
is decidable as long as E-unification is decidable and has a complete set of E-unifiers.

We are interested in extending the above mentioned results to the nominal framework.

Nominal techniques. The nominal syntax [14] emerged to deal with languages that have
binders, such as the First Order Logic language, which has existential (J) and universal
(V) quantifiers that bind variables in their scope, e.g. Vx.Q(x), for some unary predicate Q;
A-calculus, which has the (4) abstraction binding variables, as in Ax.xy; or the m-calculus
with the restriction (V) quantifier, that binds name channels in a process (say P), as in vx.P.
The nominal language is more expressive than all languages above, and its binder ([_]), also
called abstraction, binds atoms, as in [a] f(a,X) for a binary function symbol f, and can
be “instantiated” to express abstractions in A-calculus, of quantified first-order formulas, or
processes in the 7-calculus: one just need to adapt its signature.

Thus, in the nominal syntax, we have two different kinds of objects: atoms (a,b,...),
that can be abstracted by a binder operator, and unknowns (X,Y,...), undefined variables

that cannot be abstracted. In addition to the latter, a term may contain function symbols
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(f,g,.-.), which are term constructors. That said, in the given examples, V, P and f are
function symbols whilst a is an abstracted atom.

In the nominal setting, equality is established as an ¢-equivalence relation and we write
s /¢ t to denote that s is equal, modulo renaming of bound atoms, to . For instance,
Ax.xy &g Az.zy but Ax.xy %4 Ay.yy in the A-calculus. Even thought Ax.xy and Az.zy are
syntactically different, they may be considered the “same term”, that is, they are in the same
a-equivalence class, we just need to choose one representative of the class.

Building upon this scenario, the Nominal Unification [24] is developed, which is the
problem of solving equations modulo ¢-equivalence between two nominal terms (s z?a 1),
and later extended to Nominal E-Unification, when E is one of the theories A, C and AC
[1, 2, 7], which is also the subject of this work, but restricted to the theory C and following
the narrowing approach.

Nominal E-unification via nominal narrowing was already investigated when E can be
presented by a convergent nominal rewrite system [6]. In this work, we are interested in
giving another step towards a more general development, treating the case in which E cannot
be oriented as a convergent nominal rewrite system, and one has to deal with nominal
rewriting/narrowing modulo some identities, thus extending the works by [17, 25, 10]. In
particular, we will provide new developments for the particular theory of commutativity,
which already gives some insight about the intricate extensions and properties that need to be
addressed when dealing with more complex theories.

Objective. In this dissertation we investigate how nominal equational narrowing works
and also its connection to rewriting modulo an equational theory E. In particular, for
concrete developments, we study how the theory of commutativity behaves inside the
nominal framework and how it influences the narrowing method. We call this study Nominal
Commutative Narrowing.

We would like to stress that the objective of this dissertation is not to repeat proofs of the
established results, so instead, we present the results that are fundamental for our develop-
ments and illustrate them by means of examples, remarks and more detailed explanations.
The focus here is to give intuition of existing constructions and build up on them, with the

aim to achieve new developments.

Contribution. The contributions of the work done in this dissertation consist of the detailed
presentation of concepts and results about the development of nominal narrowing that were

initially established in [6] and [12]. Furthermore we present some unpublished contributions:
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1. We extend Lemma 22 of [12] (here Lemma 1.4) to consider the commutative theory,

using the relation =~ ¢, i.e., a-equivalence modulo commutativity.
2. We define nominal C-narrowing relation, written as ~~g c.

3. We extend the definitions and concepts regarding rewriting modulo C to the nominal
framework. For instance, we have nominal versions of the relations —g ¢ and —g /C

as described earlier in this introduction.
4. We present a version of the Lifting Theorem 2.2 taking into account commutativity:

* we provide a mapping from nominal C-narrowing sequences to nominal rewriting
modulo C sequences, provided that some conditions of freshness constraints are

given (Theorem 3.1).

* we also provide a naive approach to the reverse mapping, from nominal rewriting
modulo C to nominal C-narrowing (Theorem 3.2)., provided that a notion of
C-coherence (Definition 3.6) is given for nominal frameworks. The relation is
necessary for relating —g/c and —g c, but this has to be further investigated.

Organization. This work is organized in the following way:

* Chapter 1: Background. This chapter contains the definitions and properties of
the nominal syntax that are necessary for the understanding and development of this
work. In Section 1.1, we present the grammar of nominal terms, as well as basic
definitions such as signature, permutations and substitutions. Section 1.2 presents the
rules for freshness and t-equivalence, and we show them in examples of derivations.
In Section 1.3 we recall the concepts of nominal unification: problems, simplification
rules, solutions, as well as the formal definitions of nominal unification and nominal
matching problems, concluding with the definition of most general unifier and also
exhibiting some interesting examples of nominal unification problems. In Section 1.4
we present extensions of the concept of @-equivalence to a-equivalence modulo C,
adding commutativity into the equational reasoning. We also show the adaptations of
the system of derivation rules using = ¢ and check how it works in an example. Later,
we extend Lemma 22 from [12] considering the commutative theory (Lemma 1.4).
Finally, in Subsection 1.4.1 we add commutativity into nominal unification problems,
bringing format of solutions via the use of triples of the form (A, 8, Pr) together with

the algorithm rules for nominal C-unification, complementing with examples.
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* Chapter 2: Nominal Narrowing. We present the definitions and results regard-
ing nominal narrowing. In Section 2.1, we recall definitions given by [6] such as
judgements, equational theory, rewrite theory, nominal rewriting, with properties of
confluence and equivariance; and we also present the concepts of nominal algebra
equality and closed nominal rewriting in Subsection 2.1.1. In Section 2.2, we present
our definition of nominal narrowing and some examples, together with the definition
of normalized substitution with the aim of presenting the Nominal Lifting Theorem, in
Subsection 2.2.1, with an example of the theorem in action. Finally, in Section 2.3,
we explain that for a closed nominal equational theory, we can prove soundness and

completeness of the nominal narrowing process for nominal unification.

* Chapter 3: Nominal Commutative Narrowing. This chapter focuses on showing
all requirements to extend the lifting result for narrowing modulo C, i.e., to establish
the correspondence between nominal C-narrowing and nominal rewriting modulo C.
In Section 3.1, we define equational nominal rewrite system, where we split a theory
T into a set R of rules and a set E of equations. We also bring some definitions from
Jouannaud et. al [17] in order to present our definition of nominal rewriting modulo
C, together with C-confluence and C-termination, and at last but not least nominal
narrowing modulo C. Section 3.2 presents our extension of the Lifting Theorem 2.2,
making a correspondence between the relations ~»g ¢ and —g c. First from ~g ¢ to
—R,c we managed to provide the complete proof; the other direction though, —g ¢
to ~»R c, requires an extra property, called C-coherence, that is fundamental for C-

confluence and this needs to be further investigated. We provided some proof sketches.

* Chapter 4: Conclusion and Future Work. We conclude the work with the main
considerations of the development of this dissertation and we also propose some tasks

for future work.






Chapter 1
Background

This chapter contains standard definitions, notations and basic results about nominal tech-
niques that are necessary for the understanding of this work. Section 1.4 contains our first
contribution: in Lemma 1.4, we prove an extension of a result that relates a-equivalence
derivations with normalized freshness constraints (Lemma 22, in [12]), but taking into
account the relation ~, c. Subsection 1.4.1 contains established results in the context of
nominal reasoning modulo commutativity: we present the rule-based algorithm for nominal
C-unification as well as some properties and examples. More details can be found in [1]. The

notations are mostly consistent with [6, 12].

1.1 Nominal Syntax

A nominal signature ¥ is a set of function symbols f,g, ..., each with a fixed arity n > 0. Fix
countably infinite sets X' of term variables X,Y,Z, ... and A of atoms a,b,c,d, .. .. Variables
represent meta-level unknowns and atoms represent object-level variable symbols. We assume
that X, X’ and A are pairwise disjoint. As usual, we will write a = a and X = X to denote
syntactic identity of atoms and unknowns. We will omit the explicit signature X and the arity
of its function symbols when it is clear from the context.

A swapping is a pair of atoms, written (a b), that maps a to b, b to a and all other atoms ¢
to themselves. Although (a b) and (b a) are different swappings, they make the same action
over terms. A permutation T is a bijection on atoms, with finite domain. We call Id the
identity permutation. Also, o ' denotes functional composition of permutations and n!
denotes the inverse of m. We call a pair of a permutation 7 and a variable X a moderated

variable, written 7 - X, and we say that 7 is suspended on X.
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Definition 1.1. (Nominal term) Nominal terms are generated inductively by the grammar
tu=al|n-X|lat]| f(t1,...,tn).

Terms are called, respectively, atoms, suspensions, abstractions and function applications.
Notice that X is not a term, but Id-X is. We abbreviate Id-X as X when there is no ambiguity.
We also write ¢ =t to denote syntactic identity of terms.

We write V(¢) for the set of variables occurring in ¢ and A(r) for the set of atoms
mentioned in ¢. Terms without variables are called ground terms, that is, V(¢) = 0, but
they may still contain atoms. Abstractions like [a]t mean that a is bound in ¢ (scope of [a]).
Occurrences of a are said to be abstracted if they occur in the scope of ¢, and are called free
otherwise.

When convenient we will write f(7), to denote f(t1,...,t,).

Example 1.1. The following are all examples of nominal terms when we consider the

signature ¥ = {app: 2,1am: 1,add: 2,succ: l,let: 2,;map:2,f: 1,nil: 0}:
app(lam([ala),X) add(succ(X),Y) (ab)-X let([ala,b) map fnil

A position C is defined as a pair (s,_) of a term and a distinguished variable _ € X that
occurs exactly once in s. We write C[s'] for C[_ + s'] and if s = C[s'], we say that s’ is a

subterm of s with position C. The root position will be denoted by C = [_].

Definition 1.2. (Permutation action) A permutation action of 7 on a term ¢ is defined by

induction on the term structure
m-a=7(a) n-(n'-X)=(mon')-X

m-lat =[m-a](m-1) T f(tr,....ty) = f(m-11,..., 7 1,).

Example 1.2. By the definition above, and adding the function symbol {4 : 3} to X from
Example 1.1,

(ab)(cd)- (1am([a]lam([d]h(c,b,X)))) = lam([b]lam([c]h(d,a, (a b)(c d) - X))).

Definition 1.3. (Meta-action of a permutation) The meta-action of 7 on t, written ¢, is
defined by
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where Id” = Id and ((a b)-0)" = (n(a) n(b))- 6".
The meta-action of permutations affects only atoms in terms [5]. It does not suspend on

variables, as permutation action does.
Definition 1.4. (Substitution) A substitution 0 is a mapping from a finite set of variables to
terms. The substitution action t0 is defined as follows

ab =a (m-X)0=m-(X0)

([a]t)6 = [a](16) ftr,...;t,)0 = f(1,0,...,1,0).

The domain of a substitution 0 is written as dom(6), and the image is denoted as Im(6).
Therefore, if X ¢ dom(0) then X0 = X. Also if we restrict the domain to a certain set V of
variables, where the substitution will map X to X0, if X € V, and to X, otherwise, then we
call Oy the restriction of O to V.

The composition of two substitutions 8; and 6, will be written as 0;6,.
Note that substitution does not avoid capture of free atoms.
Lemma 1.1. Substitution and permutation commute, that is, - (10) = (7w -1)6.

Proof. The proof is by induction on the structure of ¢.

Base Case.
e If t = a: the result is trivial since the substitution does not affect atoms;

e Ift=n'-X:
n-((n'-X)0) = m-(n'-(X0))

Inductive Step.

o Ift = [a]t":
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o Ift= f(t1,...,tn):

n-(f(t1,...,t4)0) = @-(f(110,...,1,0))

= f(n-(1,0),...,m-(1,0))
= f((mn)8,....(11,)6)
= f(n-tl,...,n:-t,,)e

= (m-f(t1,...,12))0.

1.2 Rules for Freshness and a-equivalence

Whenever we are talking about nominal terms and how we relate them, we need to understand
first the notions of freshness (denoted by the predicate #) and a-equivalence (denoted by the
predicate ~q):

* Intuitively, a#t means that a does not occur free in ¢ (read “a fresh in 7).

* Intuitively, s =~ t means that s and ¢ are a-equivalent, that is, they are the same term

written with a different choice of bound names.
* o-equivalence is defined using swappings and freshness.

Here a#ft and s ~ t represent constraints. The inference rules defining freshness and
a-equivalence are given in Figure 1.1 and Figure 1.2. A freshness context is a set of freshness
constraints of the form a#X, and usually denoted by A and V.

We call a freshness constraint a#s reduced when it is of the form a#a or a#X. If there are
no constraints of the form a#a in these contexts, we call them consistent. Also, a freshness
judgement is a tuple of the form A - a#t and an «-equivalence judgement is a tuple of the
form A+ s~ t. We will write A& (@1,...,¢,) for the judgements A+ ¢y, ..., AF @,.

In Figure 1.2 we use the difference set of two permutations ds(7, ') := {n | 7w -n #
nt’'-n}. So ds(m,n')#X represents the set of constraints {n#X | n € ds(n,n’)}. For ex-
ample, if T = (a b)(c d) and ' = (c b), then ds(x,7') = {a,b,c,d}, and ds(m,n' }#X =
{a#X,b#X , c#X ,d#X }.

Remark 1.1. The rule (= [ab]) in Figure 1.2 is equivalent to a rule with premises A +
(ba)-s=qtand A bis.

Example 1.3. We can derive At a#f([a]X,(a D) -Y) with A = {b#Y } and observing that
(ab)y™'a=(ba)-a=b:
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#c -
NS (# atom) At attn | A& att, # app)
Al a#f(llv"' Jn)
——— (#ale Ab att -1,
AlF a#[a}r alab ﬁ (# a[b]) (ﬂ: a#X) €A (# var)
a#bli AF i X
Fig. 1.1 Rules for #
(~2q atom)

A}_a""‘(xa A}_S] %a [l"'A}_Sn %a [ﬁ!

. - (=g app)
Al__f(;‘i],"',.?n) ~ua _f(f],"'_._f”)
Al s =gt (o0, [a2]) Abs =g (ab)-1 Al att (0 12D))
At lals =g |alt Al lals =g [b]t

ds(m. ' )#X € A
AFm-X ~o ©'-X

Rog Var)

Fig. 1.2 Rules for ~

( b#Y € A
At a#ta]X At a#(ab)-Y
At attf([a]X,(ab)-Y)

#ala])

(# var)
(# app).

With A" = {a#X} we can deduce A’ - a#h([b]X,c):

a#tX € N

A F a#tX

A+ a#[b]X A+ atc
A+ a#h([b]X,c)

(# var)

(# a[b]) (# atom)

(# app).

Also we can derive V - lam([d]app(lam([d]X),c)) ~¢ lam([d]app(lam([c]X),c)) with
V = {c#X,d#X }, noting that 7 := (¢ d) and ds(7,Id) = {c,d}:

ds(1d,(d c)) ={c,d#X} €V d#X €V
(~q var) (# var)
VEX~g (de)-X ViR
¢ [dc
VE [d]X ~q [dX . o tom)
Ra —— (=g atom
Vi lam([d]X) ~g lam([c]X) <Y VEemge 00

V - app(lam([d]X),c) ~¢ app(lam([c]X),c)
V - [d]app(1lam([d]X),c) ~q |[d]app(lam([c]X),c)
V I lam([d]app(lam([d]X),c)) ~q lam([d]app(lam([c]X),c))
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1.3 Nominal Unification

Unification is a mechanism used to find out if two terms can be equal using a proper
substitution. In the nominal syntax, the notion of syntactic equality is replaced by o-equality,
therefore Nominal Unification uses this notion intrinsically. In order to understand this

method, we recall some definitions from [24].

Definition 1.5. (Problem) A problem Pr is a set of constraints and we write A = Pr when for
all P € Pr there is a derivation proof using the rules in Figures 1.1 and 1.2, taking elements
of the context A as assumptions. A - Pr is read as “A entails Pr”. If A entails P because
P € A, we say the derivation is trivial.

Here we bring an algorithm based on simplification rules acting on problems, since the
rules for freshness and for a-equivalence give us terms above the line simpler than the terms
below.

