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Abstract

The past few years have established the benefits of using explicit substitutions in the treatment
of problems such as unification and matching related to higher-order automated deduction and
the implementation of programming languages. Matching is a basic operation extensively used in
computation and deduction. Second and third-order matching, in particular, provide an adequate
environment for expressing pattern recognition and program transformation or simplification.

We present a practical algorithm which solves a class of second-order matching problems in the
language of the Ao-calculus of explicit substitutions. This class includes all the problems originated
in the language of the simply typed A-calculus. In addition, we show how Dowek’s third-order
matching decision procedure can be adapted to the whole language of the simply typed Ao-calculus
and as a consequence we get the decidability of third-(and consequently second-)order matching for
the whole language of the simply typed Ao-calculus.

Keywords: Higher-Order Unification, Higher-Order Matching, Explicit Substitutions.

1 Introduction

Matching is a basic operation which is extensively used in the implementation of
automated deduction and programming environments. The decidability of higher-
order matching has been an open question for about thirty years [Hue75]. Progress
has been made where second-, third- and fourth-order matching have been shown to
be decidable [Hue75, Dow94, Pad00]. However, matching solutions are not necessarily
unique and most general unifiers do not necessarily exist. Moreover, in [Loa03], the
undecidability of fifth-order G-matching is given, but the proof does not deal with
n-conversion. Despite all these developments, for the general higher orders case, it
remains unknown whether matching is decidable.

Calculi of explicit substitutions are refinements of the A-calculus by internalising
the substitution operation. This is done by extending the language of the A-calculus
and decomposing the substitution operation into smaller steps. By studying matching
using explicit substitutions, we can ensure a more accurate theoretical description of
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implementations based on the A-calculus. This is useful when we consider low-level
implementations in which matching algorithms are to be implemented at the level of
the language itself. The advantages of this approach include being closer to low-level
implementations based on the A-calculus, where substitution has to be explicit.

Two main contributions are given:

e The development of a second-order matching algorithm via the Ao-style of ex-
plicit substitutions [ACCL91]. For doing this we introduce a convenient notation
for matching problems in the Ao-calculus and then we adapt the higher-order uni-
fication method introduced in [DHKO00]. We characterise a class of second-order
matching problems for which we prove the termination of this procedure. This
class includes all second-order problems originated in the language of the pure
A-calculus. Interesting examples illustrate how the algorithm works.

e A proof of the decidability of third-order (and consequently second-order) match-
ing for the whole language of the Ao-calculus. This is done by extending the
techniques for the A-calculus introduced in [Dow94] to the language of the simply
typed Ao-calculus: firstly, matching problems are translated to interpolation prob-
lems in the language of the Ao-calculus. Afterwards, it is proved that whenever
an interpolation problem has a solution it is possible to find a solution whose size
depends only on a measure of the structure of the initial matching problem. This
is reached by introducing the notion of the Ao-Bohm tree which allows us to define
an adequate measure. Finally, this measure which is based on the input problem
provides the necessary bound for reducing the search space of possible matching
solutions guaranteeing in this way the decidability.

After presenting the necessary background in Section 2, Sections 3 and 4 present
the main contributions: the second-order matching algorithm via the Ao-calculus
of explicit substitutions and the decidability of third-order matching for the whole
language of this calculus. Then Section 5 concludes and presents future work.

2 Background

We start this section with a brief presentation of the simply typed A- and Ao-calculus

and some basic definitions used throughout the paper. We use de Bruijn indexes

[dB72] instead of variable names. This is because de Bruijn’s notation is more ade-

quate for implementations of the A-calculus since a-conversion is no longer needed.
We define types and simply typed A-terms in de Bruijn notation as usual:

Types A= K| A— A, where K is an atomic type.
Contexts I':= mnil|A-T
Terms a:= n|X|aalAla.a, wherene N={1,2,...}

and X € X, the set of meta-variables.

As usual, parenthesis are used to avoid ambiguities and we assume that applications
are left associative, i.e., (a1 az...ay) means ((...(a; a2)...) a,) and, abstractions
are right associative, i.e., Ay, Az, ... Ag,-a is interpreted as Az, .(Ag, (... (A, .a)...)).
Moreover, an application has higher priority then an abstraction. In this way, A;.a1 as
means A;.(ay az).

The set of A-terms built with the grammar above is usually denoted by Agp(X)
and its system of simple types is given by the following typing rules:
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'tn:B

(var) ATF1:A (var n) ATrFntl:B
I'ra:A—-BTFbH: A A-T'kFa:B
(app) ' ab:B (lambda) I'Aja:A— B

The type judgement T' - a : A can also be written al; where the term a is decorated
with the context I" and the type A.

We assume that for each type there exists an enumerable set of meta-variables and
add the following typing rule for meta-variables:

(Metavar) T'H X : A, where T is any context.

B- and 7-contraction are defined as usual and =g,, denotes (n-conversion. In this
paper we work with Bn-conversion which means that terms are assumed to be in
n-long normal form. The n-long normal form of a Agp(X)-term to be defined is an
adaptation from [DHKO00] which uses the updating functions defined below.

DEFINITION 2.1 (Updating functions U})
The updating functions U} : Nqp(X) — Agp(X), for k > 0 and i > 1 are defined
inductively by:

(a) Ui(X) = X, for X € X (b) U(ab) = Ui(a) Ui(b)
(€) Uf(\1-0) = Aa.Uf 4 (0) (@) Ujw) = { BFE= Y

DEFINITION 2.2 (n-long normal forms)
Let a be a Agp(X)-term in S-normal form (S-nf, for short) of type A; — ... — A, —
B, where m > 0 and B is atomic, in context I'. The n-long normal form (n-Inf, for
short) a’ of a, is inductively defined by:

(a) if a = Aa.bthen o’ = Ag.b.

