Fixed-Point Constraints for Nominal Equational
Unification

Mauricio Ayala-Rincén!
Departments of Mathematics and Computer Science, Universidade de Brasilia, Brasilia, Brazil

Maribel Fernandez
Department of Informatics, King’s College London, London, UK

Daniele Nantes-Sobrinho?
Departments of Mathematics and Computer Science, Universidade de Brasilia, Brasilia, Brazil

—— Abstract

We propose a new axiomatisation of the alpha-equivalence relation for nominal terms, based on a
primitive notion of fixed-point constraint. We show that the standard freshness relation between
atoms and terms can be derived from the more primitive notion of permutation fixed-point, and
use this result to prove the correctness of the new alpha-equivalence axiomatisation. This gives

rise to a new notion of nominal unification, where solutions for unification problems are pairs of
a fixed-point context and a substitution. Although it may seem less natural than the standard
notion of nominal unifier based on freshness constraints, the notion of unifier based on fixed-
point constraints behaves better when equational theories are considered: for example, nominal
unification remains finitary in the presence of commutativity, whereas it becomes infinitary when
unifiers are expressed using freshness contexts.
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1 Introduction

This paper presents a new axiomatisation of a-equivalence for nominal terms via permutation
fixed points, and revisits nominal unification in this setting.

In nominal syntax [16], atoms are used to represent object-level variables and atom
permutations to implement renamings, following the nominal-sets approach advocated by
Gabbay and Pitts [10, 12, 14]. Atoms can be abstracted over terms, the syntax [a]s represents
the abstraction of @ in s. To rename an abstracted atom a to b, a swapping permutation
m = (ab) is applied. Thus, the action of m over [a]s, written as (ab) - [a]s, produces the
nominal term [b]s’, where s’ is the result of replacing all occurrences of @ in s by b, and all
occurences of b in s by a. The a-equivalence relation between nominal terms is specified
using swappings together with a freshness relation between atoms and terms, written b#s,
which roughly corresponds to b not occurring free in s.

In this setting, checking a-equivalence requires another first-order specialised calculus to
check freshness constraints. For instance, checking whether [a]s =2, [b]t reduces to checking
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whether s ~, (ba) -t and a#t. The action of a permutation propagates down the structure
of nominal terms, until a variable is reached: permutations suspend over variables. Thus,
7 - s represents the action of a permutation over a nominal term, but is not itself a nominal
term unless s is a variable; for instance, 7 - X is a suspension (also called moderated variable),
which is a nominal term.

The presence of moderated variables and atom-abstractions makes reasoning about
equality of nominal terms more involved than in standard first-order syntax. For example,
7-X =’ p- X is only true when X ranges over nominal terms, say s, for which all atoms in
the difference set of m and p (i.e., the set {a : w(a) # p(a)}) are fresh in s.

If the support of a permutation 7 is fresh for X then 7 - X =, id - X. Thus a set of
freshness constraints (i.e., a freshness context) can be used to specify that a permutation will
have no effect on the instances of X. This is why in nominal unification [16], the solution for
a problem is a pair consisting of a freshness context and a substitution.

The use of freshness contexts is natural when dealing with “syntactic” nominal unification,
but in the presence of equational axioms (i.e., equational nominal unification) it is not
straightforward. For example, in the case of C-nominal unification (nominal unification
modulo commutativity), to specify that a permutation has no effect on the instances of
X modulo C, in other words, to specify that the permutation does not affect a given C-
equivalence class, we need something more than a freshness constraint (note that (a b)(a+b) =
b+ a=¢ a+b, so the permutation (a b) fixes the term a + b, despite the fact that a and b
are not fresh).

In this paper, we propose to axiomatise a-equivalence of nominal terms using permutation
fixed-point constraints: we write 7 A ¢ (read “7 fixes t”) if ¢ is a fixed-point of 7. We show
how to derive fixed-point constraints from primitive constraints of the form 7= A X, and show
the correctness of this approach by proving that the a-equivalence relation generated in
this way coincides with the one axiomatised via freshness constraints. We then show how
fixed-point constraints can be used to solve nominal unification problems modulo C.

In [4, 3, 2], the authors have proposed techniques to deal with a-equivalence modulo the
equational theories A, C and AC using the standard approach via freshness constraints. The
works [3, 2] show that despite the fact that C-unification problems have solutions generated
by a finite family of fixed-point equations, there is no finitary representation of the admissible
set of solutions using only freshness constraints and substitutions. Also, in [15] it is shown
how nominal unification problems in a language with recursive let operators gives rise to
solutions expressed in terms of freshness constraints and nominal fixed-point equations.

In this paper, we will develop an extension of fixed-point constraints modulo commutativity,
namely, A¢, and provide a set of rules for checking fixed-point judgements and a-equivalence
judgements modulo C'; which will provide a finitary representation of nominal C-unification
solutions, consisting only of primitive fixed-point constraints and substitutions.

Overview

Section 2 presents the required preliminaries on nominal syntax. Section 3 introduces
nominal a-equivalence using fixed-point constraints instead of freshness constraints. Section
4 introduces a sound and complete rule-based algorithm for nominal unification using fixed-
point constraints. Before concluding, Section 5 shows how fixed-point constraints are used to
finitely represent solutions of fixed-point equations, and so of nominal C-unification problems.
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2 Preliminaries

We assume the reader is familiar with the notions of nominal set and nominal syntaz. In this
section we recall the main concepts and notations that are needed in this paper; for more
details we refer the reader to [14, 16].