Definition 1.6. (Simplification rules) Here are the simplification rules for problems:

a#b,Pr — Pr
attf(ty,--- ,ty),Pr = at#t,--- aity, Pr
a#[blt,Pr = att,Pr
—
_

a#lalt, Pr Pr
a#m- X, Pr nl.a#x.Pr  m#ld
arga,Pr — Pr
(81,00 58n) R f(tr, o s ta), Pr == sy =q 1, S0 Rg tn, Pr
lals ~q alt,Pr —> s=qt,Pr
la]s ~q [b]t,Pr = s=q (ab)-t,a#t Pr
n-X=gn'-X,Pr = ds(n,n')#X,Pr

Fig. 1.3 Simplification Rules

When a problem P’ is obtained from another problem Pr using one of these simplification
rules, we write Pr = Pr’. For the transitive and reflexive closure of =, we use the notation
=

If we manage to reduce a set of constraints to the empty set, then the problem holds.

Otherwise, we need to take this set of reduced constraints as assumptions to derive them.

Example 1.4. Because the simplification rules make the reverse role of the derivation rules,

from Example 1.3 we conclude the following:

a#f([a)X,(ab)-Y) = b#Y a#h([b]X,c) == a#X
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1lam([d]app(lam([d]X),c)) ~¢ lam([d]app(lam([c]X),c)) = c#X,d#X

We bring some important results from Ferndndez and Gabbay’s paper [12]. The proofs

will be omitted and can be found in their work.
Lemma 1.2. The relation = is confluent and strongly normalizing.
Proof. The proof can be found in [12], Lemma 11. [

Let (Pr),s denote the normal form of the problem Pr, that is, Pr =" Pr' = (Pr), s and
there is no Pr” such that Pr' = Pr".

Lemma 1.3. Consider Pr and Pr’ problems.
(1) (PrUPr Y, = (Pr)us U(Pr)up. If Pr C Pr' then (Pr), s C (Pr),y.
(2) Assume Pr == Pr'. Then I' F- Pr if and only if - Pr/.
(3) 'k Prif and only if I' = (Pr), .
Proof. The proof can be found in [12], Corollary 12 and Lemma 15. [

We can also enrich the simplification rules with the instantiating rules, in order to solve

unification problems, which we will define ahead.

Instantiating rules:

X—rle

T-X oot Pr == PriX— ] (X gV(r))

Xty

toom-X,Pr "= PriXe—alad]  (X€V())

Fig. 1.4 Instantiating Rules

These rules are also called occurs check.
Now back to the definitions.

Definition 1.7. (Solution) A solution for a problem Pr is a pair (A, 0) such that A entails

Pr0, where Pr0 denotes the substitution 6 applied to terms in Pr.

An unification problem Pr is a problem as defined in Definition 1.5 but replacing a-
equality constraints s ¢ t by unification constraints s 9~=9 t. Now, in order to solve nominal
unification problems, it is necessary to look into the freshness contexts of each term. So we

define ferm-in-context as a pair A - s of a freshness context and a term.
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Definition 1.8. (Nominal unification problem) An unification problem (in context) is a
pair (V1) 99 (AFs). Here A,V are freshness contexts and /,s are nominal terms. The
solution to this unification problem, if it exists, is a pair (A’, ) that solves the problem
Pr={A,V,l = s}, that is,

1. A+ A6;
2. N+Ve;
3. A F10 =~ 0.

Sometimes we will be interested in solving a “simpler” nominal unification problem in

which the substitution applies to only one side.

Definition 1.9. (Nominal matching problem) A nominal matching problem is a pair of terms-
in-context (V F 1) o~ (A s) where V(V1)NV (A s) = 0. A solution to this problem is a
substitution 0 such that A VO and A+ 16 =~y s and dom(0) C V(V F ).

Example 1.5. The solution to the unification problem (0 F [a][b]X) 2~ (0 - [b][a]Y) is the
pair (0,[X — (a b)-Y]):

(0F [a)[b]X) o~ (01 [b][a]Y) = {0,0,[b]X o= (a b)-([a]Y), a#la]Y}
= {0,0,[D]X 9= [b](ab) Y}
—

{0;®7X 29 (Cl b) ’ Y}

Example 1.6. On the other hand, a unification problem may not have a solution. See for
example (0 - 1am([a](1am([b]app(X,b))))) 2~ (0 - 1am([b](1am([a]app(a,X))))):

Lam([a](1am([b ]app(X b)))) 2= 1am([b]( ([ Japp(a,X)))) =?
=7 {1an([b]app(X,b)) »~ (a b) - (1am([alapp(a,X))), a#lam([a]app(a,X))}
= {1am([b]app(X7b)) ([ Japp(b,(a ) X))}
=7 {app(X,b) »~ app(b ( b)-X)}
:>{X7%9b b‘)wv( ) X}
Xop {bo=y (ab) b} ={b=ra} +#= (no solution).
Example 1.7. Let £ = {V,3, -, A, V} be the signature for first-order logic. For this example
we are not considering initially that disjunction (V) and conjunction (/) are commutative

operators, this property will be treat later. Consider the following unification problem

(a#tP 1= (V[a]Q) V P) o= (ctPy b (V[b]Qo) V (b ¢) - By).
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Its solution is a pair (A’, 8) that is a solution to the problem

S = {a#P, c#Py, (V[a]Q) V P 99 (V[b]Q()) V (b C) -P()}.

(a#P,c#Py, (V]a] Q) V P o=y (Vb]00) V (b ¢) - By} —>
= {a#tP,c#tPy, (V[a]Q) =~ (V[b]Qo) , Pomeo (b ) Po}
LI (at(b ) - Py, Ry, (V]alQ) s (¥16]00)}
= {a#tPy, c#Py, [a]Q +~ [b]Qo}
= {a#Py,c#Py, Q 2~ (a b)-Qo, a#Qo}
Ol 0o r upy cHPy, a#Op)

Therefore the solution is (A’, 0) = ({a#Py, c#Py,a#Qo}, [P+ (b c)-Py,Q > (a b)-Qo)).
We call a context consistent if it 1s a set of consistent reduced freshness constraints.

Definition 1.10. (More general solution) Let A, A, be consistent contexts and 6, 6,
substitutions. We write (A1, 8;) < (A, 8,) whenever there exists some 8’ such that: VX, A, -
X6,0" ~, X0, and Ay - A; 0. Here the relation < is a partial order.

A principal solution or most general unifier, mgu(Pr), is a least solution according to <.

Example 1.8 (Cont. Example 1.5). Notice that ({c#Z},[X — f((a b)-Z),Y — f(Z)]) is
also a solution for the problem (0 I [a][b]X) o~ (O F [b][a]Y ), but it is not a most general
one. In fact, [X — f((a b)-Z2),Y — f(Z)] =[X — (a b) -Y][Y — f(Z)]. Therefore, we can
write (0,[X — (ab)-Y]) < ({c#Z},[X — f((aD)-Z),Y — f(Z2)]).

1.4 «a-equivalence modulo C

In this work, we want to see what happens when we add commutativity in the equational
reasoning. We start by adjusting the notation of ¢-equivalence in the rules in Figure 1.2.
For a-equivalence modulo commutativity, denoted by ~ c, we have the same rules for
~ o (Figure 1.2), where we replace ~, for ~4 ¢, and also replace the rule (= app) by the
rules in Figure 1.5. This means that in our signature will appear some function symbols
which are commutative, and denoted by f € C, i.e., £ = ¥’ UC, where the function symbols

in X’ are uninterpreted, i.e., they do not satisfy an equational theory.

Example 1.9. Let f ¢ C and g € C be function symbols of X. Considering A = {a#X,b#X },
we can deduce At g(f((a b)-X,a),b) =qc g(b, f(X,a)):
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Abs) mqc 1 -+ Al s, =Roc In

AE f(s1,080) =ac [t ta)

Al sy = t A5 = fiig 1

0 a,Ck i 1 ‘D:‘C (i+1)mod2 i=0,1 (Rgc O)

At f(s0.51) =ac f(to.11)
Fig. 1.5 Additional rules for ~ ¢
ds((ab),1d) = {a,b#X} € A
(=a,c var) — (=~q,c atom)
AF(ab)-X=~qcX Ata=gyca

- - (~a,c app) —— (=g, atom)

AFf((ab)-X,a) =qc f(X,a) AFbrgch

At g(f((ab)-X,a),b) ~a,C g(b, f(X,a)) (Ra,c O).

Notice that the application of g changes the order of the arguments, due to commutativity.
Here the term on the left of the ~ ¢, g(f((a b) - X,a),b), has atom b in the second argument
and the term on the right, g(b, f(X,a)), has atom b in the first argument.

Definition 1.11. Similarly to Definition 1.5, we define a problem Pr to be now a set of
constraints of the form a#X and s ~ ¢ ¢, and we write A = Pr when for all P € Pr there is a
derivation proof using the rules in Figures 1.1 and 1.2 (replacing ~ for =4 c and the rule

(= app) by the rules in Figure 1.5), taking elements of the context A as assumptions.

We now extend a lemma presented in [12] to consider the commutative theory, i.e., we
use the relation ~, c. Here, AB consists of the set of constraints {a#X 6 | a#X € A} and
(A@),s consists of the freshness context obtained after applying the rules of Figure 1.3 in

AB, since commutativity does not interfere with freshness constraints.
Lemma 1.4. (Compatibility of - by substitutions) Suppose A and A@ are consistent.
1. If At afit then (A@), s I a#(10).
2. f AF s =g ctthen (AB),rF (s0) =g (10).
3. If A Prthen (A@),s - Pro.
Proof. We work by induction on the derivation of A a#t or At s~q ct.
1. We consider all rules in Figure 1.1, by analyzing the last rule applied in A |- a#t.

* Suppose the derivation concludes with (# atom). Then we have the trivial deriva-

tion
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AF qup O atom)

Notice that applying the rule (# atom) again and that a#b0 = a#b we have

#
(88)y b O AOm)

and the result follows.

* Suppose the derivation concludes with (# var), thus A F a#r - X, and conse-
quently, n~ ' a#X € A. Therefore, 11 -a#X 6 € A6. By Lemma 1.3 we have
(AOU{m - a#X 0}),r = (A8),U({m " -a#X8}), . Since {n~'-a#X 0} C AB,
one has ({7~ - a#X0}),r C (AB),s. Thus, (A8),; - ({n~'-a#X8}),s. From
Lemma 1.3 (A8),/ - ' a#X8.

* Suppose the derivation concludes with (# a[a]). Then we have the trivial derivation

m (# ala])

Notice that applying the rule (# a[a]) again and that [a|(0) = ([a]t)6 we have
(# ala])

(86), - at[a] (16)
* Suppose the derivation concludes with (# a[b]). Then ¢ = [b]¢’ and there exists a
derivation IT such that
IT

AF attt’

At apy 0D

By the induction hypothesis, there exists a derivation IT" of (AB),/ b a#t'6. Now
we can apply (# a[b]) again and obtain
H/
(AB)us F atit'
(86, - DI (76)
Observing that [b](¢'0) = ([b]t')0 = 0, the result follows.

(# a[b])

* Suppose the derivation concludes with (# app), that is, r = f(t1,...,t,) and
At a#f(ty,...,t,). Thus, there exist derivations ITj,...,IT, such that
I I1,

A attty A ‘- attt,
AFa#f(ty,... t,)

(# app)

By the induction hypothesis, there exist derivations IT},...,II), for (A8),, -
a#(t10), ---, (AO), s - a#(1,0), respectively. Now we can apply the rule (# app)
again and obtain
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T IT,
(AB),r - at(1,0) (AB), ¢ & a#(1,0)
(AO) b= a#f(t0,...,1,0)
Since f(10,...,t,0) = f(t1,...,1,)0, we obtain (AB), ¢ - a#f(t1,...,,)0, and

the result follows.

(# app)

2. We consider all rules in Figure 1.2 and Figure 1.5, by analyzing the last rule applied in
AFs Ra,cl.

* Suppose the derivation concludes with (=~ ¢ atom). Then we have the trivial

derivation

- (=g atom)
Al_a%aca @

Notice that applying the rule (= c atom) again and that a6 ~, c a6 =a~yca

we have

~ atom
<A9>nf Fargca (Fac )

and the result follows.

* Suppose the derivation concludes with (=4 c var), thus A+ 7-X =~ a-
X, and consequently, ds(7, 7' )#X € A. Therefore, for all a € ds(m,7’), we
have that a#X6 € A6. By Lemma 1.3 we have (AQ U {a#X0}),r = (AB),rU
({a#X0}),r. Since {a#X6} C AO, one has ({a#X60}),r C (AB),r. Thereby,
(AB), s+ ({a#X 0}),y, for all a € ds(m,n'). From Lemma 1.3 (A6),¢ - a#X6,
and consequently a#X 60 € (AB),, for all a € ds(m,7’). Applying the rule (¢ ¢
var) again the result follows.

/

* Suppose the derivation concludes with (= c [aa]). Then s = [a]s’, t = [a]¢’ and

there exists a derivation IT such that
I1
A }_ S/ %(X’C t/
At dls’ =g c [a)t

 (Rq,c [aa])

By the induction hypothesis, there exists a derivation IT' of (A8), s+ 5’60 ~q c 1'6.
Now we can apply (= c [aa]) again and obtain
0
(AO), 50~y ct'0
(A8)s - [a](s'0) ~q.c [a](1'0)

(~q,c [aa])
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Observing that [a](s'0) = ([a]s")0 = 50 and [a](t'0) = ([a]t')6 = 10, the result
follows.
* Suppose the derivation concludes with (¢ ¢ [ab]). So s = [a]s’, t = [b]’ and
there exist derivations I1; and Il such that
IT, I,
Ars' mgc(ab)-t' At a#tt’
At dls’ ~q c (b)Y

(~q,c [ab])

By the induction hypothesis, there exists a derivation IT| of (A8), in 5'0 ~q.c
(a b)-1'6 and by the first part of this Lemma there exists a derivation ITj of
(AB),s - att'6. Now we can apply (= c [ab]) again and obtain

IT IT,
(AB), =50 ~yc (ab) 10 (AB), - att'6
(AB)s - [a](s'6) ~a.c [b](1'0)
Observing that [a](s'0) = ([a]s')0 = s and [b](t'0) = ([b]t')0 = ¢, and using
Lemma 1.1,i.e., ((ab)-t")0 = (a b) - (t'9), the result follows.

(~q.c [ab])

* Suppose the derivation concludes with (=4 c app). Then s = f(s1,...,8,), t =
f(t1,...,t,) and there exist derivations ITy, ... , IL, of A sy =g cty, -+ , Al
Sn g, C In, r€spectively, such that

Hl Hn
Al s Ra,ch At sy, Ra,Cn
Al—f(sl,...,sn) ~a,C f(ll,...,ln)

By the induction hypothesis, there exist IT}, ..., IT;, for (AB), 510 ¢ c 110,

., [ & C(=q. app)

oo, (AB)pf 5,0 =g c 1,0, respectively. Now we can apply the rule (= c app)

again and obtain

IT IT,
(AO)pp 510 =g 116 (AO)pf 5,0 =g ctn
(AB),r b f(516,...,5,0) =g f(t10,...,1,0)
Observing that f(s,0,...,5,0) = f(s1,...,5,)0 = s6 and also f(#,0,...,t,0)
= f(t1,...,t,)0 = 10, the result follows.

0
, [ & C(=q.c app)

* Suppose the derivation concludes with (=q c C). Then s = f(s0,51), t = f(t0,t1)
and there exist derivations IT; and IT, of Al 5o ~q c t; and At 51 ~¢ c Hit1)mod2>
respectively, i = 0, 1, such that
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[T, I,
Abso=gcti  AFs1 Raclif1)mod2

A |_f<S(),S1) %OC,C f(t()atl)

By the induction hypothesis, there exist derivations I} and IT; for (A6),/ -

H l:()ul (%067(: C)

500 ¢, ;0 and (AB),,r = 510 ~ g C 1(i41)moa2 0, TEspectively. Now we can apply
the rule (=4 ¢ C) again and obtain
Im I
<A9>nf|—S()9 ~a,C ;0 (AG),,fl—s19 Ra,C t(i—i—l)moa’Ze
(AB),r = f(500,510) ~g.c f(t00,110)
Observing that f(s90,510) = f(s9,51)0 = s and f(100,1,0) = f(to,t1)0 =1, the
result follows.