(b)ifa=mnby...by, with ¢ >0, then @’ = X4, ... A\a,, . n+mecy...cgm’ ... 1, where
C1,...,¢q are the 7-Infs of the S-nfs of U6”+1(b1), R Ug”“(bq), respectively.
(c)if a = X by...by, with ¢ > 0, then @’ = Aa, ... \ag,,. X ¢1...¢g m'... 1", where
c1,...,cq are the 7-Infs of the S-nfs of Ué"“(bl), R U5”+1(bq), respectively.

DEFINITION 2.3 (Order of types and terms)
The order of a Agp(X)-term a is the order of its type, say A whose order, written as
|Al, is inductively defined by:

(a) If A is atomic then |A| = 1;
(b) If A= B — C then |A| = max{1 + |B|,|C|}.

Unification problems deal with unification equations which are defined by:

DEFINITION 2.4 (Unification equation: flexible-flexible, rigid-rigid, flexible-rigid)

A unification equation is an equation of the form a =’ b where a and b are well-
typed Agp(X)-terms of the same type and under the same context. The order of
a unification equation is the highest order of the meta-variables occurring in it. A
unification equation is called flexible-flexible or rigid-rigid if the left and right-hand
sides of the equation are both flexible or rigid terms, respectively. If one term is rigid
and the other is flexible (independently of the order) the equation is called flexible-
rigid. A unification equation is called trivial if it has the form a =7 a.
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EXAMPLE 2.5

Let ' =A-A— A-A — B-B-nil and X and Y be meta-variables such that
'X:A— AandTFY : (A — A) — B. The unification equation (3(2(X 1))) =’ 4
is well typed in T' and has order 2 (since X has order 2); the unification equation
(Y X) =" 4 1is also well typed in T' and has order 3.

DEFINITION 2.6 (Unifier/Matcher, Unification/Matching problem)
e A unifier for the unification equation a =" b is a substitution o where ac =g, bo.

e A unification problem P is a finite conjunction of unification equations:

The order of a unification problem is given by the highest order amongst its
unification equations. A solution to the unification problem P is a substitution
which is a unifier for all equations in P.

e A higher-order matching equation is an equation of the form a <’ b, where a and
b are A-terms of the same type which are well typed in the same context and, such
that b does not contain meta-variables.

e A solution or a matcher for the matching equation a <’ b, is a substitution o
such that ao =g, b.

e A higher-order matching problem is a finite conjunction of matching equations:

/\(ai <" by)

1
The order of a matching problem is given by the highest order of its meta-variables.

The definition of a matcher corresponds to the notion of “filtering”, which comes
from the assumption that the term to be matched have disjoint variable sets or they
can be renamed as usual in rewriting systems and pattern matching. The alternative
notion of “semi-unification” (3o, ac =g, bo =g, b) is not treated here [Bur89].

2.1 The \o-calculus

The Ao-calculus of explicit substitutions extends the A-calculus with explicit operators
to simulate the substitution (meta-)operation of the A-calculus. The rewriting system
of the Ao-calculus is given in Table 1. Its syntax is given as follows:

Types A == K|A-A

Contexts I == nil|A-T

Terms a == 1|X|aa|Mlsa|als] where X eX
Substitutions s u= id| 1 |a-s|sos

The set of Ao-terms is written as Ay, (X). Substitutions are lists of terms in the
Ao-calculus and hence the type of a substitution must be a list of types, i.e., a context.
If s is a substitution and I" and A are contexts then we write I' F s> A to represent
that the substitution s has type A in context I'. The Ao-typing rules are given by:
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(Beta) (Aa.a) b —  alb-id]

(App) (@b)s] — als] b[s]

(Abs) (Aa.a)[s] —  Aa.a[l-(so1)]
(Clos) (alshlt] — alsod]
(VarCons) lla-s] — a

(1d) alidf — a

(Assoc) (sot)ou — so(tou)
(Map) (a-s)ot — alt](sot)
(IdL) idos — s

(IdR) soid — s

(ShiftCons) Tola-s) — s

(VarShift) 1.7 — i

(SCons) 1[s]-(Tos) — s

(Eta) Agal — b if a=, 0[]

TABLE 1. The Ao-Rewriting System

ATra:B
(var) ATri A (lambda) =
. 1: p.a:A—
I'Fa:A—- B TFbL: A TkFsoIY TVFa: A
(app) I'F ab:B (clos) TFafs]: A
(id) TFidol (shift) A-TH ol
( ) TFa:ATFsp>IV ( ) TFHs"oT TV s'>TY
Cons TFa-so Al comp TFsos ol

In addition, to each meta-variable X we associate a unique type Tx and a unique
context I'x. We assume that for each pair (I', A) there is an enumerable set of meta-
variables, such that for each meta-variable X in this set, we have that 'y = I'" and
Tx = A. We add the following typing rule for meta-variables:

Metavar) ———————
(Metavar) =7

We write aly to say that the Ao-term a has type A in context I'.