2.1 Nominal Terms

Let A be a fixed and countably infinite set of elements a, b, ¢, ..., which will be called atoms
(atomic names). A permutation on A is a bijection on A with finite domain.

Fix a countably infinite set X = {X,Y, Z,...} of variables and a countable set F =
{f,g,...} of function symbols.

» Definition 1 (Nominal grammar). Nominal terms are generated by the following grammar.

s,¢ti=alla]t | (t1,...,tn) |[fEt]7m- X

where a is an atom term, [a|t denotes the abstraction of the atom a over the term ¢, (¢1,...,t,)
is a tuple, f t denotes the application of f to t and 7 - X is a moderated variable or suspension,
where 7 is an atom permutation.

We follow the permutative convention [11, Convention 2.3] for atoms throughout the
paper, i.e., atoms a, b, ¢ range permutatively over A so that they are always pairwise different,
unless stated otherwise.

Atom permutations are represented by finite lists of swappings, which are pairs of different
atoms (a b); hence, a permutation 7 is generated by the following grammar:

m:=1d| (a b)7.

We call Id the identity permutation, which is usually omitted from the list of swappings
defining a permutation. Suspensions of the form Id - X will be represented just by X. We
write 7~ for the inverse of 7, and use o to denote the composition of permutations. For
example, if 7 = (a b)(b ¢) then 7(c) = a and ¢ = 7~ *(a).

The difference set of two permutations 7, 7’ is ds(m, 7’) = {a | 7(a) # 7'(a)}.

We write Var(t) for the set of variables occurring in ¢. Ground terms are terms without
variables, that is Var(¢) = ). A ground term may still contain atoms, for example a is a
ground term and X is not.

» Definition 2 (Permutation action). The action of a permutation 7 on a term ¢ is defined
by induction on the number of swappings in 7:

Id-t=tand ((a b)7)-t=(ab) (7-t), where
(ab)-a=0b,
(ab)-b=a,
(ab)-c=c

(ab)-(m-X)=((ab)om) X, (ab) [t =[(ab) c](abd) -t
(ab)-ft=f(ab)-t, (ab)-(t1,...,tn) = ((ab) t1,...,(ab) t,)
» Definition 3 (Substitution). Substitutions are generated by the grammar
ou=1id | [X — s]o.

Postfix notation is used for substitution application and o for composition: t(o oo’) = (to)o’.
Substitutions act on terms elementwise in the natural way: tid = ¢, t{X — slo = (t{X — $])o,
where

alX — sl=a (t1, ..y tp)[X = 8] = (t1[X = s8], ..., tn[X — s])
(f O)[X — s] = f(t[X — s]) (m- X)X—s|=m-s
([a]t)[X — s] = [a] (¢[X — s]) (r- V)X —sl=n-Y

7:3
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2.2 Nominal sets and support

Let S be a set equipped with an action of the group Perm(A) of finite permutations of A.

» Definition 4. A set A C A is a support for an element x € S if for all 7 € Perm(A), the
following holds

(VaeA)n(a)=a)=>7m-2=2 (1)

A nominal set is a set equipped with an action of the group Perm(A), that is, a Perm(A)-set,
all of whose elements have finite support.

As in [14], we denote by suppg(z) the least finite support of z, that is,
suppg(z) == n{A € P(A) | Ais a finite support for z}.

We write supp(x) when S is clear from the context. Clearly, each a € A is finitely supported
by {a}, therefore supp(a) = {a}.

3 Constraints

The native notion of equality on nominal terms is a-equivalence, written s =, t. This
relation is usually axiomatised using a freshness relation between atoms and terms, written
a#t —read “a fresh for ¢”, which, intuitively, corresponds to the idea of an atom not occurring
free in a term (see for instance [16, 8]). However, freshness is not a primitive notion in
nominal sets; it is derived using the quantifier /I combined with a notion of fixed-point, as
shown by Pitts [14]:

a#X < WNd.(ad) X =X.

In this work, instead of defining a-equivalence using freshness, we define it using the
more primitive notion of fized-point under the action of permutations. We will denote this
relation ~,, and show that it coincides with ~, on ground terms, i.e., the relation defined
using fixed-points of permutations corresponds to the relation defined using freshness. For
non-ground terms, there is also a correspondence, but under different kinds of assumptions
(fixed-point constraints vs. freshness constraints).

3.1 Fixed-points of permutations and term equality

We start by defining a binary relation that describes which elements of a nominal set S are
fixed-points of a permutation = € Perm(A):

» Definition 5 (Fixed-point relation). Let S be a nominal set. The fized-point relation
A CPerm(A)x S is defined as: m A © < dom(w) N supp(z) = 0. Read “m A a7 as “m fizes x”.

The fixed-point relation between permutations and terms will play an important role
in the definition of a-equality. Below we define the fized-point constraints and equality
constraints using predicates A and éa and then give deduction rules to derive fixed-point
and equality judgements. Intuitively,

s éa t will mean that s and t are a-equivalent, i.e., equivalent modulo renaming of

abstracted atoms.
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ma)=a (1a) supp(r” ) C supp(perm(Y|x)) (var)
YThrha TrrAr X
THx At THmAt: ... YrExTAty

—— (Af) (Atuple)
TrHrAft TExA(tr,... tn)
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Tk mAlalt " new names

Figure 1 Fixed-point rules.