,i=0,1(Rg,c O

3. Since Pr is a set of freshness or ¢, C-equivalence constraints, by items (1) and (2), the
result follows.

]

Notice that by Lemma 1.2 the relation = is terminating, which guarantees the existence
of <P r> nf-

1.4.1 Nominal Commutative Unification

A nominal unification problem has a unique most general unifier. Nonetheless, adding at
least one commutative operator into the signature, say +, can generate infinite independent
solutions, as it was shown in [1].

In this section, we will briefly present the approach proposed by Ayala-Rincén et. al. [2]:
we will present the new set of inference rules that will transform a nominal C-unification
problem into a triple of the form (A, 8, Pr), composed of a set of freshness constraints, a
substitution and a family of problems consisting exclusively of fixed point equations of
the form 7 - X 9~9 X. This approach provides a finite representation to the complete set of
C-unifiers. The related proofs are omitted, since they are out of the scope of this work. We

will just present the main notions, rules, results and some examples.

Example 1.10. Consider the problem Pr = {0, {[a][b]X =4 c [b|[a]X }}. Using the standard
unification algorithm given by the simplification and instantiating rules, in Definition 1.6, we
get the solution ({a#X,b#X },1d) to the reduced problem {0, {X ~, c (a b)-X}}, that is the
Id substitution is a solution whenever a and b do not occur in any instance of X. However,

this is not the only solution.
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In fact, a and b may occur in X and we still have a solution. Notice that (0, [X — a+ b])
is a solution for Pr when + € C: X[X —a+bl=a+b~qcb+a= ((ab)-X)[X — a+D].
Other solutions can be found, such as [X +— (a+b) + (a+b)], [X — [e](a+D)], ....

That said, we need to build a new algorithm for nominal C-unification. This new method
will act over triples of the form (A, 6, Pr), where 0 is a substitution. For a given unification
problem (A, Pr), we associate the triple (A, Id, Pr). We will denote the triples by P, 9, S, - - -.

With these new information, it is necessary to adapt the definitions and notations from

the previous section.

Definition 1.12. (C-solution) A C-solution for a triple P = (A, 8, Pr) is a pair (A’, 0) where

the following conditions are satisfied:
1. A+ A8;
2. A'F a#t0, if attt € Pr;
3. A6 Ro,ct0,if s~y ct € Pr,
4. there is a substitution 8’ such that A" - 56’ Rg,c 0.

If there is no (A’, 6) then we say that the problem P is unsolvable. Also Uc(P) denotes the
set of all C-solutions of the triple P.

Definition 1.13. (Nominal C-unification problem) A nominal C-unification problem (in
context) is a pair (V 1) ?é? (A s). The pair (A’,0) is an C-solution, or C-unifier, of
(VEI) ?é‘] (At s) iff (A',0) is a C-solution of the triple P = ({V,A},1d,{l ~qc s}), that
is, conditions (1)-(4) of Definition 1.12 are satisfied.

Uc(V I 1,AL s) denotes the set of all C-solutions of (V 1) ?é? (AFs). If V and A are
empty we write Uc(l,s) for the set of C-unifiers of / and s.

Definition 1.14 (More general C-solution and complete set of C-solutions). Consider (Ap, ;)
and (Az, 6,) solutions in Uc(P). We say that (Ay, 0)) is more general than (A, 0,), written
(A1,01) <c (A2, 8,), if there exists a substitution 8’ such that A, - 6,60’ Ra.c 6 and Ay -
A6’

The ordering <c is the extension of < with respect to C, and we write §V for the
restriction of < to a set V of variables.

A subset V € Uc(P) is said to be a complete set of C-solutions of P if for all (A, 6,) €
Uc(P), there exists (Az,0,) € V such that (A, 6,) <c (A1, 6).
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(#ab) (A, 0,Pry{atth}) — (A,0,Pr)

(#app) (A,0,Priw{attf(ty,---,1,)}) — (A,6,PrU{att,--- a#,})
(#ala]) (A, 0,Priv{aitlat}) = (A,0,Pr)

(#a[b]) (A, 0,Prw{att(blt}) = (A6, P: U{at})

(#var) (A, 0. Privf{atn-X}) = ({(z'-a)#X}UA,6,Pr)

Fig. 1.6 Rules for #

(~q,c refl) (A, 0, Pri{s=~qcs}) = (A,0,Pr)
~acap) (80 ProlfE mac () = (8.8,Pro s ~aci)
(Ra.c C) (A, 0.Pr{fCsayc 1)) = (A0,PruU{s=qcv}), where s = (s0,51)
and 1 = (19,11),v = (lis 1 1ymoa2) -1 = 0, 1
(R, [aal) (A, 0,Prw{lals ~qclalt}) = (A0,PrU{s~qct})
~q.c [ab]) (A,0,Priv{lals =aqc [blt}) = (A,0,PrU{s=qc (ab)-t,att})
(~q.c inst) (A.0.Profm-X mgct}) = (A0 PriX—n'1Ju | {a#Ye'}),
s
let @ :=0[X > 1],
if X ¢ Var(r)
(gcinv)  (A0,Pro{m-X ~qcn'-X}) = (A60,PrU{(n) 'om X ~qcX})
it @' +#1d

Fig. 1.7 Rules for ~ ¢

Finally, we now present the transformation rules used in the new algorithm: see Figure 1.6
and Figure 1.7, where W denotes disjoint union.

Note that (/2 c C) is the only rule in Figure 1.7 that generates branches. Because f Cisa
commutative operator, either so ~q ¢ fo and 51 ~q c 11 OF 5o Rg.c 1 and 51 R ¢ lo.

To solve a nominal C-unification problem (V, Pr) we build the derivation tree for —>
with root labelled with (V,Id, Pr), and then apply the rules in Figures 1.6 and 1.7, as long as
possible. This provides an algorithm for nominal C-unification that is terminating, sound,
complete and yields a finite representation for the complete set of C-unifiers for (V, Pr). The

proofs of these results are omitted and can be found in [2].

) ) . c . )
In the following examples, we will use the notation 9~29 over 7~ , in order to avoid

cluster, since commutativity is clear in these cases.
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Example 1.11. Let + and x be commutative operators (infix notation) of X. The problem
P=(0,{(a+X) XY 9m9Zx (W+Db)}) has two solutions.

(0,1d,{(a+X) XY 929 ZX (W+b)}
(@ Id, {(a+X '7~'7Z Y o9 W+b (D 1d, { a+X 7~7 W+b) YvN"rZ})
(Rac inst)(Zx)[ I(Nac inst)
0,06=[Y—=W+b,Z+—a+X]|,0)=P; (0,0 =[Y — Z],{(a+X) s~ (W+b)}

~ai/ \acc

(@ 6 {Cl?N?WX‘IN‘I b} @ 9 {Clvwvb X'rw'r W})

(Rq.c inst)(2x) [ k

(0,6” =0'W > a,X — b],0) =P>  no solution
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Example 1.12. Consider * a commutative operator (infix notation) of the signature ¥ and
consider the problem Q = (0,{[c](a b) - X *Y o= [d](ac) - X *xY}):

(0,1d,{[c](ab)-X *Y o=y [d](ac)-X*Y})
(%a.c [db]){

(0,1d,{(a b) - X Y 9= (cd)o((ac) - XY), c#((ac) - X xY))

W%}/ \i )

(0,1d,{(ab)-X 9~ (cd)o(ac)-X, (0,1d,{(ab) X 9= (cd)-Y,
Yoo (cd) Y, c#((ac)-X«Y)}) Y om9 (cd)o(ac)-X, c#((ac) - X+Y)})
(~a.c inv)(ZX)J J(xa_c inst)
(0,1,{((ac)o(cd))o(ab) X 7=+ X, (0,0,{Y s~ ((cd)o(ac))o((ab)o(cd))- Y
(cd)™'-Y oY, c#((ac) X +Y)}) c#((ac)o((ab)o(cd)) Y +Y)})

(# aPP)J J(ﬁx c inv)
(0,1a,{((ac)o(cd))o(ab)-X »~2 X, (0,0,{((cd)o(ab))o((ac)o(cd)) Y =Y
(cd)-Y 9= Y, cl(ac)-X, c#Y}) c#((ac)o((ab)o(cd))-Y*Y)})

(# var)(2x) l J (# app)
({e#X, et },1d, 0,0,{((cd)o(ab))o((ac)o(cd) ¥ mnY

{((ac)o(cd))o(ab) X = X,

(cd)-Y s2n Y}) = Q ct(ac)o((ab)o(cd)) Y, chr})

l (# var)(2x)

Q, = ({b#Y, Y}, 0,
{((cd)o(ab))o((ac)o(cd)) Y~ Y})

Notice that Q; and Q, are the two resulting fixed point problems, and the substitution in
the right branchis 6 = [X — (a b)o(c d)-Y].



Chapter 2
Nominal Narrowing

Given an equational theory E, the problem of solving term equations modulo E is called
E-unification. Narrowing is a well-known technique that provides a complete unification
procedure for E-unification, when the theory is represented by a convergent rewrite sys-
tem [10, 15].

In this chapter we will see how narrowing behaves in the nominal syntax. In order
to do that, in Section 2.1 we present the basic notions for nominal rewriting and nominal
equality, together with closed nominal rewriting. In Section 2.2 we present the nominal
narrowing relation and its closed definition, and in Subsection 2.2.1 we present one of the
most important result of nominal narrowing: the Lifting Theorem (Theorem 2.2). Lastly,
in Section 2.3 we show that the process of nominal narrowing is sound and complete for

nominal unification, if we consider a closed equational theory.

2.1 Nominal Rewriting and Nominal Equality

Below we recall the definition of nominal rewriting and nominal equational reasoning. Basic
notions used in this section were taken from [5, 6, 12, 13].

A rewrite judgement (resp. equality judgement) is a tuple A s — ¢ (resp. A-s=t)ofa
freshness context A and two nominal terms s and ¢. An equational theory E = (£,Ax) is a
pair of a signature X and a possibly infinite set of equality judgements Ax in ¥, called axioms.
A rewrite theory R = (¥,Rw), or a nominal rewrite system (NRS), is a pair of a signature
¥ and a possibly infinite set of rewrite judgements Rw in X, called rewrite rules. ¥ may be
omitted, and we will identify E with Ax and R with Rw when the signature is clear from the

context.
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. . - : . R .
Definition 2.1. (Nominal rewriting) The one-step rewrite relation At-s —c g g 7] t is the
least relation such that for any R = (V[ — r) € R, position C, term s, permutation 7, and

substitution 0,

s=C[s] AR (V0,5 =g m-(16),Cln- (r0)] ~q 1)

R
Als _>[C7R,9,7r] t

.. ) . " ) R
Subindices may be omitted if they are clear from context, writing simply A s — ¢, or
A s —gt. The rewrite relation A& s — t (sometimes written A Fg s — ¢) is the reflexive
transitive closure of the one-step rewrite relation, that is, the least relation that includes the

one-step relation and such that:
o forall A;s,s’ wehave Al s —& s if A smq s
o forall A,s,7,u we have that Ak s —gt and At —g u implies A s — u.

Example 2.1. Consider the signature £ = {add,mult,succ,0}, with arities 2, 2, 1 and 0,
respectively. Let R = (£, Rw) be the NRS (specifying the natural numbers with addition,

multiplication, successor and zero) with the following rewrite rules:

Ri: OF add(X,0) =X

Ry: OF add(X,succ(Y)) — succ(add(X,Y))

R3: OFmult(X,0)—0

Ry: OFmult(X,succ(Y)) — add(mult(X,Y),X).

Rw =

By definition, and taking 6 = [X > add(X’,Y’),Y — mult(X’,Z")], we have

0 F succ(mult(add(X’,Y’),succ(mult(X’,Z"))))

B 1 ky01a) succ(add(mult(add(X',Y’),mult(X’,Z)),add(X’,Y"))).

When a term-in-context A - s does not rewrite, that is, there is no 7 such that AF s —g ¢t
we call it a normal form. Also, a rewrite theory R is convergent if the rewrite relation is

terminating and confluent.

Definition 2.2. (Confluence) A NRS is confluent when for all A, s, t and ' suchthat Ak s —*¢
and AF s —* ¢, there exists u such that AFr —»* uand A ¢ —* u.

2.1.1 Nominal Algebra Equality and Closed Nominal Rewriting

In general, nominal rewriting is not complete for equational reasoning. As we will see

below, nominal algebra includes some extra freshness context I', which does not match with
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the rewriting reasoning. The notions and results presented here are consistent with [13].

However, the proofs are out of the scope of this work and are omitted.

Definition 2.3. (Nominal equality) A nominal algebra equality A g s =t is the least transi-
tive reflexive symmetric relation such that for any (V -1 = r) € E, position C, permutation T,

substitution 6, and fresh context I' (so if a#X € I then a is not mentioned in A, s,1),

ATH(VO,  s=qC[m-(10)], Clm- (r0)] ~ut)
Atgs=t '

Given an equational theory E and a rewrite theory R, we say R is a presentation of E if:
AFs=tcE< (VFs—teRV VFt—seR).

We write A R s <> ¢ for the symmetric closure of AFr s — 1.

Proposition 2.1 (Soundness). Suppose R is a presentation of E. Then A kg s <> ¢ implies
AFgs=t.

Proof. The proof can be found in [13], at Proposition 4.2. U

Lemma 2.1. Suppose R is a presentation of E. It is not necessarily the case that Ag s =1t
implies AFR s <> 1.

Proof. Take R={a#X F X — f(X)}. Then g X = f(X) but t/r X <> f(X). O

Theorem 2.1 (Quasi-Completeness). Suppose R is a presentation of E. Then Alg s =1t
implies that there exists some fresh I such that A,T'Fr s <> 7.

Proof. The proof can be found in [13], at Theorem 4.4. O

As already shown in the work [13], closed nominal rewriting is complete for equational
reasoning with closed axioms. Intuitively, in closed terms there are no occurrences of free
atoms and closed axioms are identities between closed terms. Also, closed axioms do not

allow abstracted atoms to become free.

Definition 2.4. (Freshened variant) If 7 is a term, we say that ¢ is a freshened variant of t
when ¢ has the same structure of ¢, except that the atoms and unknowns have been replaced
by ‘fresh’ ones. Similarly, if V is a freshness context then V" will denote a freshened variant
of V, that is, if a#X € V then a"#X" € V" where a" and X" are chosen fresh.

We may extend this to other syntax, like equality and rewrite judgements.
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Example 2.2. We have that [a"][0"]X" is a freshened variant of [a][p]X. Also a"#X" is a
freshened variant of a#X, and O F f([a"]X") — [a"]X" is a freshened variant of O - f([a]X) —
[a]X.

Note that neither [a"][a"]X" nor [a"][p"]X are freshened variants of [a][b]X: the first one
because we are identifying different atoms with the same fresh name, and the second one

because we did not freshened the unknown X.

Definition 2.5. (Closed term, rule and axioms) A term-in-context V I [ is closed if there
exists a solution for the matching problem (V" [") »=~ (V,A(I")#V(V,l) - 1). A rule
R=(VF1—r)and an axiom Ax = (V[ =r) are called closed when V |- (1, r) is closed.

Definition 2.6. (Closed nominal rewriting) The one-step closed nominal rewriting A& s —4t
is the least relation such that for any R = (V 1 — r) € R and term-in-context A - s, there
exists some R" a freshened variant of R (that is, fresh for R, A, s,1), a position C, a term s', a

permutation 7, and a substitution 6,

s =C[s] A ARV (A, s,0) E (V0,5 mg - (1"6),Clm- (r'0)] ~q 1)
AbFs—%t

The closed-rewrite relation AR s —° t is the reflexive transitive closure of the one-step
relation.

Example 2.3. Consider the following rewrite theory for the A-calculus:

~ app(lanm([a)X),X) = sub([a]X,X) (B)
- sub([a]a,X) - X
a#tY F sub([a]Y,X) - Y
- sub(|a]app(X,X’),Y) — app(sub([a]X,Y),sub([a]X’,Y))
b#Y + sub([a|lam([b]X),Y) — lam([b]sub([a]X,Y))

All the rewrite rules above are closed.

Example 2.4. Consider the rule R=0+F [a]f(a,X) — a. This rule is not closed because
there is no solution to (0 - [d'] f(d',X")) o~ (d'#X' - a).
2.2 Nominal Narrowing

Building up on the previous sections, we can present the nominal narrowing relation, i.e.,

the narrowing relation for nominal terms. An interesting remark to be made is that nominal
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narrowing is a generalization of nominal rewriting, where instead of solving a matching
problem we solve a unification problem.