The simply typed Ao-calculus is weakly terminating and, hence every typed term
has a normal form. The Ao-normal form (Ao-nf for short) of an expression of sort
term or substitution is essential in this work and is given by the following;:

PROPOSITION 2.7 ([Ri093])
Any Ao-term in Ao-nf has one of the following forms:

1. A.a, where a is in Ao-nf.

2. (@ by ...by), where a and b; are in Ao-nf and «a is either 1, 1[1"], X or X[s| where
s is a substitution term in Ao-nf and different from <d.

n .
3.a1-...-ap 1", where ay,...,ap are in Ao-nf and a, # n.
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DEFINITION 2.8 (n-Inf [DHKO00])
Let a be a Ao-term of type A; — ... — A,, — B in context I' and in Ao-nf. The n-Inf
of a, written as a’, is defined by:

1.If a = A4q.b then o’ = X540 .

2.Ifa=kby...bythena = X4, ... a, . k+nci...cgn' ... 1", where ¢; is the 7-Inf
of the normal form of b;[1"].

3.If a = X[s] by...by then @’ = A4, ... \a, . X[s'] c1...¢q 0/ ... 1, where ¢; is the
n-Inf of the normal form of b;[1"] and if s = dy-...-d,- T¥ then s’ = ey -...-e,- 1F+"
where e; is the n-Inf form of d;[1T"].

From now on terms in Ao-nf are assumed to be in n-lnf. The unification rules of
the Ao-calculus, introduced in [DHKO00], are given in Table 2.

DEFINITION 2.9 ([DHKO00])
A unification system P is in Ao-solved form if it is a conjunction of nontrivial equations
of the following forms:

e Solved: X :?\U a, where the meta-variable X does not appear anywhere else in
P and a is in n-Inf. Such an equation is said to be solved in P and the variable X
is also said to be solved.

e Flexible-flexible: X|a;-...-a, 1"] =%, Y[bi-... by 1™], where X|a;-...-a, 1"]
and Y[by - ... by 1™] are in n-Inf and the equation is not solved.

3 Second-order Matching

Higher-order unification problems are reduced to first-order unification problems mod-
ulo the equational theory of the Ao-calculus via the so called precooking translation:

DEFINITION 3.1 (Precooking [DHKO00])
Let a € Agp(X) such that T' - a : A. To every meta-variable X of type B in the
term a, we associate the type B and context I' in the Ao-calculus. The precooking of
a from Agp(X) to Axs(X), is defined by ap = f(a,0) where f(a,n) is defined by:
(a) F((Ap-a),n) = Ap(f(a,n +1)) (b) f(k,m) = 1[1%7]
(¢) flab,n) = f(a,n) f(b,n) (d) f(X,n) = X[1"]

The precooking translation is a function that takes a term from the simply typed
A-calculus and returns an equivalent term in the language of the simply typed Ao-
calculus. This translation is essential to avoid variable capture since the HOU pro-
cedure in the Ao-calculus uses first-order substitution (grafting). A Ao-term of the
form X[1"] expresses the fact that X is in the scope of n abstractors and hence, the
replacement of X by a term, say a, results in the term a[]"] that will increase by n
all the free de Bruijn indices that occur in a during the normalisation.

The unification problem:

X =5, Ml (3.1)

is a well-formed unification problem in the language of the Ao-calculus, nevertheless
it is neither in the image of the precooking translation nor is derived from a problem
that is in the image of the precooking translation. In fact, X is in the scope of
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PAXg.e1 =5, Aa.
Dec-\ A-€1 Ao A-€2
PA €1 =)o €2
PA(net...el)=%, (ne?...e2)
Dec-App 3 7
PAep=\,e1N...Ney =5, €
PA(nel...el )=i_ (me?...e2
Dec-Fail (n ey ») Ao (m €3 pQ), if m # n.
Fazil
P
Exp-\ =
IA-THY:B),PANX =AY
if('FX:A— B)eTVar(P),Y ¢ TVar(P),
and X is not a solved variable.
Exp-App PAX[ai-....ap 1" )=, (m b1...bg)
PAX[a1-.cap-T7]=%_ (m by...bg) A \/ 3H,..3H:X=2_(r Hy...Hy)
reER,UR;
if X has an atomic type and is not solved;
where Hi,..., H; are fresh variables of appropriate types,
not occurring in P, with the contexts I'y, = I'x,
R, is the subset of {1,...,p} such that (r H;...Hj) has the
right type, R; =if m > n + 1 then {m —n + p} else 0.
PAep =}
Normalise% if e; or ey is not in n-Inf.
€1 =)o €2
where €] (resp. e}) is the n-Inf of e; (resp. e3)
if e1 (resp. e2) is not a solved variable and ey (resp. es2) otherwise.
PAX =]t
Replace Ag if X € TVar(P),X & TVar(t) and
P (X = t)(P) A X =_ ¢t ()X ¢ ®)
if t is a meta-variable then ¢ € 7Var(P).

TABLE 2. Unification Rules for the Ao-calculus (see [DHKO00])

the abstractor A4 which prohibits the replacement of X by a term containing a free
occurrence of the index 1. Applying the rule Dec-)\ to (3.1) we get a solved form:

A X =5, Al
277 Dec-A
X =1
The solved form X :?/\U 1 is associated with the grafting X — 1 which clearly is not
a solution to the problem (3.1). In fact, the problem (3.1) does not have solutions.
Therefore, the unification procedure of [DHKO00] was designed for unification problems
that were originated from the simply typed A-calculus.
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3.1 An Important Class of Ao-terms

In this subsection we characterise the structure of second-order terms in the language
of the Ao-calculus which can be derived from terms that are originally in the image
of the precooking translation. Such characterisation is essential to guarantee that the
problems we are trying to solve come from the simply typed A-calculus.