A
7 At will mean that the permutation 7 fixes the nominal term ¢, that is, 7 - t =, t. This
means that 7 has “no effect” on t except for the renaming of bound names, for instance,
(a b) A [a]a but not (a b) A f a.

» Definition 6 (Fixed-point and equality constraints). A fized-point constraint is a pair ™ A ¢

of a permutation m and a term t. An a-equivalence constraint is a pair of the form s Qa t.
We call a fixed-point constraint of the form 7 A X a primitive fized-point constraint and a set
of such constraints is called a fized-point context. T, W, ... range over fixed-point contexts.
We write m A Var(t) as an abbreviation for the set of constraints {m A X | X € Var(¢)}.

The set of variables Var(T) is defined as expected. The set of permutations of a fixed-point
context T with respect to the variable X € Var(Y), denoted by perm(Y|x), is defined as
perm(Y|x) := {mw | # A X € T}. For a substitution ¢ and a fixed-point context T we define
Yo={mnAXo|mAX €T}

To define the relation A, we rely on the notion of conjugation of permutations. The

conjugate of 7 with respect to p, denoted as 7, is the result of the composition: pomo p~t.

T A p;; A 5 A 5 A
o b opla) o @) o (@)

» Definition 7 (Judgements). A fized-point judgement is a tuple T F 7 A ¢ of a fixed-point

context and a fixed-point constraint. An a-equivalence judgement is a tuple ¥ + s éa t of a
fixed-point context and an equality constraint. The derivable fixed-point and a-equivalence
judgements are defined by the rules in Figures 1 and 2.

» Example 8. The term [a]fa is a fixed-point for the permutation (a b), since (a b)[alfa =,
[b]fb, therefore, (a b) A [a]fa. However, fa is not a fixed-point for (a b), since (a b) - fa Afb.

Rule (Aa) states that if a ¢ dom(w), then a is a fixed-point of 7.

In rule (Avar), the condition supp(ﬂ"r/_l) C supp(perm(Y|x)) means that the permuta-
tion can be generated from perm(Y|x), hence it fixes X. Rules (Af) and (Atuple) are
straightforward. Rule (Aabs) is the most interesting one. The intuition behind this rule is
the following: [a]t is a fixed-point of 7 if 7 - [a]t is a-equivalent to [al]t, that is, [7(a)]7 - t is
a-equivalent to [a]t; the latter means that the only atom that could be affected by = is a,
hence, if we replace occurrences of a in ¢ with another, new atom c¢;, 7 should have no effect.

The a-equality relation is defined in terms of fixed-point constraints. Rules (éa a),
(q ), (éa [a]) and (’ﬁia tuple) are defined as expected, whereas the intuition behind rule

S
A A
(=, var) is similar to the corresponding rule in Figure 1. The most interesting rule is (=, ab).

7:5
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(Raa) supp((n') ™" o m) C supp(perm(Y|x)) B var)
A ~a
ThaXaa Thr X%, X
THtRat o Thty Rt .. THitnRat ,
— (=af) - (=aq tuple)
YTHftrR.ft Th(t,.. o tn) Ra (1., th)
THt Rt X [ Tkséa(ab)-t T,(c1cz)AVar(t)F(acl)At(A b)
— (Rala Rqa
T [a]t A [a T+ [a]s o Bt

Figure 2 Rules for equality. In rule (éa ab), ¢1 and ¢y are new names.

Intuitively, it states that for two abstractions [a]s and [b]t to be equivalent, we must obtain
equivalent terms if we rename in one of them, in our case t, the abstracted atom b to a, so
that they both use the same atom. Moreover, the atom a should not occur free in ¢, which is
checked by stating that (a ¢1) fixes ¢ for some new atom c¢; that is not in the support of the
variables occurring in t.

We prove below that éa is indeed an equivalence relation, for which we need to study

A
the properties of the relations ~, and A, starting with inversion and equivariance.

. . A . .
» Lemma 9 (Inversion). The inference rules for =, are invertible.

The notion of equivariance relies on the conjugation of the permutation = by p, 7. The
following basic property is used in the proofs in this section.

» Lemma 10. Let p be a permutation in Perm(A) and a,b atoms in A. Then (a b)P =
(p(a) p(b))-

» Lemma 11.
i.) YEm At if and only if supp(w) N supp(t) = 0.
i.) If TEs Xt then supp(s) = supp(t).

Proof. Both parts are proved by induction. In part (i), we analyse cases depending on the
last rule applied in the derivation of YT F 7w A . We show the cases for rules (Avar) and
(Aabs), the other cases follow directly by induction.

If the last rule applied is (Avar) then ¢t = 7/ X and T F 7 A #’- X if and only if (Inversion
Lemma) supp(w”lfl) C supp(perm(Y|x)), if and only if supp(w) C 7' - supp(perm(Y|x)).
Since supp(X ) Nsupp(perm(Y|x)) = @ by Definition 5, we deduce supp(7) Nsupp(n’- X) =0
as required.

If the last rule applied is (Aabs), then t = [a|t’ and T F 7 A [a]t’ if and only if (Inversion
Lemma) Y, (¢; ¢2) A Var(t') b 7 A (a ¢1) - t'. By induction, supp(7) Nsupp((a ¢1)t') = () and
since supp([a|t’) = supp((a ¢1) - t') — {c1} (because ¢ is a new atom and (¢ c2) A Var(t')),
we obtain supp(w) N supp([a]t’) = () as required.