This extension was proposed in [6] where it was also shown that closed nominal narrowing
provides a sound and complete procedure for nominal unification modulo a theory E that can
be presented by a convergent nominal rewrite system.

From now on in this work we will consider R as a convergent theory, equivalent to a set
of identities E, with the aim of guaranteeing the existence of a complete set of E-unifiers of

equations, which we will use the narrowing method.

Definition 2.7. (Nominal narrowing) The one-step (At s) ~(c g 9.1 (A’ \-t) nominal nar-
rowing relation is the least relation such that for any R = (V[ — r) € R, position C, term

s, permutation 7, and substitution 6,

s =C[] A'H(VO, AB, s'0 ~q m-(16), (C[-r])0 ~q 1)
(AFs) ~croq (A F1)

In order to find 8 and @ above, we need to solve the nominal unification problem
(AF5') 9229 (V - 1). We may omit subindices if they are clear from the context.

The nominal narrowing relation (At s) ~% (A’ = t) is the reflexive transitive closure of
the one-step nominal narrowing relation, that is, the least relation that includes the one-step

nominal narrowing relation and such that:
o forall A,s,s’ we have (Al s) ~k (AR ) ifAF s =g 5,

o forall A\A", A" s,t,u we have that (At s) ~g (A'F1) and (A1) ~~§ (A" - u) implies
(AFs) g (A" Fu).

Example 2.5. Consider the signature for the first-order logic £ = {V,3,—, A, V} and let R be
the theory over X consisting of the following rules:

a#P + PAV[a]Q — V]a]|(PAQ)
a#P + (V[a]Q) AP — Y[a|(QAP)
a#P + PVV[a]Q — V]a](PV Q)
a#tP + (Y[a]Q)V P — Y[a](QVP)
a#tP + PA3[a]Q — J[a](PAQ)
a#tP F (3[a]Q) AP — 3[a](QAP)
a#P + PV 3[a]Q — 3a](PV Q)
a#P + (3[a]Q)V P — J[a|(QVP)
F (3
F (Y

alQ) = V]a]-Q

[
[a]Q) — F[al-0
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Let’s take the rule R = (a#P + (V[a]Q) V P — V[a](QV P)) and show one nominal nar-
rowing step from the term s = (c#Py = S A ((V[b]Qo) V (b ¢) - Py)) using this rule.

e A={c#Py} and V = {a#P};
« s =SA((V[b]Qo) V(b c)-Py) = C[(V[b]Qo) V (b c) - Po] = C[5'];

* We need to find the solution to the nominal unification problem (A & ") 9259 (V I 1).
That is, a solution (A’, 8) which is a solution to the problem

{a#P,c#Py, (V][a]|Q) V P o=y (V[D]Qo) V (b c) - By};
* A solution is (A", 0) = ({a#Py, c#Py,a#Qo}, [P+ (b ¢)-Py,Q — (a b)-Qp]) (cf. Ex-
ample 1.7);

« A solution to a unification problem already give us A’ - (V0,A0,s'0 ~, 7 - (10)) if
we fix & = 1d;

* Clw-rl=Clr] =SA(V]a](QVP));

* (Clm-r)6 = (SA(V[al(QV P)))[P = (b c) P, @ (ab)-Qo] =SA(V]a]((ab)-
QoV(bc)-Ry))=t.

Therefore, we have (A s) ~~(c g 6 1q (A 1):

(ct#Po = SA((V[b]Qo) V (b c) - Ry)) ~ (attPy, c#tPy,attQo = SA(V]al((ab)-QoV (bc)-Fy)))-

Definition 2.8. (Normalized substitution) A substitution 6 is normalized in A with relation

to a rewrite theory R if for every X we have that A+ X0 is a normal formal in R.

2.2.1 The nominal Lifting Theorem

In this section we will present the nominal version of the Lifting Theorem which establishes
the correspondence between nominal narrowing and nominal rewriting. This result was first
presented in [6] and extends the first-order case presented by Hullot in [15]. One important
difference is the use of freshness contexts both for rules and terms, since nominal terms may
come with freshness conditions.

Theorem 2.2 (Lifting). Let R = {V; - [; — r;} be a convergent rewrite theory. Let Ag |- 5o be
a nominal term-in-context and Vj a finite set of variables containing V = V(Ag,so). Let 1] be
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AEsn=tg——... ti lit1 e t,
A A A A
1Mo I Mi I Mit1 I Mn
I I I I
A()l_S()M... (A,"‘S,’)W\Q’(AH_]f_Si+])W\>...W\>(An|_Sn)

Fig. 2.1 Corresponding Rewriting and Narrowing Steps

a substitution with dom(n) C Vj and satisfying A, that is, there exists A such that A+ Ag7.
Assume moreover that 1 is normalized in A.

Consider a rewrite derivation:
AFsom =10 =y Ry " [y 1Ry 1] In (*)

There exist an associated nominal narrowing derivation:

(A0 F=50) ~= (¢t Ro.60] " ~7[C,_ Ro-1.6p1] (Dn = Sn) (*%)
for each i, 0 < i < n, a substitution 1); and a finite set of variables V; D V (s;) such that:
1. dom(n;) CV,,
2. n; is normalized in A,
3. AFnly =a oiMlily,
4. At sini =q ti,
5. AFAM;

where oy = Id and Oit+1 = G,-G,-.
Conversely, to each nominal narrowing derivation of the form (*x) and every 1 such that
(Ay, On) <V (A,m) and A F s5;1m; =~ t; we can associate a nominal rewriting derivation of the

form ().
Proof. The proof is illustrated by Figure 2.1 and it can be found in [6], at Theorem 12. []

Example 2.6. Consider the term so = SA ((VQ;) V (b ¢) - Py) with the context Ag = {c#P}.

Using the same rules from Example 2.5, we may found the narrowing step

(c#PyESA VOV (be)-Py)) ~ (c#Py,atPy =S A (V[a](QV (b c) - Ry))),
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where A| = {c#Py,a#Py} and s1 = SA (V[a](QV (bc)-Py)) and 6 =[P — (b c)- Py, 01 —

[a]Q] the narrowing substitution.

AbFty=SAVaQV(bc)-((be)™ ' P)) ———1t; =SAV[a](QVP)
A A
: No=[01—[a]Q, Py—(b c)~'-P] I h=[Ry—(b )= 1-P]

cHPyF S A (VQl V (b C) -Po) = Py, atPy E S A (\Vll[a](Q\/ (b C) -Po))

Fig. 2.2 The “lifted” example

Let n = [Q1 — [a]Q, Py~ (b c¢)"'-P] be a normalized substitution with dom(1) =
{01,P} SVo={S,R,01} =V (A0,50).

Observe that when A = {c#(b c) - P,a#P} we have the conditions of the nominal lifting
theorem:

* (80,00) = ({c#Po},1d) <" (A,m);

* (A1,01) = ({c#Py,attPy},0) <" (A,7);

* AFsomo = oM ~a SA((V[a]Q) V (b e)-((be) ™" - P)) =10;

c AFsim =SA(VA(QV (bc) Py))[Por> (be) ' Plag SAV[a](QVP) =1

Thus, we can associate a nominal rewriting derivation to the nominal narrowing we already
have, see Figure 2.2.

2.3 Nominal Narrowing and Nominal Unification

Considering a closed nominal equational theory E, presented by a convergent set R of closed
rules, we can state the soundness and completeness properties of the nominal narrowing
procedure for nominal unification. Notice that we only have a complete procedure for
nominal unification if the relation is closed.

Definition 2.9. (Closed nominal narrowing) The one-step closed nominal narrowing (A -
s) ~% (A" - t) is the least relation such that for any R = (V [ — r) and a term-in-context
Al s, there exist R" a freshened variant of R, a position C, a term s’ a permutation 7 and a

substitution 0,

s=Cls'] AN ARMV(As,1)F (V'0,A0,50 ~q - (1'9),Cl7- (r'0)] =g 1)
(AFs) ~% (A F1)
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The closed narrowing relation (A& s) ~~%& -+ ~»& (A’ Ft) is the reflexive transitive

closure of the one-step closed narrowing.

Remark 2.1. A “closed lifting” theorem can be stated by replacing nominal rewriting (nar-

rowing) for closed rewriting (narrowing). The proof is similar.

E
In order to find a solution for the unification problem (A |- s) 9= (V ), the approach
used in [6] was to apply closed narrowing on A+ s and V |- ¢ in parallel, that is, they narrow

a single term u = (s,7) under A, V.

Lemma 2.2. (Soundness) Let A+ s and V I ¢ be two nominal terms-in-context and
AV E (s,8) =ug ~> -~ Ay b up = (sp, 1)

a closed narrowing derivation such that A, s, ~¢ t, has a solution, say (I, 0).
E
Then (I", p0) is an E-solution of the problem {A, Vs 99 t}, where p is the composition

of substitutions along the narrowing derivation.
Proof. The proof can be found in [6], at Lemma 14. [
Below, < is the restriction of < with respect to an equational theory E.

Lemma 2.3. (Completeness) Let A+ s and V |- ¢ be two nominal terms-in-context, such
E

that the problem (A - s) 9= (V I t) has an E-solution, (A’, p), and let V be a finite set of

variables containing V (A, V,s,1).

Then there exists a closed narrowing derivation:
V,A Fu= (S,t) A€ an€ Fn H (Sl’l?tn)?

such that ', s, ~¢ t, has a solution. Let (I', u) = mgu(Iy, s, ~q t,), and 6, the composition
of narrowing substitutions. Then, (T, 8,u) <t (A',p).
Moreover, we are allowed to restrict our attention to ~~“-derivations such that: Vi,0 <

i < n, 6;]y is normalized.
Proof. The proof can be found in [6], at Lemma 15. [

Remember that our main goal in this dissertation is not to re-prove these results above,
but to extend them to the case when we are dealing with a commutative theory, as we will
see in the next chapter.






Chapter 3
Nominal Commutative Narrowing

In this chapter we present the main contributions of this work. We start by extending the
nominal rewriting relation to take into account an equational theory E that cannot be oriented
as a terminating rule. We recall some results in first-order equational rewriting to motivate
further developments in nominal rewriting modulo commutativity. After that, we present our
definition of nominal C-narrowing and prove the results that relate nominal C-narrowing to
nominal rewriting modulo C: the proof of one direction of this correspondence is presented
fully in Theorem 3.1, the other direction though, requires an extra property called C-coherence
(Definition 3.6), and we present a naive version of the result in Theorem 3.2, but this has to
be further investigated. We make comparisons between the nominal versions of these results
and also their first-order counterpart, as presented by Jouannaud et. al. in [17].

We illustrate our results and new developments with new examples.

3.1 Basic Definitions

Consider a signature ¥ = Xg UX, where X consists of the function symbols satisfying an
equational theory E and X is a set of uninterpreted function symbols, and assuming we
have a theory T = (g UX(,Ax) where Ax is a set of axioms that can be split into a set R of
rules and a set E of equations, we obtain what we call an equational term rewriting system
(ETRS), denoted RUE (for more details see Appendix A). We will extend basic rewriting
notions such as C-confluence and C-termination (following [17]) to the nominal framework,
and the notations are consistent with [12, 6]. Thus, we will present novel definitions such as
Equational Nominal Rewriting Systems (ENRS) and other expected related notions, such as
rewriting modulo C following the definitions and notations from [17]. Formally,
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We start by extending the definition of Equational Term Rewriting Systems (ETRS) to
the nominal terms with respect to the theory C. Below, [t]~, denotes the equivalence class
of the nominal term 7 modulo C, i.e., [f]~. = {' | =q.c 1}

Definition 3.1. (Equational nominal rewrite system) Let C be set of identities for commuta-
tivity and R a set of nominal rewrite rules. A nominal term-in-context A I s, reduces with

respect to R/C, when its equivalence class modulo C reduces via —g /c as below.
AF ([s]xe —r/c 1]~ ) iff there exist 5’7 such that A (s ~g.c 5 =R g, l).

That said, we call R/E an equational nominal rewrite system (ENRS). In particular, R/C is a

commutative nominal rewrite system.

Remark 3.1. For a general theory E, in the first-order case, one has to consider that
E-congruence classes may be infinite, and then the first-order counterpart of —g /g
may not be decidable. To address this problem, a relation —g g which deals with
E-matching:

e - e maa=s

R,E

rule gk->dk and we write t *->[; K] t” iff there exists a E-match s from gy to
»

t/m such that t7 = t[m(-s(dk)].

Notice that the R,E-reducibility is decidable if the E-matching is decidable. And
Jouannaud et. al. [17] assume the existence of a finite and complete E-unification

algorithm, which is a sufficient condition for that decidability.

J

Here however, one needs to remember that we are dealing with o, E-congruence classes
and they are always infinite due to availability of names for a-renaming. But the pure ~
relation is decidable (just use the rules in Figure 1.1 and Figure 1.2), but if put together with
an equational theory E with infinite congruence classes, the same problem of indecidability
of the nominal — g is inherited. Thus, we will follow a similar approach and define a
new relation —g g that deals with nominal E-matching instead of inspecting the whole
«, E-congruence class of a term.

In this work, we are interested on the commutative equational theory, therefore, the next
notions and results will be restricted to C. It is a fact that C-congruence classes are finite,
given a term ¢ with commutative function symbols, there exists only finite #' such that t ~c t'.

Also, when we generalize the relation ~c to ~ c the a, C-congruence classes become
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infinite, but the relation is still decidable [4]. Next, we will introduce the relation —g ¢, and

use nominal C-matching [3] to follow existing strategies.

Definition 3.2. (Nominal rewriting modulo C) The one-step rewrite modulo C relation
At s —Rctis the least relation such that for any R = (VEI1—r)€R, position C, term s,
permutation 77, and substitution 0,

s=Cls'l AR (VO, s mgcm-(10), C[n- (r0)] mgct)
Al—s—>R7C t

The rewrite modulo C relation At s —g ¢ t is the reflexive transitive closure of the
one-step rewrite modulo C relation, that is, the least relation that includes the one-step rewrite
modulo C relation and such that:

« forall A,s,s’ wehave Al s =g o 5" if Ab s =g 5
« forall A,s,t,u we have that Al s —g  t and A= 7 =g  u implies A5 —p ¢ u.

Example 3.1. Notice that the rules in Example 2.5 have two copies for dealing with the
commutativity of disjunction and conjunction. If we work now with the set of identities
C={FPVQ=QVP FPANQ=QAP}, we can write the NRS as

a#P + PAV[aQ =V

a#P + PVV[a|Q —V

a#P F PA3[a]Q — 3

a#P + PVv3[a]Q— 3
= =(3[alQ) — Via]-Q
= = (V[a]Q) — la]

—_ e —
N
e T
~—~
~
>
Q
S— N N

We will show that we have the one-step rewrite modulo C: a#P' = S"V (P'V 3[d]Q') —rc
S'V (3[a](Q' Vv P')) with the rule a#P - PV 3[a]Q — J[a](PV Q). Indeed,

o A={a#P'} and V = {a#P};
e s=S5Vv(P'v3IadQ)=c[PVvIaQ]=Cls;
If we fix 7 = Id and 0 = [P — P',Q — Q'] we have:
o A=a#P' - a#P' = (a#P)[P— P',Q— Q'] =V8;

& =P'v3[Q mec (PVIAQ)[P—P,Q0— Q=16 =7-(16);
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* Clz- (r0)] = C[r8] = C[(Cal(PV Q))[P — P'.Q = Q] = C[F[a](P' vV Q)] = 5"V
Cla(P'VQ)) =act

Thus, a#P' =SV (P'V3[a]Q') —rc S'V (3[al(Q'VP)).
Observe that since V is a commutative symbol, we could reduce the initial term to other
three possible terms, because we have two occurrences of the disjunction and thus we can

“permute” the subterms inside the rewriting modulo C.

Remark 3.2. It is important to notice that nominal C-unification is not finitary when one uses
freshness constraints and substitutions for representing solutions [2], but what causes infinite
set of C-unifiers does not appear in nominal C-matching [3]. We will come back to this issue

later on.

Definition 3.3. (C-confluence and C-termination) If A= s —% ¢t and AF s —¢ ¢ ¢, then
we say a nominal rewrite system R is C-confluent when there exists a term u such that
At —gcuand At —§ cu. Also, Ris said to be C-terminating if there is no infinite
rewrite modulo C sequence. A NRS R is called C-convergent if it is C-confluent and C-

terminating.