The motivation for this section comes from the fact that the unification method
[DHKO00] does not terminate for all second-order matching problems written in the Ao-
style. Hence this method does not allow us to answer directly whether second-order
matching in the Ao-calculus is decidable. The counter-example is the following:

X415 a - idp ]l =5, Ul

where b is a given closed term, i.e. a term without occurrences of meta-variables.
We can build the following derivation (for simplicity, decorations are removed):

X[(AAl) . Zd] :?Ao' b _>Exp—APP X[(/\Al) . ’Ld] :Z\o_ b N X :Z\o_ (l Y) _)Replace
AY)[(Aal) -id] =5, bA X =, (1Y) —Normalise
Y[()\A'l) ° Zd] :Z\U b /\ X :Z\U (l Y) _>Exp7App o

At this point we can repeat the strategy Exp-App, Replace and Normalise
since the last problem generated (see the last line) is composed by two flexible-rigid
equations, the first of which is equivalent to the original problem up to the renaming
of meta-variables.

Now we present a technical lemma that guarantees the existence of a special strategy
for reducing the composition of substitutions.

LEMMA 3.2
Let a be a well typed term and by - ... -b,.- " and ¢; -...-cs- T° be two well typed
substitutions in the language of the Ao-calculus, where:

/! ! .
e, s 5 >0;

e by,...,b, are atomic terms;
. { Cri41,- - -, Cs are atomic (and the other ¢;’s have arbitrary types), if ' < s;
c1,...,Cs have arbitrary types, otherwise.
If the term (afby - ... bp 17 Der - ... - s 7% is well typed then there exists a
normalisation strategy that leads to the term alai-...-ap- 1"], where a1 -...-ap- 1™ is
a substitution in Ao-normal form in which all the terms ay, ..., a, have atomic types

p=randn=r1r —s+s, ifr >s;
and , J ey
p=r+s—r"andn=3s" ifr <s.

Proor. Consider the following normalisation strategy:
(alby - b T Dler o voves 1] —cios a[(b1 oo -0 17 )0 (1o cs 19)) —Map
albifer . oves 15 oo bifer oo 19 (T7 o(er v m s T9))]

e If v/ > s then after s applications of the rules (Assoc) and (ShiftCons), we get:

a[bl[cl c...t Cge TS/] L br[cl el Cee TS/]' Tr’fers’].
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Since by, . . ., b have atomic types, we conclude that the Ao-normal form of the terms:

bifer . occs 15,0 befer oo est 1]

are also atomic terms, and that p=r and n =7" — s+ s'.

o If ' < s then after r" applications of the rules (Assoc) AND (ShifCons), we get:

albifer ..o 1% bifer e TP egr ot 10 )
Since the terms by, ...,b., ¢ 41,...,cs have atomic type by hypothesis, we conclude
that the Ao-normal form of the terms by [c1-. . ..cs-1%],...,bp[c1ee . cs- 15 ], g1y - ooy Cs

also have atomic type. In this case, p=r+s—1" and n = s'.

The next definition allows us to distinguish occurrences of the same meta-variable
in a given unification system, which will be essential in Proposition 3.4.

DEFINITION 3.3 (Solved occurrence)
An occurrence of the meta-variable X is said to be solved if it occurs in an equation
of the form X =%, a where a is a Ao-term without occurrences of X.

Definition 3.3 allows the same meta-variable to have simultaneously solved and non-
solved occurrences in the same unification system. E.g., in the unification problem

M X[ =5, A2 A X =41 (3.2)

the occurrence of X in the first equation is non-solved while in the second equation
its occurrence in solved. According to Definition 2.9 the meta-variable X in (3.2) is
non-solved as well as the two equations of the problem.

For a given unification system in the simply typed Ao-calculus, we call fresh equa-
tions all the new equations introduced by applications of the rules Exp-A or Exp-
App. The notion of fresh equation is important because it allows us to keep a dis-
tinction between the equations that come from the original problem and the auxiliary
ones introduced during the unification process.

PROPOSITION 3.4 (Characterisation of a special subclass of Ao-terms)

Let P be a second-order unification system in the simply typed Ao-calculus and X be
a meta-variable occurring in P. If P can be obtained from a unification system that
is in the image of the precooking translation using the rules given in Table 2, then
each non-solved occurrence of the meta-variable X in non-fresh equations in P has
the form X[a; - ... ap- 1"] where p,n > 0 and the terms ay, ..., a, are atomic.

PrROOF. By induction on the size of the derivation that generated P.

If P is in the image of the precooking translation then each occurrence of a meta-
variable X in P has the form X[1"] (n > 0) and the result follows where p = 0.

For the induction step suppose that P is obtained from a unification system that
is in the image of the precooking translation using the rules of Table 2. Let P’ be a
system derived in one step from P after an application of the rule:

e Dec-\ or Dec-App: In this case any non-solved occurrence of the form Xla; -
...-ap- T"] in P’ was already an occurrence in P since this rule do not change the
structure of flexible terms and the proposition follows by ITH.
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e Exp-): In this case the unification system P’ is obtained from P by adding a
fresh equation of the form X =5_ A4.Y and the result follows by IH.

e Exp-App: In this case a new unification problem is generated and each new
unification system results from P by adding a fresh equation of the form X =%
(r Hy ... Hp). The result follows for each generated unification system by TH.