The proof for part (ii), by induction on the derivation of T F s éa t, is similar. In the
case of rule (éa var), the premise implies that ds(7, 7") Nsupp(X) = 0, hence supp(7- X) =

supp(7’ - X). In the case of rule (éa ab), by induction hypothesis supp(s) = supp((a b) - t)
and since we know that (a ¢1) A t, using part 1 we obtain the result. |
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» Lemma 12 (Equivariance).
i.) YEr A tiff YExP A p-t, for any permutation p.

i) IFYF syt then Thmesa, -t
Proof. By induction on the rules of Figures 1 and 2. <
» Lemma 13 (A preservation under éa) IfYFs Ratand THr As then TH At
Proof. Direct consequence of Lemma 11. |

» Proposition 14 (Strengthening for A). If T, 7 A X F 7’ A s and supp(w) C supp(perm(Y|x))
or X ¢ Var(s) then T F 7' A s.

» Proposition 15 (Strengthening for éa) IfY,mnAXkEs éa t and
supp(m) C supp(perm(Y|x)) or X ¢ Var(s,t), then TF s éa t.

» Proposition 16 (Weakening). Suppose that T+ Y'o. Then,
1. T’I—7rfs:>'fl—7rkia.
2. Y Esr,t=TFso~r,to.

Proof. By induction on the rules of Figures 1 and 2. |
» Example 17. Notice that (a ¢) A X F (a b) A (b¢)- X, for
(@) AXF (@b AX s (ac) A XF(ac) A X (by Equivariance) (2)
The following correctness property states that A is indeed the fixed-point relation:

» Theorem 18. Let T, m and t be a fized-point context, a permutation and a nominal term,
. . A
respectively. THm At iff THm-t~,t.

Sketch. In both directions the proof follows by induction on the structure of the term ¢ and by

case analysis on the last rule applied in the derivation. We show only T+ 7w At = T F 7t éa t.

Below we sketch the interesting cases, the other cases follow by induction hypothesis easily.
1. The last rule is (Avar). In this case, t = 7’- X and supp((n’) "toror’) C supp(perm(Y|x))
and therefore, 7 - (' - X) Xo 7 - X, via rule (éa var).

2. The last rule is (Aabs). In this case, ¢t = [a]t’ and 7 A t has a derivation of the form:
II

Y, (c1 c2) AVar(t') Fm A (acp) -t

YTEmAl[at
From Y, (¢1 ¢2) AVar(t') A (a ¢1) -t it follows, from Lemma 11:

supp(m) N supp((a ¢1) - ') = 0. (3)

We need to prove that T + [7(a)]7 - ¢/ R [a]t/, that is, T -7 - ¢/ R (m(a) a) -t and also

T, (c1 c2) AVar(t') b (w(a) ¢1) At for some new atoms cy, ca.
By IH, there exist a proof I’ for T, (¢1 ¢2) A Var(t') -7 ((a ¢1).t') éa (acp)-t. Let
T =7, (c1 c2) A Var(t'). The following equivalence holds:

Y Fr(lact) t) R (act) t < Y+ () c) (1-t) % (ac) t (4)

Also, Y+ (7 - ) Ra (m(a) ¢1) - ((a ¢1) - ') by Equivariance. And since Y/ + (7(a) ¢1) -
A

((a c1) - t') =y (w(a) a) - t', we are done. <

77
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- 7 Ha)#X € A
A a#td (#a) m (#var)
AF a#t Al a#ts ... Al a#t,
Arapri ) AFadn g  (feuple)
A b a#t
I # - @
AF ot ) T agpn )

Figure 3 Rules for freshness.

N#X CA

~ . ('\N"a a) dS(ﬂ—’ﬂ- )# — o var
Al—azaa A}_TI"X%QTI',-X( @ )

AFtrgt At oty .. Abtyrat,

— (Ra — — (=a tuple)

Abftm,ft Al (t1,. . tn) o (t1,. .., tn)

Aty t AlF s=q (ab)t Al a#t
—_— (Ra X, ab
A i 7 o @) Y [a)s ~a (bt (o ab)

Figure 4 Rules for a-equality via freshness.

3.2 From freshness to fixed-point constraints

In this section we show that the a-equivalence relation defined in terms of freshness constraints,
denoted as =, is equivalent to ém given that a transformation [ ]* from freshness to
fixed-point constraints and a transformation [ ]# from fixed-point to freshness constraints
can be defined. In the standard approach [13, 8], the freshness relation (a#t) and the
a-equivalence relation s =2, t (w.r.t. #), are axiomatised using the rules in Figures 3 and 4,
respectively.

To define =, we use the difference set of two permutations in rule (=, var), and
ds(m, 7 )#X = {a#X | a € ds(m, ')}

The symbols A and V denote freshness contexts, that is, sets of freshness constraints of
the form a# X, meaning that a is fresh in X. The domain of a freshness context A, denoted
by dom(A), consists of the atoms occurring in A; A|x consists of the restriction of A to the
freshness constraints on variable X, that is, the set {a#X | a#X € A}. Below we denote
by § the family of freshness contexts, and by §, the family of fixed-point contexts. The
mapping [_], below associates each freshness constraint in A with a fixed-point constraint:

[7]A . A — SA
a#X +—  (acy) A X where ¢, is a new name.