Remark 3.3. Following the approach by Jouannaud et. al. [17], E-confluence is
a consequence of relating —r/g and —g g, which relies on a property called E-

coherence:

Definition 12 : —t (or simply R,E) is said to be E-coherent iff :

*
¥t.o,t,,t, s.t. £ =_ t, and ¢t --—>R'Et I,R/E ,
1772273 1§ s 1 RE3 % mE?
——r e L e =
i-ts, L, ty; 8.t. > tsy ty > te > ty and tg =g ty.
* *
H—=183—=1M——->t
'"RE B REE “RE
& E SE
{
R
R/E

We would like to stress the abuse of notation above, since 3 —)E JE 145 for instance,
should be written [3]~¢ —g g [f4]~¢, and is acting as an abbreviation for 13 ~g 15 =R

/
t4 ~E l4.

Proposition 1 [JOU,83) : Assume R is E-confluent and E-noetherian. Then R,E- and

R/E=-normal forms of any term t are E-equal iff R,E is E-coherent.

For more details, see Jouannaud et. al. [17].
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Definition 3.4. (Normalized substitution w.r.t —g c) A substitution 6 is normalized in A
with relation to —g ¢ if AF X6 is a R, C-normal form in R for every X. A substitution 6
satisfies the freshness context A if there exists a freshness context V such that V - a#X 0 for
each a#X € A. The minimal such V is (A),.

Now we define the nominal narrowing relation modulo C, extending previous works, and

illustrate it with two examples.

Definition 3.5. (Nominal narrowing modulo C) The one-step narrowing modulo C relation
(At s) ~»rc (A"t 1) is the least relation such that for any R = (V + [ — r) € R, position C,

term ', permutation 7, and substitution 0,

s=Cls]  AF(V6, A8, 5’0 ~gc - (16), (Clm-1])0 ~gct)
(A - S) ~IR,C (A/ - l)

Notice that the permutation and substitution above are found by solving the C-unification
problem (V F 1) »&% (A F ).

The nominal narrowing modulo C relation (At s) ~§ c (A"t 1) is the reflexive transitive
closure of the one-step nominal narrowing modulo C relation, that is, the least relation that

includes the one-step nominal narrowing modulo C relation and such that:
« forall A,s,s" we have (Abs) vg c (AFS)if Al smgcss

« forall A,A",A",s5,1,u we have that (Al s) ~g ¢ (A1) and (A" F 1) ~§ ¢ (A" Fu)
implies (A s) ~§ ¢ (A" u).

We now return to Remark 3.2: nominal C-narrowing is defined on nominal C-unification,
which is not finitary when we use pairs (A’,0) of freshness contexts and substitutions
for representing solutions. This implies that our nominal C-narrowing trees are infinitely

branching.

Example 3.2. In Example 2.5 we made a narrowing step:

(c#Po=SA((V[b]Qo) V (b c)-Py)) ~r (a#Py,c#Py,a#Qo = SA (V[a]((ab)-QoV (b c)-Fy)))-
Now considering the commutativity of V, we have
(Clm-r])0 =SA(V]a]((ab) - QoV (bc) Po)) =acSA(V[al((bc) Po)V(ab)- Qo)
In that way we can make now a narrowing modulo C step:

(c#Py = SA((V[P]Qo) V (b c)-By)) ~r.c (at#Py,c#Po,a#tQo = S A (V][a]((b c) - Ro) V (a b) - Q).
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3.2 Nominal Lifting Theorem modulo C

Through this section we assume R to be a nominal rewriting system that is C-convergent.
Similarly to Section 2.2.1 we want to establish correspondence between nominal C-narrowing
and nominal C-rewriting. We will do that via an extension of the Nominal Lifting Theorem

(cf. Theorem 2.2) for the extended relations ~~g ¢ and —g c.

From nominal C-narrowing to C-rewriting

We start proving a correctness result: one step of narrowing ~>R,Cc maps to one step of —R,C-

Lemma 3.1. (~»gc to —Rr ) Let (Ag - s9) ~»r,c (A1 - 51). Then, for any substitution p
that satisfies A, i.e., there exists A such that A = Agp, the following holds

AF (S()G)p _>R,C s1p
where 0 is the substitution applied in the narrowing step. In particular, A will be (Agp), .

Proof. First, we start by extending the remark made by [17]: sq W?{,E s1 implies 500 —R E 51

to the nominal syntax and the commutative case.

* (Aot s50) ~f ¢ (ArF s1) implies Ag - (s08) =R c 1.

Indeed, suppose we have (Ag F so) w%c (A1 F s1). The narrowing step guarantees
that for any substitution 0

— 50 = C[sp);

- A+ (VG, A0, S69 RaCT- (16), (C[z-r])6 Ra,C Sl).

By the definition of rewrite modulo C, if 500 = CO[s,6], and if Ag - (V€', 500 ~¢.c T-
(16"),CO[m-(r0")] =q.c 51), then Ag 500 —g c s1. We just need to fix the substitution
6 used in the narrowing step as 8’, and the result follows.

Since Ag =500 — R c 51, by Lemma 1.4 we have
* (s08)p =CO[s(0]p = CO[(506)p]
* Ag - VO implies (Agp),s - VOp
* Aot 500 =g 7 (16) implies (Aop)as b 500p ~q.c (n-(16))p =7~ (16p)

« Ag-CO[m-(r6)] ~q c 5| implies (Aop)nr - CO[T- (rOp)] = (CO[T-(r6)]p) ~a.c 1P
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which implies that (Agp).r = (500)p —r,c 51P-
0

Now we can prove that this correctness result is preserved for finite sequences of narrow-
ing steps.

Theorem 3.1. (~g ¢ to —g ) Let (Ag = s0) ~g ¢ (Ay I s») @ nominal narrowing derivation.
Let p be a substitution satisfying Ay, i.e., there exists A such that A = Agp.

Then, there exists a rewriting derivation

A s0po —>>|§7C SnP

such that A= A;p;+1 and p; = 6;...6,_1p, for all 0 < i < n. In other words,

At (500)p =R c SnP

where 0 is the composition of the successive R, C-narrowing substitutions.

Proof. By induction on the length n of the narrowing derivation (Ag b s¢) W’Flz_cl (Ap t=sn),

I

using the previous Lemma.

* Base Case: For n = 1, we have by assumption that pg = 8pp and A - Agpg. The result
follows directly from Lemma 3.1:

A= sopo = (5060)p —R,C S1P-

« Induction Step: Assume that the result holds for i, that is (Ag I s9) ~0 é (Ai F sy)
implies that there exists a rewriting derivation A - s9pg —>f{ é sip;. Figure 3.1 illustrates
this setting.

We want to show that A = sgpg —>’§F (2: Si+1Pi+1, in other words,

i+2
AFs506y... Qi_leipi+1 _>lR,C Si+1Pi+1-

Consider the narrowing step (A; F s;) ~>% (Aiy1 F siv1). By the Lemma 3.1, for any
substitution, let’s name it p; 1, that satisfies A; there exists A that satisfies A;p;1, and

we have
AF (5:0;)pit1 —R.C Sit1Pit1-

By the induction hypothesis, we already have

At 5080-.. 6i1p; —R & SiPi
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6 * 0; * O,
(Ao k= 50) ~= (Ap F 51) ~E (A F 57) ~~= (A1 Fsiq1) s o~ (A Eosy)
| | | | |
I Po | P1 | Pi | Pit1 | Pn
¥ ¥ N y ¥ " y
A+ s0po s1P1 SiPi Si+1Pi+1 SnPn

Fig. 3.1 Corresponding Narrowing to Rewriting Derivations
and if we fix p; = 6;p;11, we get:

i1
At 5060... 6i-16ipis1 =R ¢ 5i0iPit1 —R.C Si+1Pit1,

and the theorem is proved.
Notice that p; is R, C-normalized if pg is R, C-normalized. ]

With Lemma 3.1 and Theorem 3.1 we have extended the converse part of the Nominal
Lifting Theorem (Section 2.2.1, Theorem 2.2), from the previous chapter, to the nominal

rewriting/narrowing modulo C.

From nominal C-rewriting to C-narrowing

As expected, the completeness proof is based on the converse construction of the correctness
proof, i.e., we want to prove that to each finite sequence of —g ¢ steps corresponds a sequence

of ~»g c steps.

Lemma 3.2. (=R to~+grc) Let R={V;I-1; — r;} be a C-convergent NRS. Let Ag - 59 be
a nominal term in context and V} a finite set of variables containing V =V (Ag, sg). Let pg be
a R, C-normalized substitution with dom(pg) C V that satisfies Ag with A and

Atsopo =1ty —R,C 11-
Then, there exist a nominal commutative narrowing step
(Ao = 50) ~r.c (A1l s1)

a substitution 0, a finite set of variables V| O V(sp) and a R, C-normalized substitution p;
such that

s A S1P1 ~a,C 115
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* dom(p;) C Vi;

* Al poly =, 0p1ly.

Proof. Consider that A -1, —*[Co,Ro],C 115 where Ry = Vo I [y — rg € R. That means that for
some position Co[_] we have 79 = Co|tg] and A+ V8, - (Ip0) =q.c 1), Co[T - (r00)] ~a.c
t1 (*). Also, dom(0) NVy =0, since V(Ry) NV (A,1p) = 0, because R is a variable renamed
rule with respect to ty = sopPp.

It follows from the fact that py is normalized in A, that A sopg ~¢ c to and A = Agpg
that there exists a non-variable position C;, such that sy = Cy[sp] and A b 5500 ~g.c 1) Ra.c
TT- (l()@).

Now consider 1 = ppU 6 (**). Then we may write A - 547 ~a.c T (lon). Note that
(A,m) is a solution for the unification problem (Ag & sp) 9229 (Vo =7 1) :

* AF Agn: from the hypothesis we already have A - Agpp and 0 does not affect Ay since
dom(6) = V(Ry).

° A"V()T].

« Absyn =g - (lon).

Let’s take one solution (Aj, ) from the complete set of solutions of (Ag I s3) 7~ (Vo -
7 -ly), i.e., from Uc(Ag b 50, Vo F - lp). Then, Ay F A6, V0,500 =g T (lo0). Let
s1 be a nominal term such that A; - C6[7r - 10]0 ~Ra.c s1. With these conditions, we get
(A0 = 50) ~[co.Ry.00.C (A1 F51).

Since (A1,0) € Uc (Ao F sy, Vo I - Ip) is one least unifier of (Ag - s() 9~ (Vo F 7 1p),
in other words (A1,0) < (A,n), thus there exists a substitution p’ such that for all X,
AFX0p ~ycXnand A Ap'.

It remains to show the side conditions:

* AF s1p1 =g f1: On the one hand we have A & s1p; ~q.c (Co[m - r0]0)p1 ~a.c
(Colm-r0]0)p’ ma.c CuOP' [T r00p'] g .c Con(m-ron]. Since (**), we have Con (7 -
roN] ~a.c CoPol7 - roPo] a.c Co[T - ropo]. On the other hand, A+t z(;)’c Colm -
r06] ~q.c Co[7 - ron] ~a.c Co[7 - ropo)-

* dom(py) € Vi: Let V; = (Vo UIm(pg)) — dom(pp) and let p; be such that At py = ¢

p’ lv,» with this o, C-equivalence, the result follows.

* A+ poly =a.c Op1|v: We already have that At pg ~=q c (0p1)]v,. We just need to
apply the restriction to V in both sides and the result follows.
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Remark 3.4. The generalization of the previous lemma to finite sequences of nominal
rewrite steps is a bit more problematic. It was proven, for a general theory E, in the
first-order case by Jouannaud et. al. [17], following an inductive proof, and with the
conditions E-coherence for —g g and E-confluence, to guarantee that relations —g /g

and —R g coincide, see below.

and R,E is E-coherent. Then, for any R,E-derivation from t = r
ite R,E-normal forms, say t6!, where D(rD)QV(tO)

#
substitution, there exists a R,E-narrowing derivation t -‘*?;?tn and a R,F-

= -1
normalized substitution rn such that rn(tn) g ol

More details about the relations between —g /g and —g g and the property of E-
coherence can be found in Appendix A.

and E-noetherian

of

E-conf luent

0 ID(to) to any

and r, is a R,F-normalized

0
and L rE.s [V(I:O)].
Proof: by noetherian induction on the relation —---> =g
Let us sketch the proof on the following diagram, where encircled

numbers stand for successive steps of the proof:

- ___JRE _. * R,E .
Y0 TTimkl %o >t
- @ F=confluence of R -
E E
lemma 2 and E-coherence de R,E
. * RE .,
tl > tl
R
:r1 @ induction hypothesis 1:1_’l
rn’[
. - R,E X R,E
t0 m,k,soj & >[a;'] n t]

J

With that in mind, we propose a new definition for C-coherence in the nominal framework,

that “extends” the one for first-order, but only considers the commutative theory.

Definition 3.6 (Nominal C-Coherence). The relation At~ _ —g ¢ _is called C-coherent iff

forall #1,1,13,24 such that Ak 1) ~q cth and A1) —Rr c 13 —>>§/C 14, there exist t5,16,17 such

that A 14 —>i§/c t5,t) —R.C 16 —>?§/C t7 and A+ t5 ~¢ t7, for some A. The idea of nominal

C-coherence is similar to the one in first-order (cf. Remark 3.1) and illustrated below: dashed
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lines represent existentially quantified reductions.

At =13 ——t4- = >t
'Rc™ B R/IC 4 RICT
~a,C ~a,C

. !

AFty—=>tg———-— —— >t

2RC 6 R/C 7

Below we present a naive version of Proposition 3 in Remark 3.4 and a draft of the proof:
the exact conditions on the freshness contexts have to be further investigated due to our naive

version of nominal C-coherence.

Theorem 3.2 (Naive version of Proposition 3 in [17]). Let RUC be an ENRS such that R is
C-confluent and C-terminating and —g ¢ is C-coherent. Let Vj be a finite set of variables
containing V = V(Ag, s9). Then, for any R, C-derivation

A t9 = s0Po —R ¢ tod

to any of its R, C-normal forms, say fy), where dom(pg) C V(so) C Vp and pg is a R,C-
normalized substitution that satisfies Ag with A, there exist a R, C-narrowing derivation

(AO - S()) WEC (An + Sn),

for each i, 0 < i < n, with the composition of substitutions 6, and a R, C-normalized substitu-
tion p, such that At 5,0, ~q c fod and A+ poly ~g.c 0pnlv.

Proof Sketch. By induction on the number of steps k applied in the derivation A ¢y =
S0P0 —*R.c fod-

 Base Case: For k = 1, by hypothesis we have A - sopg = o —Rr c 11 = tp]. Since py is
normalized in A, the result follows directly from Lemma 3.2: (Ag I s¢) wgoc (A1 Fs1),
with A - S1P1 Ra,clhh = tod and A+ p0|v Ra,C 6op1 |V-

* Induction Step: Assume that the result holds for k — 1. Then, we have
k—1
AF1o=s0P0 ke o1 =R fol,
for some #;_;. By the induction hypothesis, there exist a R, C-narrowing derivation

(A() F S()) Wékgl} (Ak—l F Sk—1)7



46 Nominal Commutative Narrowing

with the composition of substitutions 60 ... 6;_, and a R, C-normalized substitution

Pi—1 such that A sg_1pp 1 ~g.c ti—1and A poly =g c 6001 ... O 2Pk —1lv-

Now using Lemma 3.2 over the rewrite step A - #,_; —R ¢ fo we get that
O —
(Ak—1 b si—1) ~ric (A bk si),

with A sgpr =g c t = tol, where py is a R,C-normalized substitution, and A -
Pr—1lv Ra.c O—1Px|v-

Therefore, we obtained the R, C-narrowing derivation of k steps
606, ...6; 6
(A0 Fs0) ~R'c T (At si1) mR'c (Ak sk,
with A s Ra,C tod and

AF polv ~a,c 0001 ... Ok—2pk—1|v =a.c 6061 ... 0k—26k—1Pk|v,

thus, the result follows.

RC tk—1 RC fod

Fig. 3.2 Draft of the inductive step of the proof

O

Corollary 3.1. (C-Lifting Theorem) Nominal lifting modulo C is a consequence of Theo-
rem 3.1 and Theorem 3.2.

The contributions of this dissertation end here, and next we present some new directions
for future work.