Replace: In this case, P contains an equation of the form X :?,\a a and the result
follows by IH because the replacement of X by a preserves the type of the terms.
In particular the types of the terms inside the substitutions remain unchanged.

e Normalise: From Table 1 we infer that terms are introduced inside substitutions
only by applications of the rules (Beta) or (Abs). In both cases, the type of
the term introduced in the substitution is equal to the type associated' to the
abstractor of the applied rule. We can separate the abstractors into two distinct
non-overlapping sets: the abstractors that were already in the original problem,
and the ones introduced by applications of the rule Exp-\. The abstractors in the
first set may have arbitrary types while those generated by applications of Exp-\
must have atomic types because meta-variables are at most second-order. From
the definition of the precooking translation we have that if X is a meta-variable
that is in the scope of n abstractors then it is translated to the language of the
Ao-calculus as X[1"]. Suppose some of these n abstractors form a S-redex:

(Aay.-- X[ b (3-3)

An application of the rule (Beta) generates a new sub-term of the form (--- X[1"]
-+)[b-1d] and the propagation of the substitution b-id results in a sub-term of the
form X[1™][1-...-n/-b[1™]- 1™], where n’ < n is the number of abstractors between
A4, and X[1"]. In fact, this propagation is obtained by successive applications of
(Abs) and (App). Considering (the semantics of) the rule (ShiftCons) we con-
clude that all the terms introduced in substitutions whose associated abstractors
were already in the original problem (and hence may have arbitrary types) are
removed by applications of the rule (ShiftCons). Therefore every sub-term of

the form XJaj - ...-ap- 1"] is such that the terms aq,...a, come from \’s orig-
inated by applications of the rule Exp-)\, and since meta-variables are at most
second-order, we conclude that ay,...,a, are atomic.

The given characterisation allows us to conclude that all the possible “projections”
over the terms ai,...,a, do not introduce new meta-variables because all of these
terms have atomic types. In this way we can optimise the rule Exp-App for this
particular case. In the next subsection we define an adequate notation for dealing with
higher-order matching. Afterwards, we present the second-order matching algorithm.

3.2 Unification by Transformation Notation

Matching problems are characterised by the fact that terms in the right-hand side
of matching equations cannot be instantiated. Therefore, the first difficulty to use
the general rules of [DHKOO] is related to applications of the rule Exp-\ because it
introduces a flexible-flexible equation whose right-hand side needs to be instantiated.

1For example, the type A is associated to the abstractor A 4.
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As an example, let a <5 b be a second-order matching problem such that the term
a has an occurrence of the meta-variable X of functional type, say A — A. An ap-
plication of a rule like Exp-) introduces a new equation of the form X :f\a Aa.Y,
where the fresh meta-variable Y needs to be instantiated, i.e., this new equation is
not a matching equation and hence, the resulting problem is no longer a matching
problem. To solve this drawback we use a notation based on the so called “unification
by transformation” approach [Nip93]. According to this approach, a matching prob-
lem will be represented by a pair of the form (o, M), where o is a grafting, and M
is a matching problem. The advantage of this notation is that we can define match-
ing rules that do not introduce terms that need to be instantiated in the right-hand
side of the equations because graftings and matching equations are kept in different
places. Using this notation the rule Exp-\ can be adapted so that a problem obtained
after an application of it is still a matching problem. In the case of the above exam-
ple, the Exp-A rule can be designed in such a way that from the matching problem
({},a <5, b) we get the equivalent matching problem ({X — A4.Y}, {a <5, b}).

This notation is independent from the matching rules and, hence we can characterise
solved forms without knowing explicitly the matching rules.

DEFINITION 3.5 (Solved form)
A solved form is a pair of the form (8, {}), where the first element of the pair is a
grafting and the second element is the trivial conjunction.

In the next subsection we give a second-order matching algorithm able to solve
second-order matching problems that come from the simply typed A-calculus, i.e., the
problems that matters in practice. This algorithm is an adaptation of the unification
algorithm given in [DHKO0].