We denote by [A], the image of A under [_],.
The mapping [ ], below associates each fixed-point constraint in T with a freshness
constraint:

[Jg: T — 3
T A X —  supp(m)#X.

We denote by [Y]4 the image of T under [ ].
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» Lemma 19.
1. Ak a#t < [Al, (c2 1) AVar(t) F (a c1) At

2. THr At< [Y]gt supp(m)#t.

» Theorem 20. éa coincides with =, on ground terms, that is, F s =, t < F s éa t.
More generally,
A

1. Absmy,t= [AlF syt
2. Thsrgt= [Tk sagt.

Sketch.
1. The proof is by induction on the derivation of A F s ~, t. The interesting case is when

the derivation is an instance of (=, var):
ds(m,m)#X CA

Abrm - X=,m-X

We want to show that [A], F - X Xq 71+ X. To use rule (éa var), we need to show that

(~ var)

supp(m; t o) C supp(perm(([A]A)|x)). Let b € supp(r; ' o) and suppose b ¢ ds(m, 7).

Then 7(b) = m1(b) and 77 '(7(b)) = b, contradiction. Therefore, b € ds(m,m;) and
(b ep) A X € [A] (for ¢ a new name), and the result follows. <

. . . . A,
As a corollary, since =,, is an equivalence relation [16], we deduce that =, is also an
equivalence relation.

A X .
» Theorem 21. =, is an equivalence relation.

4 Nominal Unification via fixed-point constraints

In this section we define the notion of nominal unification in terms of fixed-point constraints.

» Definition 22. A unification problem Pr consists of a finite set of equations and fixed-point
?

N
constraints of the form s &, t and 7 A’ ¢, respectively.

We design a unification algorithm via the simplification rules presented in Table 1. These
rules act on unification problems Pr. We abbreviate (t1,...,t,) as (£),, and for a set S,
TAS={rAX|XeS}

We write Pr = Pr’, when Pr’ is obtained from Pr by applying a simplification rule from
Table 1 and we write = for the reflexive and transitive closure of =

» Lemma 23. There is no infinite chain of reductions = starting from a problem Pr.

Proof. Termination of the simplification rules follows directly from the fact that the following

measure of the size of Pr is strictly decreasing:

[Pr] = (n1, M) where nq is the number of different variables used in Pr, and M is the multiset

of sizes of equality constraints and non-primitive fixed-point constraints occurring in Pr.
Each simplification step either eliminates one variable (when an instantiation rule is

used) and therefore decreases the first component of the interpretation, or leaves the first

component unchanged but replaces a constraint with smaller ones and/or primitive ones. <

The normal form of Pr by = is defined as expected and denoted by (Pr)n.
?

We say that an equality constraint s ,’@u t is reduced when one of the following holds:
1. s:=a and ¢ := b are distinct atoms;
2. s and t are headed with different function symbols, that is, s :=f s’ and t := g t/;

7:9
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Table 1 Simplification Rules for Problems. In (Aabs) and (éa abs2), ¢1 and ¢z are new names.

(Aat) Prw{r A a} = Pr, if m(a)=a
(L) Pri {m A" ft} — PrU{m A"t}
(At) Pri{m A" (t).} = PrU{m A" t1,...,m A"t}
(Aabs) Prw {m A" [a]t} — PrU{m A" (a c1)-t,(c1 c2) A7 Var(t)}
(Avar) Prw{r A" 7' - X} = PrU{ﬂ’(’r/)_1 ATXY, ifn #£1d
(éa a) Pr{a éa a} = Pr
(% f) Pri{fta, ft} = PrU{t~.'t}
~ ? ?
(R t) Pr {(Dn ma’ (F)n} = PrU{ti R th, .. tn R th}
? ?
(R absl)  Prw{[at 2, [alt!} = PrU{tX,t}
? ? —_——
(Ro abs2)  Prw{[a]t X, [b]s} = PrU{t~, (ab)-s (ac1) A’ s, (c1 ca) A7 Var(s)}
(Ra var) Pr&J{W~X$;W'~X}:> Pr U{(7")tom A" X}
? a1t
(Racinstl) Pre{m X &, 1) 2 pr{X s al), if X ¢ Var(t)
? a1
(Ra inst2) Prw{t, m X} 2 T pr{X e rli), if X ¢ Var(t)

3. s and t have different term constructors, that is, s = [a]s’ and ¢t = f ¢/, for some term
former f, or s = 7 - X and t = a, etc.

A fixed-point constraint m A’ s is reduced when it is of the form 7 A” @ and 7(a) # a, or

m A7 X, the former is called inconsistent whereas the latter is called consistent.

2

» Example 24. For Pr = [a]f(X,a) ~
derivation chain:

[BIf((b ¢) - W, (a ¢) - Y), we obtain the following

[e3

K: f(X,a) éa f((ab)o(be)-W,(ab)o(ac) Y),
[a]f(X,a) =, [bf((bc)- W, (ac) Y) =9 (ac;) ATf((be) W, (ac) Y),
(CQ Cl) k? VV, (62 Cl) )\? Y

:{Xél<ab>o<bc>-w,aél<ab>o<ac>-Y, }
(@aci) N (be)-W,(ac)) A (ac) Y, (cacr) NI W, (ca c1) AT Y

[Yb] L? (be) 7 ? ? ?
X =, (ab)o(bc) W, (acr) AN Wo(acr) A7b,(cg 1) Ao W (caer) A7 b

2

= { X2, @h)obo) Wiae) K7W (e e) 7 W

[XH(G%Z) c)-W]| { (a Cl) 2? W, (62 Cl) 2w } — <Pr>nf

» Definition 25. Let Pr be a problem such that (Pr),; = Pr’. We say that (Pr),s is
reduced when it consists of reduced constraints, and successful when Pr’ = () or contains only
consistent reduced fixed-point constraints; otherwise, (Pr),s fails.