Chapter 4
Conclusion and Future Work

In this dissertation we have extended definitions and notations of the works [6, 12] to the
nominal framework with commutativity. Initially, we presented the syntax of nominal
terms and their properties, in order to, in a second moment, deal with nominal unification
modulo commutativity. Once we defined o-equivalence modulo C, we were able to extend
Lemma 22 from [12] that guarantees that the derivability of judgements are preserved under
substitutions, taking into account the commutativity theory. We have also shown the approach
for nominal C-unification made by Ayala-Rincén et.al. [1], using triples of the form (A, 6, Pr)
for solutions of C-unification problems, which is an alternative finitary representation of
solutions, that can be taken into account in further developments of this work.

With basic results defined, we introduced the concepts and results that we would like to
extend to the commutative equational theory, such as nominal rewriting, nominal narrowing
and the nominal Lifting Theorem (Theorem 2.2).

Finally, taking advantage of everything that has been done so far, we started extending
the results by Jouannaud et.al. [17], such as first-order rewriting and narrowing modulo C to
the nominal framework, and also standard results that are necessary for proving the Lifting
Theorem modulo commutativity. We proposed definitions for nominal R, C-rewriting and
R, C-narrowing, proved some properties and illustrated with examples. We observed that due
to the fact that nominal C-unification based on freshness constraints only is not finitary, then
our nominal C-narrowing tree is not finitary.

What we presented here is just the beginning of a long hard work. Below we present our

work-in-progress and what remains as future work.
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4.1 Work in progress

4.1.1 Nominal C-narrowing for Nominal RUC-unification

In order to use nominal C-narrowing as a procedure for nominal RUC-unification, thus
extending the results in Section 2.3, we will “apply” the narrowing relation in two terms in
parallel, and for that we will follow the same strategy as before, and use a “new” function
symbol A, that is h € ¥, and s and ¢ represent the initial two terms that are to be unified

modulo C.

Theorem 4.1 (Soundness without closedness). Let A+ s and V ¢ be two nominal terms-

in-context and A,V = h(s,t) = up ~>g ¢ An &t = h(sy,1,) a R, C-narrowing derivation such
C
that {A,, s, 9= t, } has a solution, say (I",p). Then (I', pg) is an C-solution of the problem

C . . o .
A,V,s 9=+ t, where pg = 0p and 0 is the composition of substitutions along the narrowing

derivation.

Proof. From the previous Theorem 3.1 using p = p,, we can associate the R, C-narrowing

derivation with the following R, C-rewriting derivation:
I'+ uopo =vo —R,C V1 —7R,C """ —R,CVn = h(vf,,vf,l),

see Figure 4.1. Remember that 4 makes a role of cartesian product, and since uppy =
h(s,t)po = h(spo,tpo) it follows that we can write two R, C-rewriting derivations starting on
spo and 7p, that is, ' = spg —& ¢ v, and T'F1pp =& ¢ V).

Moreover, from Theorem 3.1 we get that I' - v, ~¢ ¢ 5,0, and I' - v Ra,C thPn- Also,
by hypothesis, (I, p,,) is a solution for {A,, s, ?é? tn}, thus I' ¢ 5,0, = 1,0, and therefore
ey, =,

Thus, we get the following result:
I'cspo=s50p =56y...60,_1p :qu :vz =16y...6,_1p =1t0p =1tpy.

C
Therefore, I' ¢ s6p =10p and hence (I, 0p) is a C-solution for A, V. s 9= 1.
O

For soundness we do not need narrowing derivations to be closed, but we can still add
this condition to the hypothesis without loss of generality. The only need for closedness is to
construct a complete set of RUE-unifiers. Thus, we state the theorem with closedness, and

the proof is analogous to the proof of the previous theorem.
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AV = h(s,t) = g~ Ay Fup ~="Ay &y, = h(sy,t,)
| | |
I Po | P1 | Pn
Y v . Y

' ugpo = vo Vi vn = h(vi, V)

Fig. 4.1 Schema of the proof of Soundness

Remark 4.1 (Soundness with closedness). Let A+ s and V I ¢ be two nominal terms-in-

context and A,V = h(s,7) = ug ~g ¢ -~k c A b ttn = h(sn, 1) a closed R, C-narrowing
C

derivation such that {A,, s, 2~ ,,} has a solution, say (I, p). Then (I, pg) is a C-solution of

C
the problem A, V. s 929 ¢, where pgp = 0p and 0 is the composition of substitutions along the

narrowing derivation.
Proof. Future work. [

The following result is still not stable, since it depends on Theorem 3.2. Assuming this

last one is correct, we propose a draft of the proof of the following lemma.

Remark 4.2 (Naive Completeness). Let A+ s and V I~ ¢ be two nominal terms-in-context
such that the problem (A | s) ?é(] (V I-1) has a C-solution, (A’,p), and let V be a finite
set of variables containing V(A,V,s,t). Then, there exists a closed narrowing derivation:
V,AFu=(s,t) ~rc - ~rcInt (sn,2n), such that {I}, s, 7&; t,} has a solution. Let
(I, ) = mgu(Ty, s, =g.c tn), and O the composition of the narrowing substitutions. Then,
(T,8u) <{ (A, p). Moreover, we are allowed to restrict our attention to ~~R c-derivations

such that: Vi, 0 <i < n, 6;|y and 0 are normalized.

Proof Sketch. By definition of C-solution, we have A’ ¢ Ap,Vp,sp ~q.c tp. Let’s take
1 ~g.c P, that is, the normal form substitution of p in A: AN+-Xn ~q.c (Xp)l. Thus,
we can write A’ ¢ An,Vn,sn ~a,C 11, because the rules are closed. Since C is a closed
nominal theory presented by a convergent rewrite system R, and since closed rewriting is
complete for equational reasoning in this case, s and ¢1) have the same normal form in A’,

and we will call it r. Thus,
AN'Fun =h(sn,m) =1y =k c - —kcln=h(nr).

By Theorem 3.2 there exists a corresponding narrowing derivation ending with I', -
h(sp,ty) such that: A"+ h(spMn,taMn) ~a.c b, = h(r,r) and A"+ T,n,. Thus, (A',n,) is a

. C
solution of {I'y,, s, 2~9 1, }.
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The hypothesis gives us that (T, it) is the least unifier, so it follows that (I, u) < (A", 1,)
and there exists & such that VX, A" X118 ~¢ c X1, and A’ - T'8. Therefore, by Theorem 3.2,
N+ (0u8|y ~a.c 0Malv ~q.c Nlv) and A’ ¢ 1|y = ply thatis, (T',0u) <¢ (A',p).

O

4.2 Future Work

We observe that the approach taken in [1] where solutions for C-unification problems are rep-
resented by triples containing fixed-point equations could give a finite number of narrowing
branches. Another approach could be the use of fixed-point constraints [8] that also gives a
complete set of C-unifiers for a nominal C-unification problem. These two approaches need
to be taken into account in nominal versions of our definitions of nominal C-narrowing and
rewriting, and in related results. Both approaches will be investigated later.

We still need to check the lifting theorem modulo C for closed rewriting to deal with
nominal rewrite systems modulo C that are complete presentations of equational theories.
Then, we need to investigate if our statements and proof sketches for completeness results
are accurate.

Another future work would be to extend the proposition that relates —g ¢ with —g/c
to the nominal framework. In first-order this result is as Proposition 1 in Remark 3.3. It
would also be interesting to prove a version of the Critical Pair Lemma for nominal rewriting

modulo C. The first order version can be found in Appendix A, Theorem A.1.
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Appendix A

First Order Results

A rewrite rule (or reduction rule) for a signature X is defined by [23] as a pair (/,r) of terms,
written as [ — r, which the left-hand side / is not a variable and V (r) C V(I). A term rewrite
system (TRS) is a pair R = (X,R) of a signature X and a set of rewrite rules R for £. The
one-step rewrite relation s —p t is defined whenever we have a substitution 6 such that
C[18] —r C[rB] for some R € R.

Intuitively, narrowing a term consists of applying a minimal substitution to this term and

then make a rewrite step [15].

Definition A.1. The one-step narrowing relation s ~c g g] t is the least relation such that
for any R = {l — r} € R, position C, term s" and substitution 6,

s=Cls'] s§0=10 (c[r])0=t
S~ ere)t

~ where 0 = mgu(l,s").

We may omit subindices if they are clear from the context. If we want to explicit the
substitution used in the narrowing step, we may write s 9.

Example A.1. A simple example of a narrowing step can be seen as follows. Let ¥ =
{f :2,g: 1} be the signature over the sets X and .4, and consider the rewrite system
R={R:g(2) = a}.

Taking 6 = {Z — Y }, we say that f(X,g(Y)) ~p e f(X,a).

Considering R a convergent term rewrite system, i.e., confluent and terminating, that is
equivalent to the set of identities E, the narrowing process can be applied iteratively to an
equation until find another equation whose terms are syntactically unifiable. The composition
of this generated mgu with all substitutions used in the narrowing sequence yields an E-unifier

of the initial equation [9].
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One of the main problems of commutativity is that it cannot be oriented into a terminating
rewrite rule, and therefore we cannot have a terminating system. An useful way out is to
build the commutativity into the rewrite process [9]. In other words, we take into account the
commutativity when applying a rewrite rule.

Considering a signature ¥ = Xg UX, where X consists of the function symbols satisfying
an equational theory E and ¥ is a set of uninterpreted function symbols, and assuming we
have a theory T = (£g UXy,Ax) where Ax is a set of axioms that can be split into a set R of
rules and a set E of equations, following the definitions and notations from [17], we obtain
what we call an equational term rewriting system (ETRS), denoted RUE. Formally,

Definition A.2. (Relation —g/g) Given a theory T = (£,Ax) = (g UXo,RUE), we denote

as —R/E the relation ~g - —r, which is defined on E-equivalence classes of terms, i.e.,
[s]~g —R/E [f]~ iff there exist s',¢" such that s ~<g s’ =g ' ~g 1.

To make a clear distinction between atoms (a, b, c,...) and constants (a,b,c,...) we will

use a different font for the later.

Example A.2. Consider the theory T = {f(h(a),b) = a, f(b,X) = X,h(X) = X, f(X,Y) ~
f(Y,X)}, with a,b constants. We will decompose T in RUC where

* R={f(h(a),b) = a,f(b,X) = X,h(X) — X}; and
« C={fX,)Y) = f(Y,X)}.
The following is a R/C-reduction step example:
f(b,h(a)) —r/c a because f(b,h(a)) ~c f(h(a),b) —r a=c a.

As expected, the notions of overlappings and critical pairs have to be extended to deal

with an equational theory E.
Definition A.3. (E-overlap of terms and rules)

« We say a term s E-overlaps a term ¢ at position C, say ¢t = C[t'], with a complete set S

of E-overlappings iff S is a complete set of E-unifiers of s and #’.
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¢ 10 ~g s0

* Given two rules I} — ry and I, — r, such that V(I1)NV (l,) = 0 and [, E-overlaps [, at
position C, say I, = C[l5], with a complete set S of E-overlappings, then the set

{(ul,u2> | Uy =10, uy = CO[rle], Vo ¢ S}

is called a complete set of E-critical pairs of the rule [{ — r; on the rule [ — r, at
position C.

— Let CSECP(R) be the complete set of non trivial E-critical pairs' for all [; — r|
and /, — r, belonging both to R;

— Let CSECP(R/E) be the complete set of non trivial E-critical pairs for all [} — r;
in R together with all [, — r;, such that /, ~ r; or r, ~ [, belongs to E.

Since in this work we are interested in the commutative theory C, we will mostly be
analysing the sets CSCCP(R) and CSCCP(R/C).

Recall that we use disjunctions of reduced problems when applying (=~ c C), because
since f is a commutative function symbol, we need to consider both of the possible pairs

generated by its arguments, that is:

C C C C C
{f(s0,51) =9 f(to,t1)} = {50 2= 10,51 2= 11} V {50 2~2 11,51 2= Ip }

Example A.3 (Cont. Example A.2). Let’s analyze the complete set of C-critical pairs of R,
CSCCP(R).
Iy »r: f(h(a),b) —a
R=< bL—=rn: f(bX)—=X
Iz —r3: h(X)—X

Since we are in a restricted nominal version of the nominal C-unification, we will use in

this example, and in following ones, the same notation from Definition 1.13.

'that means E-critical pairs such that u; # us.
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1) The following table summarizes where /; C-overlaps /;, fori = 1,2,3:

C ] renamed /4 I I3

] f(h(a),b) %) (a,h(a)) ik
f(LL],p) h(a) L ik (a,f(a,b))

f(h(a),[]) b L L 1

f(r([]),b) a L € L

The fourth column gives the complete set of C-critical pairs of the rule [, — r; and
[y — ry in position of / given by column 1.
For instance,

a. lz ?é? lli
{f(b,X) ?é? f(h(a),b)} = {b 757 h(a),X ?é? b}V{X ?é? h(a),b ?é? b}
— LV {X % h(a)}
0 =[X — h(a)]

Thus, I, C-overlaps with /; in position C = [_] with set S = {6}, where 0 is the
only C-unifier of /; and /; in this case.

The C-critical pair of the rule I, — r, with the rule /; — r; at position C = [_] is
(r10,C0[r0]) = (a,h(a)).

1,0
l y krz
a=r0 CO[r0] = h(a)

Notice they are joinable since h(a) — a via rule I3 — r3.
C
b. I3 9= I} = h(a):
C C
{h(X) 92°9 h(a)} — {X 2~9 a}
0 =X+ a

Thus, I3 C-overlaps with [; = h(a) at position C = f([_],b) with set S = {6},
where 6 is the only C-unifier of /3 and i(a) in this case.
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The C-critical pair of the rule /3 — r3 with the rule /; — r; at position C= f([_|,b)
is (r16,C0[r30]) = (a, f(a,b)).

r

\.

1,0

11—>/ kw

CO[r36] = f(a,b)

a=r6

Notice that a and f(a,b) are joinable, since f is a commutative function symbol, that

is f(a,b) ~c f(b,a), and this last term reduces via rule I, — r; to a.

For the other cases we get a clash L, because we can not unify terms with two different

function symbols. Also, © means that we do not need to unify a term with a copy of

itself.

2) I; C-overlaps I, fori=1,2,3:

C ‘ ] ‘ L ‘ renamed [ ‘ Iz
L fe.X) | (h(a)a) | @ | L
f([L]:X) b 1 1 1

The reasoning is the same:

C
a. ll 909 122

(£(h(2),b) 21 f(b,X)} = {h(a) 2% b,b 222 X IV {h(a) 15 X b 1% b}

s LV{X 2% h(a)}
0 = [X s h(a)]

Thus, /; C-overlaps with [, at position C = [_] with set S = {6}, where 0 is the

only C-unifier of /; and [,

in this case.

The C-critical pair of the rule /; — r; with the rule I, — r; at position C = [_] is
(r29,C9[r19]> = (h(a),a).

r

h(a)

0

12—% kh

=0 CO[r10]=a
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3) I; C-overlaps I3, fori =1,2,3:

C ‘ [] ‘ L ‘ ) ‘ renamed /3

[ fL[L] @

Thus, CSCCP(R) = {(a,h(a)), (a, f(a,b)), (h(a),a)}.

Example A.4 (Cont. Example A.2). Now let’s analyze the complete set CSCCP(R/C) of
C-critical pairs of R/C.

Since f(X,Y) ~ f(Y,X) is in C, we consider the new rule Iy — ry : f(X,Y) — f(Y,X),
and now we will look for non-trivial C-critical pairs of each of the other three rules with
Iy — ry.

1) I; C-overlaps Iy, fori =1,2,3:

C
a. ] 9= ly:

{£(h(a).0) 1% f(X.Y)} => {h(a) =2 X.brmn Y}V
V {h(a) 251 ¥, b 9 X}
0 =[X+—h(a),Y —b]U
U6 =[Y h(a),X — b

Thus, [; C-overlaps with I4 at position C = [_] with set S = {6,0’}, where 6 and
0’ are both C-unifiers of /; and 4 in this case.