3.8 The Second-Order Matching Algorithm

The second-order matching rules are given in Table 3. The rules Dec,,-A\, Dec,,-
App, Dec,,-Fail and Normalise,, correspond respectively to Dec-\, Dec-App,
Dec-Fail and Normalise written in the unification by transformation notation. The
rule Exp,,-\ is the matching version of Exp-A. The difference between them, in ad-
dition to the notation, is that Exp,,-A always replaces a meta-variable of functional
type by an abstraction whose body is a fresh meta-variable of atomic type and also
applies the generated grafting to the current matching problem. This sole step corre-
sponds to several applications of Exp-)A and Replace. Note that, if no replacement
is done, the rule Exp-X could be applied ad infinitum. To avoid such infinite reduc-
tions, [DHKO00] defined the notion of fair strategy. The definition of Exp,,-A avoids
the necessity of defining any strategy because the rules in Table 3 cannot be applied to
a given second-order matching problem forever. In fact, for a given equation each rule
can be applied only once. The rules Imit and Proj generate grafting for flexible-rigid
equations when the head of the flexible term is a meta-variable of atomic type. The
main difference between Imit and Proj is that the latter does not introduce fresh
meta-variables. In addition, while Proj may generate several different graftings, for
Imit we have at most one grafting. Moreover, in the rule Imit, the head of the term
which replaces X is a de Bruijn index of at most third order. This is because the
newly introduced meta-variables have at most second-order.
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M . ! .
Dec,, -\ <0’, /\/\Aa<<ég A b>
(o, M Na <5, b)
Decm-App <0’, M A (ﬂ al ? . CLp) <<?)\U (ﬂ b1 7 . bp)>
(o, M Nay <5, by Ao Nay <5, bp)
M A . ] by...b
Dec,,-Fail (o (nar...dp) ,<<)“’ (m by q)>, if n # m.
Fail
M
Exp;,,-A {o, M)
Wi (Ag-... A THY :B), (o', {X — Aa, ... A4, .YIM)
fTHX:A —... 5 Ay > B)eTVar(M),Y & TVar(M),
and X is not a solved variable.
where 0’ = {X — A4, ... 4,.Y}o
Imit (o, M AX[ag ... ap T <5, (mbr...by))
(o',0'M N (m—n+p Hy...Hy)[o"ay - ... -o'ap 17 <5, b))
if X has atomic type and m > n.
where o = (mby...b;), 0’ ={X — (m—n+p Hy ... H,)}o,
H,,...,H, are fresh meta-variables with appropriate type and
with contexts 'y, = T'x (1 <14 < q).
) (o, M AXay-... ap 1" <5, (mby...by))
PI‘OJ ; A . 2
({X=jlo AX—=iIM A X —j}a; <5, (mbi...by))
if X has atomic type, and the j-th element (1 < j < p)
in the list a1 - ... - ap has the same type of X.
M b
Normalise,, (o, MNa <<)r‘," ) if @ or b is not in n-Inf.
(o', M Na' <5, b)
where a’ (resp. ') is the n-Inf of a (resp. b),
and o’ is obtained from o by normalising all its terms.
if a (resp. b) is not a solved variable and a (resp. b) otherwise.

TABLE 3. Second-Order Matching Rules

To prove that the rules of Table 3 always terminate for second-order matching
problems whose terms belong to the class characterised by Proposition 3.4, we need
to define an adequate measure. We start by giving the length of a Ao-term:

DEFINITION 3.6 (Length of a Ao-term)
Let a € Axo(X). We inductively define |a|, the length of a, by:

eifa=Xora=1then |a|=1

e if a = (bc) then |a| = |b| + ||

e if a = \.b then |a| =1+ |b]

e if a = b[s] then |a| = |b|] + ||s||, where the size of a substitution s, written as ||s||,
is inductively defined as:
—if s =7 or s = id then ||s|| =0
—if s = c.d then ||s|| = |c] + ||d]]

—if s =wow then ||s|| = |Ju|| + ||v||
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DEFINITION 3.7
Let M be a matching problem of the form: a; <<?>\U biAN...Nay, <<7)\0_ b,. We define

u(M) = (£,¢',¢") where

o &= Xy bi
e ¢ = the number of meta-variables occurring in M

e £ = the sum of the order of the type of all meta-variables occurring in M.

Now denote by < the usual lexicographic order over triples.

PROPOSITION 3.8
Applications of the rules of Table 3 to second-order matching problems whose terms
belong to the class characterised by Proposition 3.4 always terminate.

PROOF. We prove that if M’ is a second-order matching problem derived from M,
then p(M') < u(M). The proof is by cases, according to the rules that generated M

e Dec,,-A: An application of this rule decreases the length of the terms on both
sides of the equation in which it is applied and, hence u(M') < p(M).

e Dec,,,-App: An application of this rule decreases the length of the terms on both
sides of the equation in which it is applied and, hence u(M') < p(M).

e Exp,,-\: An application of this rule replaces a meta-variable of functional type
by a fresh one with atomic type. In this way, clearly £ remains unchanged, and &’
also remains unchanged because the new introduced fresh meta-variable replaces
all the occurrences of the one it is substituted for. Finally, £ decreases because
the new introduced meta-variable has a type with smaller order.

e Imit: An application of this rule decreases &.

e Proj: If M’ is any of the (many finite) new matching problems generated after an
application of Proj to M then we have that £ remains unchanged and &’ decreases
because no new meta-variable is introduced.

e Normalise,,: Since the Ao-calculus is weakly-normalizing, we have that an equa-
tion of the form a <<?>\U b is transformed into an equation of the form a’ <<7)\U b
by an application of this rule, where a’ is the n-Inf of a. In this way, we have
that £ remains unchanged, but &’ and £” cannot increase because none of the rules
of the Ao-calculus introduce new meta-variables. From this, we conclude that
w(M") < u(M), but since normalize can only be applied once at a time (inter-
calated with other rules) we have that, if the resulting problem is in solved form
then the reduction stops. Otherwise, at least one of the other rules can be applied
and in this case the measure decreases. B

EXAMPLE 3.9

Let M be the second-order matching problem given by the equation I' = A 4.(X 3) <’
Aa.(2(43)) : A — B, whose context is given by ' = A — B-A- A — A-nil, where A
and B are atomic types and I' - X : A — B. After the precooking translation, we get
the equation A4.(X[1] 3) <<?>\U Aa.(2(4 3)). The algorithm generates the reduction:
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({h A (X1 3) <5, Aa-(243))

Dec,,-\

{1 {(X[13) <%, (243)})

Exp,,-A

{X =AY E{((Aa)[1] 3) <5, (24 3)})

Normalise,,

{X =AY Y3 1] <5, (243)))

Imit

{Y — (2 Hy), X = (Aa.2 H) L {2 H)[3 1] <5, (24 3)})