» Definition 26. A solution for a problem Pr is a pair of the form (®, o) where the following
conditions are satisfied:
1. d+ 7 Ato, if 7 A7 t € Pr;

?

A7 A°
2. PFsox,to,if s~ t€Pr.

3. Xo = Xoo for all X € Var(Pr) (the substitution is idempotent).
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The solution set for a problem Pr is denoted by U(Pr).

The simplification rules (Table 1) specify a unification algorithm: we apply the simplifica-
tion rules in a problem Pr until we reach a normal form (Pr),s. In the case (Pr)ns fails or
contains reduced equational constraints, we say that Pr is unsolvable; otherwise, (Pr)ys is
solvable and its solution consists of the composition o of substitutions applied through the
simplification steps and the fixed-point context ® = {7 A X |7 A* X € (Pr)nt}.

» Example 27 (Continuing example 24). Notice that (¥, o), where ¥ = {(a ¢1) AW, (¢c2 ¢1) A
W}and o ={Y — b, X — (a b) o (bc) W}, is a solution for Pr.

» Theorem 28 (Correctness). Let Pr be a unification problem and (Pr)ns = Pr’, then
1. U(Pr) =U(PY'), and
2. if Pr’ contains equational or inconsistent reduced fized-point constraints then U(Pr) = 0.

Proof. The proof is by induction on the length of the derivation Pr == Pr’.
Base Case. 7 = 0. Then Pr = Pr’ and the result is trivial.

Induction Step. Suppose, n > 0 and consider the reduction chain
Pr =Pr; = ... = Pr,,_; = Pr,, =Pr’.

The proof follows by case analysis on the last rule applied in Pr,,_;.

1. The rule is (Aat). In this case, Pr,,_; = Pr/,_; W{r A’ a} = Pr/,_, = Pr,,, and 7(a) = a.

Let (¥,0) € U(Pr,_1), then
a. Vi Ato, forall o/ A"t €Pr],_

A A7
b. Ut tox, s, foralltx,sé€Pr, i;

c. Xo=Xoo, for all X € Var(Pr},_,).
Therefore, (¥, o) € U(Pr,) and U(Pr,—1) C U(Pr,). The other inclusion is trivial.
2. Theruleis (Avar). In this case, Pr,_; = Pr/, w{mA’n-X} = Pr/, ,U{n(") ' \’X} =
Pr,, and «’ # Id.
Let (U,0) € U(Pr,,_1), then
a. Uk a' Ato, forall o A7t ePr and V7 A7 Xo.

n—1»
A A? ’
b. VFto~, so, forallt~,se€Pr],_j;
c. Xo=Xoo, forall X € Var(Pz),_,).
Notice that

UVhkrir - Xo =Vkr- (- Xo) éa (7' Xo), hence
Uk (r)tororn  (Xo) X, Xo via Lemma 12
=¥k A Xo.

Therefore, (¥, 0) € U(Pr,,) and U(Pr,,_1) C U(Pr,). The other inclusion is similar.
3. The rule is (Aabs). Then

Pr, 1 =Pr' W {m A7 [a]s} = Pr' U {(c; ¢2) A7 Var(s), 7 A7 (a ¢1).5} = Pr,,.

where ¢; and co are new names not occurring anywhere in the problem.
Let (¥,0) € U(Pr,,—1) be a solution for Pr,_;:
a. Ui Ato, forall 7/ A7t €Pr’ and ¥ I 7 A ([a]s)o.

A A?
b. ¥Fto=,so,forallt~,secPr.
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Since ¥ + 7 A ([a]s)o and ([a]s)o = [a]so, it follows that U F 7 A ([a)s)o. From inversion
and rule (A[a]), this implies that there exists a proof for U, (¢1 ¢3) AVar(so) - wA(a c1).s0.
Notice that we can always choose ¢; and ¢ such that supp((c; ¢2)) Nsupp(so) = 0, from
Lemma 11, it follows that ¥ F (¢; ¢2) A so. Since U, (¢1 ¢2) A Var(so) -7 A (a ¢1).80, it
follows that U F 7 A (a ¢1).s0, by Proposition 16. <

» Remark. Theorem 18 guarantees the equivalence between ~, and éa, therefore, we can
associate the unification algorithm proposed, with the standard nominal unification algorithm
proposed in [16]. The problem Pr introduced in Example 24, is equivalent to the nominal
unification problem P = {[a]f(X,a) ~," [B|f((b c) - W, (a ¢) - Y}, and using the standard
simplification rules [16]:

[Y=0]

= P ={X =" (ab)- ((be) W),at'W}
[X—(a %b c)-W] {a#?W} =P

The pair (P)so1 = ({a#W},0), where § = {Y/b, X — (a b) o (b ¢) - W} is a solution for
P. Using the translation [ ],, we obtain [(P)so1]x = {la#W]r},0) = ((a ca) A W,0),
where ¢, is a new name, which is equivalent to ((a ¢,) A W, (¢q c1) A W, 6), for ¢, and ¢;

Y—b
P ==

()

?
not occurring anywhere in P. Therefore, [(Pso1)]. is a solution for Pr = {[alf(X,a) éa

[Blf((b ¢) - W, (a ¢) - Y}. Similarly, from the solution (¥, o) proposed in Example 27, we
obtain ([¥]x, o) = (a#W, c1#W, co#W, o), which is a solution for P.