The C-critical pairs of the rule /; — r; with the rule I4 — r4 at position C = [_]
are (r40,CO[r10]) = (f(b,h(a)),a) and (r,0’,CO'[r10']) = (f(h(a),b),a)

1,0’

l4—)l’4 11%1’1 l4—)l’4 11%1’1

f = r46 CG[n 0] = a f(h(a), = r49/ CG’[r1 9/] =




61

b. lz 929 l4:

C C C C C
{f(6,X) = f(X',Y)} = {bomr X' Xm0 Y'}V{bomyY Xm0 X'}
0=[X"—bY —XU
Ue' =Y —bX — X]

Thus, I, C-overlaps with I4 at position C = [_] with set S = {6,0’}, where 6 and
0’ are both C-unifiers of [, and /4 in this case.

The C-critical pairs of the rule I, — r, with the rule Iy — ry4 at position C = [_]
are (r46,C0[r260]) = (f(X,b),X) and (r46',C6'[r20']) = (f(b,X),X).

140 1,60’

l4—>7‘4 lg*}rz l4—)l’4 12*)}’2

f(X,b) =r40 CO[rnb] =X f(b,X) = 1460’ Cel[r‘zel] =X

Thus, CSCCP(R/C) = {(f(b,(a)),a), (f(h(a),b),a), (f(X,D),X), (f(b,X),X)}.

Now we can continue with the extension of other standard notations such as termination
and confluence modulo an equational theory E:

We say that R is E-terminating or E-noetherian iff —g g is terminating. Also, R is said
to be E-confluent iff for all terms #,11, 1, such thatt —g g 11 and t —§ ¢ 1o, there exist 11, 1;
such that 11 —g g 11, 12 —g g 13 and 1] ~ 5. In the following we will consider such notions
to the commutative theory, thus we will be interested on the cases of C-termination and
C-confluence.

Example A.5 (Cont. Example A.3). We now analyze the property of termination of R =
{f(h(2),b) = a, f(b,X) = X, h(X) — X} and C = {f(X,¥) ~ f(¥,X)}.

* Ris C-terminating: It is easy to see the termination using an embedding into (N, >),
which is known to terminate, checking that the length of the terms decrease in each
R/C-reduction.

More details about termination can be found in [9].

The problem with R/E is that, in general, R/E-reducibility is not decidable, because
E-congruence classes may be infinite [17]. This is not the case for C, but for instance if we
consider the theory E = {X + 0 = 0}, the E-congruence class of an arbitrary term ¢t would be
tle={t,t+0,1+0+0,7+0+0+0, ...}.

With that in mind, we see a need to refine this relation. A solution was given by [20]:
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Definition A.4. (Relation —g g) A new relation —g g is defined as following
s—oret <31 —r)eER,s=C[s',0.5 ~£ 10 A t=C[r0)].

That way we can involve matching modulo ~ in each rewrite step, as noted in [23]. When-
ever we cannot reduce a term ¢ w.r.t —g g we say that ¢ in its R, E-normal form, t|. We call
0 a R,E-normalized substitution iff for all X € dom(0), X6 is R, E-irreducible.

With the aim of proving the completeness of —g g with relation to —g /g we need the
relation —R g to be E-coherent:

The following result establishes necessary conditions for E-confluence and E-coherence
of an ETRS:

Theorem A.1. (Theorem 2 in [16]) Let R be an ETRS such that:
1. Ris E-noetherian;
. ~ is decidable and for all (I ~r) € E,V(I) =V (r);
3. A complete and finite unification algorithm exists for the theory E.
Then Ris E-confluent and —R g is E-coherent if:

e any E-critical pair (uy,u;) of CSECP(R) satisfies u1] ~g up| (we will say that u; and

up are E-joinable);

« any E-critical pair (u; = r'0,us) of CSECP(R/E) satisfies u; —g g ) at some occur-

rence of 7 and u}| ~g us .
The following example illustrates the Theorem A.1 at work:

Example A.6 (Cont. Example A.3). We now analyze the property of C-confluence of R =
{f(h(a),b) = a, f(b,X) > X,h(X) - X} and C={f(X,Y) ~ f(Y,X)}, and C-coherence
of R, C. Since R is C-terminating, ~¢ is decidable, V(I) = V(r) for all ] — r € R, we just
need to check the last two conditions
* All C-critical pairs of CSCCP(R) are C-joinable:
Since CSCCP(R) = {(a,h(a)),(a, f(a,b)),(h(a),a)}, let’s check that the terms of
each of these pairs are C-joinable:

— (a,h(a)): We have h(a) —g/c a using the third rule, and the terms are C-joinable;

— (h(a),a): Analogue to the item above;
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— (a, f(a,b)): We have f(a,b) —g/c a because f(a,b) ~c f(b,a) —r a using the

second rule, and the terms are C-joinable.

« All C-critical pairs (u; = r'0,us) of CSCCP(R/C) satisfy that u; —g ¢ u} at some
occurrence of 7 and u/ | and that u, | are C-joinable:
We found CSCCP(R/C) = {(f(b,h(a)),a), (f((a),b),a), (f(X,b),X), (£(6,X),X)},
from Example A.4. Let’s check that M’N and uy| are C-joinable, for each C-critical
pair:

— (f(b,h(a)),a): First, we have u; = f(b

ra=f(Y,X)and 6 =[Y — b,X — h(a)

h(a)) =r46 —grc f(b,h(a)) = u}, with
], because

f(bvh(a)) ~c 146 :f<X7Y)9 :f<h(a)>b)'

Since f(b,h(a)) —vg, h(a) —g, a, we obtain u}| = a, and as up| = a] = a, the
result follows;

- (f(X,b),X): Initially, we have u; = f(X,b) = r46 —grc f(X,b) = u}, where
ra=f(Y',X')and 8 = [Y' — X, X’ — D], because

f(Xab) ~C l46 :f(X/7YI)9 :f(b,X)

Since f(X,b) ~¢ f(b,X) —g, X, we obtain that u} | = X, and clearly u,] = X|.
Thus, the result follows;

— For (f(h(a),b),a) and (f(b,X),a) the C-joinability is direct because both f(b,X)
and f(h(a),b) reduces to a.

An interesting property of E-coherence is that R/E-reducibility coincides with R, E-
reducibility, that is, we can compute R /E-normal forms using R, E-reductions. This result is
due to Jouannaud et. al. with the following proposition:

Proposition A.1. (Proposition 1 in [17]) Assume R is E-confluent and E-noetherian. Then
R,E- and R/E- normal forms of any term ¢ are E-equal if and only if —g  is E-coherent.

Proof. The proof of this result is out of the scope of this dissertation, and a proof can be
found in [16]. [






Appendix B

Nominal Results and Examples

In this appendix we present nominal known results as confluence, overlaps and critical pairs,

in order to understand some examples.

B.1 Nominal Confluence

Notice that atoms a and b stand for object-variables and their names should not matter when
specifying a rewrite rule, in the same way that the choice of the names X and Y for the
meta-level variables in Example 2.1 were not relevant. Since atoms are not affected by
substitution action, we consider renaming of atoms in rewrite rules.

Call R“?) the rule obtained by swapping a and b throughout R. A set of rewrite rules
is called equivariant when it is closed under (—)(“ %) for all atoms a and b. We use this

technicality because atoms are not affected by substitution actions, but they can be swapped.

Definition B.1. (Equivariance closure) The equivariant closure of a set Rw of rewrite rules
is the closure of Rw by the meta-action of permutations, that is, it is the set of all permutative
variants of rules in Rw. We denote eq-closure(Rw) for the equivariant closure of Rw.

Notice that the equivariant closure of the NRS in Example 2.1 is the set of rules itself,

i.e., eq-closure(Rw) = Rw, since there are no atoms in these rules.

Example B.1. Consider the NRS with the single rule R= 0+ f(b) — a. In order to find the

eq-closure(Rw), we need to analyze all the permutative variants of R € Rw, they are R@D),

R@<) and R? ©), where c is an arbitrary new atom.

R =R“Y =0+ f(a) > b

Ry=R“) =0+ f(b) —>c
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Ry =RY)=0F f(c) > a
Therefore, eq-closure(Rw) = {R,R|,R2,R3}.

A weaker property is known as local confluence, which is defined as “joinability of
peaks”, as we will see in the next definition.

Definition B.2. (Peak and local confluence) Let R be an equivariant rewrite system, and let
A, s, t; and 1, such that A+ s — #; and A F s — 1. This pair will be denoted as A s — 11,1
and called a peak. If there is such a peak, then we call a NRS locally confluent when there
exists a term u such that At 7; —* u and A+ 1, —* u. We say such a peak is joinable.

Here is an important remark made by [5, 12] to clarify resolve any doubt between

equivariance and permuted variants of a set of rewrite rules.

Remark B.1. Since the definition of the rewriting relation generated by a rewrite theory
R = (X,Rw) takes into account permuted variant of rules (via the use of the permutation 7
in the one-step rewrite relation, see Definition 2.1), it is not necessary to include permuted
variant of rules in Rw. For convenience, in the rest of this work we assume that for any
R € Rw, if R and R”™ are both in Rw then & = Id; in other words, Rw does not contain
permuted variants of the same rule.

With nominal rules the nominal rewrite relation is generated by the equivariant closure of
a set of rules. Thus, in order to find overlaps and critical pairs, we must consider permuted

variant of rules, and use nominal unification instead of first-order unification [5, 12].
Definition B.3. (Overlaps and critical pairs) Suppose
1. Riy=V i1} = rpand Ry = V, - I, — 1y are copies of two rules in eq-closure(Rw)
such that V(R;) NV (Ry) = 0';
2. I; = C[l}] such that {V,V,,l] 9~ b} has a principal solution (T',0), so that T" -
119 ~qglhOBandI'FV;0 fori=1,2.

We say R overlaps with R;, and we call then the pair of terms-in-context I' - (r10,C8[r,6])
a critical pair. We say the critical pair is trivial if C = [_] and Ry, R; are copies of the same

rule, or if /{ is a variable.

T+-00
y k
T'Hro T+ CO[r0]

1R1 and R, could be copies of the same rule.
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Example B.2. Consider the set of rules

Vit —r: OF f(h(a),b) —a
Rw = Voblb —r: @l—f(b,X)%X
V3|—l3—>r3: a#XFh(X)—)X

where a, b are atoms and f, 4 are function symbols.

1. Ry =0+ f(h(a),b) — aand R} = d'#X'+ h(X') — X', with 7 = (a d’) and d’ a new
atom, are copies of two rules in eg-closure(Rw) such that V(R;) NV (R3) = 0;
2. If f(h(a),b) = C[h(a)], let’s check if {0,a'#X’, h(a) 9229 h(X')} has a principal solution
(I',0):
{(Z),a’#X’,h(a) 2~29 h(X/)} - {(Z),a’#X',a 229 X’}
LY {0.dhat = ()
(I',0) = (0,[X" — a])
Since 0 (a’#X") 6 holds, the pair (T, 0) is indeed a solution for the unification problem
{Q,a/#X',h(a) 2~29 h(X/)}.
Thus, ; overlaps with [ at position C = f([_],b) with 6 = [X' > a.
The critical pair is - (r10,CO0[r§0]) = (a, f(a,b)).

O L6
117 %r?
OFa=r6  OFCO[E0] = f(a,b)

Definition B.4. (Permutative overlaps and critical pairs) Let Ry =V F I} — rj and Ry, =
V> I, — 1y be copies of two rewrite rules in eq-closure(Rw) such that there is an overlap.
If R, is a copy of R}, we say that the overlap is permutative. A permutative overlap at
the root position is called root-permutative. We call an overlap that is not trivial and not

root-permutative proper. The same terminology is used to classify critical pairs.

A permutative overlap is an indication that there exists a critical pair generated by a rule
an one of its permuted variants.

Example B.3. (Cont. Example B.2) Consider the same set of rules from the previous
example.
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1. R3=a#X'+h(X') — X' and R = d'#Y - h(Y) — Y are copies of two rewrite rules in
eq-closure(Rw), with T = (a @) and @’ a new atom, such that V(R3) NV (R%) = 0.

2. If we consider the root position of h(X'), that is 2(X") = C[h(X")], let’s check if
{a#X' d'#Y h(X") 9=+ h(Y)} has a principal solution (T, 8):

{a#X',d'#Y h(X') = h(Y)} = {a#X',d'#Y, X s~> Y}
Yol cony,duy)

(T,0) = ({a#?, 47}, [X' = V]
Since a#Y,a'#Y - (a#X')0 and a#Y,d'#Y I~ (a'#Y )0, the pair (T, ) is indeed a solution
for {a#X',d'#Y h(X") 779 h(Y)}.
Thus, I3 overlaps with [ at position C = [_] with 6 = [X’ — Y].
The critical pair is a#Y,d'#Y F (r;0,C0[r50]) = (Y,Y).

I'-156
I3V K—”g
'~Y =r6 CHCoF0]=Y

Observe that RY is a copy of permuted R3. According to Definition B.4, the overlap
is permutative. Even more, since the overlap occurs at the root position, the overlap is

root-permutative. Therefore, a#Y,a'#Y - (Y,Y) is a root-permutative critical pair.

Example B.4. (Cont. Example B.3) Let’s see an example of a proper critical pair. Consider

the same set of rules from Example B.2.

1. RT = f(h(c),d) — c and R3 = h(X") — X', with & = (a ¢)(b d) and c,d new atoms,
are copies of two rules in eg-closure(Rw) such that V(RT) NV (R3) = 0.

2. If f(h(c),d) = C[h(c)], let’s check if {0, a#X’, h(c) 7~ h(X")} has a principal solution
(I',0):
{0,a#X" h(c) v h(X')} = {0,a#X’,c 29 X'}
L2 10,atc} = { }
(T,0) = (0,[X"— c])

Since we have 0@ - 00 and 0 - (a#X')0 = a#c, we get that (', 0) is indeed a solution
for {0,a#X’,h(c) 9= h(X")}.
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Thus, I7 overlaps with I3 at position C = f([_],d) with 8 = [X" — ¢].
The critical pair is - (r70,C0[r30]) = (c, f(c,d)).

O+ IT6
lﬂy K_irg
OFc=r"0 0+ CO[r;0] = f(c,d)

Since this critical pair is neither trivial, nor root-permutative, Definition B.4 gives us that
O+ {c, f(c,d)) is a proper critical pair.

Lemma B.1. It is not necessarily the case that trivial critical pairs are joinable.

Proof. We give a counterexample. Consider the rules
Ri=0F f(b) —>a and Ry =a#X X — [a]X.

They have a trivial critical pair I (a, [a] f(b)).

= f(b)
y \
-a = [alf (D)
It is clear that these terms are not joinable. [

Observe that overlaps at the root between variable-renamed versions of first-order rules
can be discarded, because they generate equal terms. Meanwhile, in nominal rewriting we
must also consider overlaps at the root between permuted variants of rules. The following

example shows that they do not necessarily produce the same result:

Example B.5. Consider R = (F f(X ) f ([a]X)) arule of R. There is an overlap at the
root between this rule and its variant R“?) = (F f(X) — f([b]X)). It generates the critical
pair - (f([a]X), f([b]X)). As we can see, the terms f([a|X) and f([b]X) are not necessarily

a-equivalent. Therefore, R is not confluent.
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Ffa)
1R, [X = a],1 [_],R.[X ~—d],(ab)

f([a]a) Fa = f(b

\.

Another property that will be important is called ‘uniformity’ which means than an atom
that does not occur free in a term cannot become free after the application of an ‘uniform’
rule. Formally,

Definition B.5. (Uniformity) A rule R is called uniform when for all A, s and ¢ such that
At s —gt wehave A, (a#s), s - a#t for any a such that (a#s), s is consistent.

To check uniformity of R = [ — r it is enough to check that [ and r satisfy the condition
of the definition above. Intuitively, if a is not free in / then a is not free in r.

Example B.6. Consider the NRS
R={0F f(h(a),b) »a, OF f(b,X) = X, a#X F h(X) — X},

where a, b are atoms and f, h are function symbols.

By definition, R is uniform, since all of its rules are uniform. In fact:

* For the first two rules, the result follows trivially, since they have an empty context.

* For the last rule, it holds that a#X, (c#h(X)),r F c#X for any ¢ such that (c#h(X)),s is
consistent.

Remark B.2. In [12], at Theorem 62, a version of the critical pair lemma was considered:
"If all non-trivial critical pairs of a uniform nominal rewrite system are joinable, then it is
locally confluent". However, it was observed in another work [5], as we defined a different
kind of critical pair, the permutative one, joinability of proper critical pairs is insufficient for
local confluence, even for a uniform theory, see for example the rule in Example B.5, which

18 uniform.