Normalise,,

{Y = (2 H1), X = (A\a.(2 H))} A2 Hi[3 1)) <5, (2(43))})

Dec,,-App

({Y = (2H1), X = (Aa.(2H))}{H:[3- 1] =5, (43)})

Im% \Proj
T T
where T" is given by:

({Hi— LY = (21),X — (Aa.(21)}, {113 1] =5, 43)})
lNormalisem
({Hi— 1Y = (21),X = Aa.2 1)}, {8 <5, (43)})
iDecm—Fail
Fail

and T is given by: ({H, — (4 Hy),Y — (24 Hy)),X ~
A2 Ho)} {4 Ho)[B- 1] <3, (4 3)})

\LNormalisem
({Hi—= (4H2),Y = (2(4H2)), X = Aa.(2(4H2)) }{(4H2[3-1]) <, (4 3)})
iDecm—App

({Hy = (4H2),Y — (2(4H2)), X = Aa.(2(4H2))}, {Ha[3- 1] <5, 3})

Im/ ‘OJ

T///
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where T" and T" are, respectively, given by:
({Ha 3, Hi— (43),Y — (2(43)), X — Aa.(2(4 3))}, {})
and
({H2—=1,Hi— (41),Y — (2(41)), X — Aa.2(4 1))}, {})

The higher-order substitution obtained from the grafting X — X4.(2(4 1)) is
X/Ax.2(41)).

REMARK 3.10

In the following we present a proof of correctness and completeness of the matching
rules of Table 3. In these proofs, we identify the matching problem (o, M) with the
unification problem P built in the following way:

o X :g\a a is an equation in P whenever X +— a is in o;
? . . . ? . . .
e a =, bis an equation in P whenever a <, b is an equation in M.

PROPOSITION 3.11 (Correctness)
The rules given in Table 3 are correct, i.e., if (¢/, M’) can be derived from (o, M)
after an application of one of these rules then My, ({c’, M')) C M, ((co, M)).

PRrROOF.

1. Dec,,-\: Let v be a solution to the unification problem P’ A a :;U b that corre-
sponds to the codification of the matching problem (o, M’ Aa < b) as in Remark
3.10. Since for each grafting 6 we have that O\ 4.a =), Aa.0a, we conclude that
is also a solution to P’ A As.a =4, Aa.b, and hence a solution to (o, M).

2. Dec,,,-App: Let v be a solution to P'Aa; =4, biA...Aa, =4, by that corresponds
to the codification of the matching problem (o, M’ A ay <<f\g biA...ANa, <<§\U b,
according to Remark 3.10. Since a grafting can be propagated over de Bruijn
indexes ie., y(n aj ...a,) =, (nyay ...va,), we conclude that v is also a solution
to P'A(naj...a.) =5, (nby...b.) and hence a solution to (o, M).

3. Exp,,-A: Let P be the unification problem that codifies the matching problem
(o, M). We suppose that M contains at least one occurrence of the meta-variable
X of type Ay — ... — A — A (A atomic), for some k > 0. Let v be a solution
to the problem P’ A X :Z\U A4, ... Aa,.Y that codifies the matching problem:

<{X = /\A1 ~-~)\Ak-Y}U, {X = /\A1 )\AkY}M>

obtained from (o, M) after an application of Exp,,-A. Notice that P’ can be
obtained from P by replacing all occurrences of X for A4, ...A4,.Y and hence, if
~ is a solution to P’ A X :Z\U A4, .. A4, .Y then it is also a solution to P because
v has a grafting of the form X +— A4, ... A4, .a that solves the occurrences of X
in P and all the other meta-variables are solved in the same way in P and P’ by
v, except Y which occurs only in P’.

4. Imit: Let P be the unification problem that codifies the matching problem given
by (o, M A X[ay ... ap 1] <4, (m by...b,)). If P'is the unification problem
that codifies the matching problem (o', M’) obtained from (o, M AXa1-...-ap 1]
<5, (mby...b,)) after an application of Imit then P’ can be obtained from P
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by replacing all occurrences of X for (m —n+p Hy...H,). Therefore, if v is a
solution to P’ then it has graftings which solve all the meta-variables occurring
in P and the meta-variables Hy, ..., H, introduced after the application of Imit
and hence 7 is also a solution to P.

. Proj: Let P be the unification problem that codifies the matching problem given

by (o, M A X[ay ... ap 1] <%, (m by...b,)). If P’ is the unification problem
that codifies the matching problem (o', M’) obtained from (o, M A X a1 -...-ap 1
] <3, (mby...b,)) after an application of Proj then P’ can be obtained from P
by replacing all occurrences of X for j. Therefore, if v is a solution to P’ then
it has graftings which solve all the meta-variables occurring in P’ and hence + is
also a solution to P.

. Normalise: The proof is straightforward because the rule normalise only converts

a term to its n-Inf.

PROPOSITION 3.12 (Completeness)
The rules given in Table 3 are complete, i.e., if (¢/, M’) can be derived from (o, M)
after an application of one of these rules then My, (M) C My, (M").

PRrROOF.

1.

2

4

Dec-): Let P be the codification of the matching problem (o, MAX4.a <5, Aa.b)
and v be a solution to P. Since yA4.a = Aa.7ya, then v is also a solution.