A
In the theorem below Pr, denotes a unification problem w.r.t. =, and A, and P4 denotes
a unification problem w.r.t. =, and #.

» Theorem 29. Let Pr, and Py be unification problems such that [Pr,]# = Py and
(P,0) e U(Pr,) and (A,0) € U(Py4) be solutions for Pr, and Py, respectively. Then

L. ([V]x,0) € U(Py).

2. <[A]A7(5> S Z/{(PI'A)

5 Nominal C-unification via fixed-point constraints

In this section we propose an approach to nominal unification modulo commutativity via the
notion of fixed-point constraints.
For example, assuming + is commutative, i.e., X +Y =Y + X, a problem of the form

2

+{(ab)- X,a) &, +{Y, X) (6)

can be solved by unifying (a b) - X with ¥ and a with X, or (a b) - X with X and a with Y.

In [2], a simplification algorithm for solving nominal C-unification was proposed. This
algorithm was based on the standard nominal unification algorithm [16] where a-equivalence
is defined w.r.t. the notion of freshness. Upon the input of a unification problem P, the
algorithm outputs a finite family of triples of the form (V, o, P), where V is a freshness
context, o a substitution and P is a set of fixed-point constraints. In [3] we proved that even
a simple unification problem, as (a b) - X ~, X could produce an infinite and independent
set of solutions, whenever the signature contains commutative function symbols: {X/a +
b, X/f(a+b), X/le][(a+b,b+a),...}. Therefore, we could not provide a finite set of solutions
consisting only of freshnesvs constraints and substitutions. However, we remark that the
problem +((a b) - X, a) éa (Y, X) mentioned above has in fact a finite number of most
general solutions (indeed, two) if we solve it using fixed-point constraints. The most general
unifiers are {X — a,Y +— b} and {Y — a,(a b) A X}.
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m(a) =a supp(7™ ) C supp(perm(Y

(rca) PP( ) < ppl(p (T]x)) (Aovar)
TrH7Aca TrEmienm - X
Thmict THrtoRacti THT-t Rac tin mo

f;é + ()\Cf) - lo ,C T l1 ,C U(i41) d 2 = 071()\0_"_)
TExAeft TF7Ac +(t0,t1)
TYrEmAhcti ... YTExTActn Y,(c1 c2) AeVar(t) Fm Ac (ac1) -t

1 < (Actuple) (1 c2) Ao WF7io(ea) (Acabs)
ThmAie (t1,...,tn) ThExAc[a]t

Figure 5 Fixed-point rules modulo commutativity.

A YH@) tomhe X

— (Ra,c a) () ¢ (éa,c var)
ThaXaca T X Racn X

A A A
THtxact Yt Racts .. THtnRacty i
—_— (Ra,c f,f #+) - (Xa,c tuple)
Y Fft =g, o ft’ YTF (t,. . s tn) Rao (t1, .-, tn)

THt éa,c t' n TH s QA:QYC (ab)t T,(c1 c2) AcVar(t)F (ac1) het a
~ Ra.c [a]) - (Ra.c ab)

T+ [a]t Ra.c [a]t’ T [a]s Ra,c [b]t

A A
TF soRa,cti S1~a,c t(it1) mod 2 . A

ot ) i=0,1 (Rac+)
T F +(s0,51) Ra,c +(to,11)

Figure 6 Rules for equality modulo commutativity.

» Definition 30 (C-constraints). A C-fized-point constraint is a pair of the form m A¢ ¢, of a
permutation 7 and a term ¢t. A C-a-equality constraint (for short, C-equality constraint) is a

A
pair of the form s =, ¢ t, for nominal terms s and .

" A . . o
Intuitively, s =, ¢ t will mean that s and ¢t are a-equivalent modulo commutativity of some
function symbols, and ™ A¢ ¢t will mean that the permutation 7 has no effect on term ¢
except for the commutativity of some subterms. For instance, (a ¢) A¢ +{a,c), but not
(a ¢) Ac f{a,c), if f is not a commutative symbol

The notions of C-fixed-point contexts and C-judgements are defined as expected, and
derivable according to the rules in Figures 5 and 6.

Rule (A ¢var) is similar to the previous one. Rule (=, ¢ var) relies on the primitive notion
of fixed-point constraints, it is equivalent to the rule given earlier. There is a branching rule

. . . A . .

(Ac+) for C-fixed-point constraints and a branching rule (=, ¢ +) for C-equality constraints
(more precisely, in the case of C operators, there are two possible rules to apply, but we have
written them in a compact way as one rule with parameter ¢). Technical results proven in
Section 3 can be extended to C-constraints.

» Theorem 31. Let T, 7 and t be a C-fixed-point context, a permutation and a nominal

term, respectively. T m Aot iff T Emw-t éa,C t.