Fortunately, an additional condition allows us to prove that uniform theories with joinable

proper critical pairs are locally confluent. Let’s state the definition of a-stability from [22].

Definition B.6. (a-stability) A rewrite rule R = V I [ — r is a-stable when, for all A, 7,6, 6,
A (VO, V"0’ 10 =4 170" implies Al r0 ~q r"0'.

We say a rewrite theory R = (X, Rw) is a-stable if every rule in Rw is a-stable.
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Example B.7. (Cont. Example B.6) Let’s see that all of the rules in the NRS of Example B.6
are o/-stable.

e 0+ f(h(a),b) — a is a-stable: for all A, 7, 6, 6’ such that A - (f(h(a),b))8 ~q
(f(h(a),b))™6', we will have A - aB =2, a™ 0’ since substitutions do not act over

atoms and in this case 7 = Id in order to get a ~¢ a”.

e 0 f(b,X) — X is a-stable: forall A, 7, 0, 8’ such that A £(b,X0) = (f(b,X))0 ~¢
(f(b,X))"6" = f(b™,X™0’), we will have A - X0 ~, X™ 0’ since in this case we have
7 = Id because we need b to be o-equivalent to o™ and therefore X 0 ~, X6’ holds
directly from hypothesis.

o a#X - h(X) — X is a-stable: for all A, 7, 6, 6" such that A+ h(X80) = (h(X))0 =~
(h(X))™ 0" = h(X™0'), we will have A X0 ~¢ X"’ directly since permutations
actions do not act over variables.

Now we can give a new version for the Critical Pair Lemma:

Theorem B.1. (Critical Pair Lemma for uniform a-stable theories) Let R = (£, Rw) be an
uniform rewrite theory where all the rewrite rules in Rw are a-stable. If every proper critical
pair is joinable, then R is locally confluent.

Proof. The proof of this result is out of the scope of this work, but it can be found in [5],
Theorem 4.6. O

Definition B.7. (Termination) A NRS is terminating if all the rewrite sequences are finite.

Now, with the previous definitions, and using Newman’s Lemma [19] we get the following

result of confluence:
Corollary B.1. Consider a NRS R.

1. If R is terminating, uniform, o-stable and proper critical pairs are joinable, then it is

confluent.
2. Under the same assumptions, normal forms are unique modulo ~=,.

The analysis of critical pairs in the next example, and in the following ones in this work,
will be made by means of tables. The first column shows the position by means of its context
C of a term /; and the second column shows the subterm I/ given by the respective position to
the first column. The remaining columns will represent all the terms /;, renamed, of a set of

rules that we want to unify with /; (and its non-variable subterms).
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. lft stands for /; with the meta-action of 7 # Id, see Definition 1.3. Here we rename all

atoms in /;.

* We write O to illustrate that the unification between /; and a copy of itself does not

need to be made. In the first case, we do not need to unify /; and a renamed /;.

* The symbol | means that we couldn’t unify the respective terms, or even if we could
the solution substitution 6 did not respect I' - V;0, according to Definition B.3.

Example B.8. Consider the NRS

Vikli—r: 0F f(h(a),b) —a
R= VobklL —r: OF f(b,X)—>X
V3f—l3%r3i a#XFh(X)—)X

where a,b are atoms and f, h are function symbols. Let’s analyze the critical pairs of R
and check if it is confluent.

1) R; overlaps with R;, fori=1,2,3:

c L] L || b|5|h 7

] f(h(a),b) | @ | L | L|L]|L 1
f(L],0) ha) | L | L|L|L|L]|F(aflab))
f(h(a),[] b I A I I A 1
f(r(lL]),b a N I N A 1

Below we present only the interesting cases.

a. Iy 929 IT: Remember [y = f(h(a),b).
Notice that we need to analyze all possible meta-actions of 7: (a b), (ad’). (b b)
and (a d')(b b'), where @', b’ are new atoms.

Below we only show the case for 7 = (a @')(b b'). But the other cases will also

result in L.

{(Z),(D,f(h(a),b) 2759 f(h(a/)7b/)} = {@7®7h(a) 27732 h(a/)7b 7/39 b/}
= L

By definition of a-equivalence, all atoms are different, that is, b %, b.
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b. h(a) = I 9~ I¥: Remember [; = C[l}], here C = f([_],b), and I3 = h(X").
Here 77 = (a d'), with ' a new name. Observe that [§ = I3, but V§ = da'#X’.

This case was already made in Example B.2, and its critical pairis @ - (a, f(a,b)).

c. I =" I: Remember I} = f(h(a),b) and I, = f(b,X’).

{0,0,f(h(a),b) = f(b,X")} = {0,0,h(a) =1 b,b 1~ X'}
= 1

We get a L, because we cannot unify an atom with a function symbol.
d. I; =" IF: Remember /| = f(h(a),b) and I, = f(b,X").

Here 7 = (b ') or & = (b a), with b’ a new atom. Either way, the result is the
same. We present the case 7 = (b b').

{0,0,f(h(a),b) o= f(',X")} = {0,0,h(a) y=9 b,b’ 1=2 X'}
—

We get a L, because we cannot unify an atom with a function symbol.

e. h(a) =1} =" I3: Remember /| = C[l}], C = f([_],b), 5 = h(X").

{07a#X/ah(a) 27729 h<X/)} — {@,Q#X/,a 229 X/}
X'—a

— {0,atta}
- 1
Applying the possible solution substitution in the constraint a#X’ we get an

inconsistency, thus we geta L.

All the remaining cases result in 1 because we try to unify two different function

symbols or a function symbol with an atom.

2) R, overlaps with R;, fori =1,2,3:

The table obtained is the following. All the checks result in L or @. The analysis is
similar to the previous.

c | U |ulF|e|g|6|E
L] f,X)| L] L] O] L]L]L
f(L,xH b Ll L|L|L|L
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a. I, =" I;: Remember I, = f(b,X') and I; = f(h(a),b).

{0,0,f(b,X) o~ f(h(a),b)} = {0,0,b = h(a),X" o~ b}
= 1
An atom does not unify with a function symbol.
b. I =" IT: Remember [, = f(b,X') and I; = f(h(a),b).
Again, we need to check all the possibilities for 7: (a b), (a d'), (b b') and

(ad)(b D), with d’,b’ new names. We will only show 7 = (a b), but the result is

the same for all cases.

{(D,(D,f(b,X/) 27729 f(h(b)va)} = {@7®7b 2799 h(b)7X/ 27729 Cl}
= 1
An atom does not unify with a function symbol.
c. I ="1¥: Remember I, = f(b,X").
The only 7 we need to take into account is (b b'), where b is a new atom. Also

note that V(1) NV (I¥) = 0 is necessary, so we change the name of the unknown
in IJ to X”.

{0a®7f(b7X/> 1= f(blaxﬂ)} = {®7®7b )9 b/7X/ )9 X”}
= L1

By definition of a-equivalence, all atoms are different, that is, b % b'.

All the remaining cases result in 1 because we try to unify two different function

symbols or a function symbol with an atom.

3) R3 overlaps with R;, fori=1,2,3:

c| Ll |n|if|n|B]| 5| ;
L ax) | L] L] L] L] O] atrd#ri-(ry)

a. I3 9= [§: Remember I3 = h(X').
We just need to check when 7 = (a '), with @’ a new atom. Notice that the
condition V (I3) NV (1§ ) = 0 is necessary, so we change the name of the unknown
in I§ to Y. Also note that we have V§ = {d'#Y}.

This case was already made in Example B.3, and its critical pair is a#Y,d'#Y
(v,Y).
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All the remaining cases result in | because we try to unify two different function
symbols.

4) RT overlaps with R;, fori =1,2,3:
As seen earlier, & may be (a b), (a c), (b d) or (a c)(b d), with ¢,d new names. Of
course, with these conditions, we would need to build four different tables. As this
work is exhaustive, we will show only the most general case, 7 = (a ¢)(b d).

C L] Ll || E I IF

] fhe),d) | L] L] L] L 1 1
f([L,d) h(c) | L| L |L] L | Ffled)| F{cflcd))

f(h(e), L)) d IR 1 1

F(r(L]),d) c I 1 1

a. h(c) = I{¥ 9~ I3: Remember [T = C[I{"], here C = f([_],d), and I3 = h(X').
Observe that VI = 0 and V3 = {a#X'}.
This case was already made in Example B.4, and its critical pairis 0 - (c, f(c,d)).
b. h(c) = I[F 9~ IF : Remember [T = C[I/¥], here C = f([_],d), and I3 = h(X").
Here 7' = (ac) or #' = (a d'), with a’ a new name.

x If 7' = (ac):

(0.6 h(e) vy h(X)} = {0,c#X',c %0 X')
X'—~e

= {0,c#c}
= 1

x If 1’ = (ad):

{0,d'#X' h(c) =0 h(X")} = {0,d#X',com9 X'}
X2 19, dte) = { )
(T,0) = (0,[X" +— c])

Since we have @ 00 and 0 - (a#X')0 = a'#c, the pair (T, 6) is indeed a
solution for {@,a#X’, h(c) s~ h(X")}.

Thus, [T overlaps with [ at position C = f£([_],d) with 8 = [X" > c].

The critical pair is - (r70,C0[r} 6]) = (c, f(c.d)).



Nominal Results and Examples

- 170
ZEV Kﬁh
Fe=r70 FCO[r; 0] =

5) R% overlaps with R;, for i = 1,2,3: Here 7 might be (b a) or (b d), where d is a new
atom, consequently generating two tables. The table below shows the case where
t=(bd).

c | U |n|F el |6|F
0 | f@dx) | L] L] L[ L]1]L
f(L],X) d L L] L]L] L

6) Rj overlaps with R;, for i = 1,2,3: Here we have (a b) or (a ¢), with ¢ a new name, as
options for 7. Again, we need to build two tables, but we are only going to show one,

when 7 = (a c).

/

c| U |n|F|n|g I | g
LAy | L] L] L] L | ctr,ay = (r,y) | chr,d#y - (¥.Y)

a. I 9~ I3: Remember I3 = h(X').
Notice that the condition V (1) NV (I3) = 0 is necessary, so we change the name
of the unknown in /3 to Y. Also note that we have V§ = {c#X'} and V3 = {a#Y }.

{cHX a#Y h(X") 9my h(Y)} = {c#X',a#Y, X' 9= Y}
XX oy, any)
(T,0) = ({c#Y,a#tY },[X' — Y])

Since c#Y,a#Y - (c#X')0 and c#Y,a#Y - (a#Y )0, the pair (T, 0) is indeed a
solution for {c#X',a#Y,h(X') o~29 h(Y)}.

Thus, I§ overlaps with I3 at position C = [_] with 6 = [X’ — Y].

The critical pair is c#Y,a#Y - (r50,C0[r30]) = (Y,Y).
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T'Fi7o
12—7 yih
r~y=r50 ' CO[r;0] =

b. IF 9 ¥ : Remember I3 = h(X").
Observe we do not need to do the case ' = (a c), because we do not want to
unify a term with a copy of itself. Thus, 7’ = (a a’), where d’ is a new atom.

Again V(I§)N V(lgl) = () is necessary, so we change the name of the unknown in
IF to Y. Note that V¥ = c#X’ and V¥ = a'#Y.

{c#X’,a’#Y,h(X’) o h(Y)} = {c#X’ a'#Y, X' 9~ Y}
Yol cony d#y)
([',0) = ({c#Y,d'#Y},[X > Y])

Since c#Y,ad'#Y I (c#X')0 and c#Y,d'#Y I (d'#Y)0, the pair (T, 0) is indeed a
solution for {c#X',d'#Y , h(X") 9= h(Y)}.

Thus, I overlaps with [ at position C = [_] with 8 = [X’ Y.

The critical pair is c#Y,d'#Y - (r70,CO[+¥ 0]) = (¥, Y).

r'+ie
137 K—w;
l—‘|_Y—”3 Ff—CG

Therefore, the presented critical pairs of R are:
{+{a, f(a,b)); a#Y,d#Y - (Y,Y); I (c,f(c,d)); c#Y,a#Y - (Y,Y); c#Y,d'#Y - (Y,Y)}.

It is easy to see that R is terminating using an embedding into (N, >), which is known to
terminate, checking that the length of the terms decrease in each R-reduction. More details
about termination can be found in [9].

From Example B.6, R is uniform and, in Example B.7, we showed that the rules are

o-stable.
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Corollary B.1 gives us that R would be confluent if all the proper critical pairs are joinable.
But picking out the first critical pair found + (a, f(a,b)), we see it is proper and it is not

joinable. Indeed, we cannot reduce neither a nor f(a,b) using the three rules in R, hence

aff(a;b).

Lastly, we conclude that R is not confluent.

B.2 Commutative

This example was used before we defined nominal rewriting modulo an equational theory, as

an attempt to identify the notions and results that needed to be extended.

Example B.9. Consider the nominal theory
T={0F f(h(a),b) =g a, OF f(b,X) ~q X, a#X F h(X) =a X, 0F f(X,Y) =q f(¥,X)},

where a,b are atoms and f, & are function symbols. Similarly to the previous appendix, we

will decompose T in RUC where
e R={F+ f(h(a),b) = a, - f(b,X) = X, atiX F h(X) = X };
e and C={F f(X,Y) =q f(¥,X)}.
The idea is to analyze the equivariance, closedness and C-confluence of such R.

Equivariance We saw in Example B.8 that all rules were in eq-closure(Rw). Just to state
them all: let ¢,d be arbitrary atoms, we have

R@Y) = {+ f(h(b),a) — b, F f(a,X) — X, b#X F h(X) — X}

R = {F f(h(c),b) = ¢, F f(b,X) = X, cHX F h(X) — X}
RCD = {+ f(h(a),d) = a, - f(d,X) = X, a#X - h(X) — X}
R@ABD) — £ 1 f(h(c),d) — ¢, F f(d,X) = X, c#X F h(X) — X}

Closedness Notice that we have b1 (X ) ~ X and there is no rewriting path from A(X) to
X, ie., /r h(X) <> X. Indeed, we only have h(X) — X if we add the context a#X.

Observe that we need to be careful because we are in ~ ¢ and we need the formal
definition of <+g c. Notice, however, that the problem is not with the equational theory

C but with the freshenss constraint.
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* Task 1: we need to extend the definition of — to —g c.

» Task 2: also the definition of complete presentation needs to be extended
for T = RUC.

These two extensions will be done in a naive way, in the next section.

Confluence Observe that R is the same NRS as from Example B.8, where it was not confluent
because the proper critical pairs were not joinable. But now, with commutativity we

check again the joinability of these proper critical pairs found.

* O+ (a,f(a,b)): they are C-joinable.

PN

-a = f(a,b)
m %C
= f(b,a)

a#Y,a'#Y & (Y,Y): trivially joinable.
0O+ {(c, f(c,d)): analogous to F- (a, f(a,b)).
c#Y,a#Y - (YY) trivially joinable.
c#Y,d'#Y I (Y,Y): trivially joinable.

* Task 3: define C-confluence, C-critical pairs and C-coherence of — ¢ in

the nominal framework.

B.2.1 Nominal C-overlappings and complete sets of C-critical pairs

Next we extend the definitions of C-overlappings and C-critical pairs in the nominal

framework.

Definition B.8. (C-overlappings and C-critical pairs) We say a term-in-context A - s
C-overlaps a term-in-context A’ I- ¢ at position C, say ¢ = C[t'], with a complete set S of

C-overlappings iff S is a complete set of C-unifiers of A sand A" 7',
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Given two rules Vi [} — ry and V;, = I — o in eq-closure(Rw) such that we have
V(I[1)NV(ly) = 0 and V I [; C-overlaps V, - [, at position C, say I, = C[}], with a
complete set S of C-overlappings, then the set

{Fl— <u1,u2) ]ul =10, up =C9[r19], v e S, I'-146 Ra,C léB,FPVle,FP Vz@}

is called a complete set of C-critical pairs of the rule V| - [; — r; on the rule V;, -
l, — ry at position C.

« Let CSCCP(R) be the complete set of non trivial C-critical pairs® for all V;
ly — r1 and V3 = I — r; belonging both to R;

* Let CSCCP(R/C) be the complete set of non trivial C-critical pairs for all V; -
[y — ryin Rtogether with all Vo =1 — rp suchthat Vo Fly =g rpor Vo Fro =g I
belongs to C.

’that means C-critical pairs such that Aj Fuy # Ay - up.
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