Proof. The proof is by induction on the structure of ¢, and follows the same lines of the
proof of Theorem 18. <
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VEs=copt
V[ s Racy [t

VE 8o Ria,cy tis VI S1 R0} i) mod2
V£ (s0,81) Rpacy f5 (to 1)

, B/ # C or both s and ¢ are not pairs (~,,c} app)

y 7 = 0, 1 (%{a,c} C)

Figure 7 Additional rules for {a, C'}-equivalence.

5.1 From freshness to C-fixed-point constraints

In [2] the relation ~(, ¢} was defined as an extension of =, (see the rules in Figures 3 and
4) with rules for commutative symbols:

Using the functions [ ], and [ ]x defined in Section 3.2, we can obtain results that
extend Lemma 19 and Theorem 20.

» Lemma 32. A F a#t = [A]S, (c1 o) Ao Var(t) F (a ¢1) Ao t,
where [A]{ = {7 Ac X | 7 A X € [A]}.

» Theorem 33.
L THsRact=[Ylgbs~act

2. Aks N, C} t = [A]E Fs é(x,C t.

5.2 Solving nominal C-unification problems via fixed-point constraints

Similarly to Section 4, we define the notion of nominal C-unification in terms of C-fixed-point
constraints.

» Definition 34. A C-unification problem Pr consists of a finite set of C-equality and

?
C-fixed-point constraints of the form s A%C tand 7 )\?C t, respectively®.

We write Pr =>¢ Pr’ when Pr’ is obtained from Pr by applying a simplification rule
from Table 2 and we write = ¢ for the reflexive and transitive closure of =>¢. We omit
the subindex when it is clear from the context.

» Lemma 35. There is no infinite chain of reductions =>¢ starting from a C-unification
problem Pr.

The simplification rules (Table 2) specify a C-unification algorithm: we apply the simpli-
fication rules in a problem Pr until we reach a normal form (Pr),s. The notions of solution,
consistency, failure, correctness, etc. obtained in Section 4 can be extended to C-unification.

» Remark. As with standard nominal unification, one can use the functions | ]z and
[_]x to represent solutions (V,o, P) of nominal C-unification problems w.r.t. freshness
constraints [2, 3] (where P is a set of fixed-point equations of the form 7.X zza,c} X) as
solutions ([V], U{P,},o) of nominal C-unification problems via C-fixed-point constraints,
where Py, = {r Ac¢ X | 7. X %Ea,C} X € P}

A7
3 To ease the notation, we will denote s =~ ¢ ¢ by s ~° ¢
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Table 2 Simplification Rules for C-unification problems. In rules (Acabs) and (éa,c abs2), c1
and ¢z are new names.

(¢ at) Prw{m AL a} = Pr, if w(a)=a
(A f) Pr {m )\;’C ft} — PruU{m AL thiz+
(he+1) Pruy {m )\§ +(to, t1)} = PrU{r - to ~ to, 7 b1 ~ ti1}
(Ac-ﬁ-z) PI‘H’J{TK' Ao —l;<to,t1>} — PrU{ﬂ"to ~ ti, Tt~ to}
(Ac tuple) Pri{m AL (t)n} = PrU{m ALty ..., 7T hotn}
(Acabs) Prw {m AL [a]t} = Pru{m A/?ci(la c1) - t,(c1 c2) AG Var(t)}
(Acvar) Pri{m AL - X} = PruU{r")" AL X}, if 7' #£1d
(éa,c a) Pri{a ~’ a} = Pr

A
(Ra.c f) Prw {ft ~° ft'} = PruU{t="t'}, f#+

A

(Ra,c +1)  Prw {+{to,t1) =" +(s0,51)} = PrU {to " so,t1 ~" s1}

A

(%a,C +2) Pr {—|—<t0,t1> ~' —|—<80,S1>} - Pr U {to ~7 S1,101 ~7 So}

A ~ ~

(Ra,c t) Priw{(t)n =" (t')n} = PrU{ti =" t],...,tn ="t}
(R absl)  Prw{[a]t ~" [a]t'} —  PrU{tx"t}

A 4 P 5
(Ra,c abs2)  Prw{[a]t =~ [b]s} = PrU{t~" (ab) s, (aci)Ass,

(c1 c2) AL Var(s)}
(éa,c var) Prw{r X ="7 . X} = Pr U{(nx)tom AL X}
. a1l
(R instl) Pri{r- X ~'t} K2 pr(X o o Lt), if X ¢ Var(t)
[Xm— 1t

(~q inst2)  Pruw{t~"m. X} Pr{X — 7 '.t}, if X ¢ Var(t)

6 Conclusions and Future Work

The notion of fixed-point constraints allowed us to obtain a finite representation of solutions
for nominal C-unification problems. This brings a novel alternative to standard nominal
unification approaches in which just the algebra of atom permutations and the logic of
freshness constraints are used to implement equational reasoning (e.g., [1, 5, 6, 7, 9]), and in
particular to their extensions modulo commutativity, for which only infinite representations
were possible in the standard approach. With the new proposed approach the development
of algorithms for the generation of solutions of nominal equational problems modulo theories
such as C, AC, etc would be simplified avoiding with the use of fixed-point constraints the
development of procedures for the generation of infinite independent sets of solutions.

In future work we plan to extend this approach to matching and unification modulo
different equational theories as well as to the treatment of equational problems in nominal
rewriting modulo.
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