. Expp,-A: Let 6 be a Ao-unifier of (¢, P) and X € Twvar(P) such that I' - X :

A — ... — A, — B. Thus X0 =a: A1 — ... — A, — B and we can as-
sume that a is of the form A4, ...A4,.0 with b : B. Define ¢’ such that for all
Z € Dom(0), 6/(Z) = 0(Z) and YO = b for a new variable Y & Dom(8) of type
B. Then ¢ is a Ao-unifier of ({X +— A4, ...\a,.Y}, P). Consequently 0 is a
Ao-unifier of I(Y : Ay, AT F B), {X — A4, ... A4, .Y}, P).

. Imit and Proj: Let v be a matcher of P U {X[ay.---.a,. 1"] <5, m b1 ...b,},

where X has atomic type and m > n. Let X — k ¢;...¢, € 7. Then, we
have P{X — k c1...c,} U{(k c1...¢/)[a1.-.ap. 1" <<7)\0 m by...bg} =3,
P{X—keci...c;}U{klar. - .ap. 1"]c1]ar. -+ .ap. 1] . crlar. -+ .ap. 1]

<}, mbi...by}.

Now we have two options: k& < p or & > p. In the first case, the previous
problem reduces to P{X — kci...c,}U{ag cifar.---.ap. 7] ... crlar. -+ -.ap. 17]
<<?\U m by...b,} and v is certainly a unifier of it. If & > p then the problem
reduces to P{X — k c1...¢,} U{k—p+n cilar.---.ap. 1"]...crlar. - .ap. 7]
<%, m by...b,} and it has a solution if and only if K — p + n = m and thus
k = m —n+p at the condition that k > p < m—n-+p > p < m > n, which gives
the condition asserted in the rule Imit.

Third-Order Matching

In this section we prove the decidability of third-order matching problems for the
whole language of the Ao-calculus [ACCL91]. Our result is achieved by adapting the
techniques in [Dow94] to the language of the simply typed Ao-calculus. As a conse-
quence we get as well decidability of second-order matching for the whole language
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of the simply typed Ao-calculus. We start by defining Ao-Bohm trees for Ao-terms
and presenting relevant results related to this notion. In subsection 4.2, we show how
a matching problem in the language of Ao is translated to an interpolation problem.
In subsection 4.3, we show how to decide third-order interpolation problems.

4.1  Finite \a-Bohm Trees

We introduce finite Ao-B6hm trees (or simply Ao-Bohm trees) for simply typed Ao-
terms and set the ground for our main result.

DEFINITION 4.1 (Occurrence, Tree, Occurrence Path, Ao-Bohm Trees (of a Ao-term))
e An occurrence is a list of strictly positive integers @ = (s1,...,$,). The number
n is called the length of the occurrence «, written length(c).

e A tree domain D is a non empty finite set of occurrences such that if a(n) € D
then o € D and if n # 1 then also a(n — 1) € D. A tree is a function from a tree
domain D to a set L, called the set of labels of the tree. The occurrence ( ) is
called the root of the tree and a(n) is called the n-th son of the occurrence . The
number of sons of an occurrence « is the greatest integer n such that a(n) € D.
A leaf is an occurrence which has no sons. The depth of a tree is the length of the
longest occurrence in its domain.

e Let T be a tree and « = (s1,...,8,) be an occurrence in T. The path of « is the
set of occurrences {(s1,...,si)|k < n}.

e A \o-Bohm tree is a tree whose nodes are labelled with pairs (l,v) such that [ is
a positive integer and v is a well-typed Ao-term.

eLet a= A4, -+ Aa,.(h by by) be a well-typed term in Ao-nf. The Bohm tree of
a is recursively defined as the tree whose root is labelled with the pair (k, k) and
whose sons are the A\o-Béhm trees of:

1. by,...,by, if h is a de Bruijn index;

2.a1,...,ap,b1,...,by, if h is the closure of a meta-variable of the form Xla -...-
ap- "], where aq - ...-ap- 1™ is a substitution in Ao-nf.

As in [Dow94], |a| denotes the depth of the Ao-Bohm tree of the Ao-nf of term a.

EXAMPLE 4.2
The Ao-Bohm tree of the term AgAada.(4 X 1) is given by:

(3,4)

N

(0, X) (0,1)

The Ao-Béhm tree of the term AaAada.(4 (X[(Aa.1)-1-1%] 2) 1) is given by:



18 Second- and Third-Order Matching via Explicit Substitutions

(3,4)
(0,X[(Aa1)-1-1%) (0,1)
- / | \ s

According to the definition of Ao-Béhm trees, the Ao-terms (X[2-1- 12] 3) and
(X 21 3) have the same Ao-Bohm tree, except that the labels in the root are different.
The labels are essential to identify the term that originated the given Aog-B6hm tree.

DEFINITION 4.3 (Free occurrence)
A free occurrence of a de Bruijn index i in the Ao-term «a is defined by:

1. If ¢ = i then ¢ occurs free in a.
2. If a = A4.b and 7 occurs free in b then 7 4+ 1 occurs free in a.

3.If a = (b ¢) and 4 occurs free in b or ¢ (or in both) then i occurs free in a.
4. Ifa=Xlar ... ap- 1"] and 7 occurs free in a;, for any 1 < i < p, or ¢ > n then g
occurs free in a.

DEFINITION 4.4 (Relevant term)
A Xo-term a = Mg, ... g, .b is relevant in its i-th (1 < i < k) argument if the index
k — 1+ 1 occurs free in b.

The following lemmas allow us to establish when |a| < |a[as - ... - ap- 17]| where
the terms aq,...,a, are at most second-order. The motivation for that comes from
the fact that if X[aj ... ap "] by...b, <%, b is a matching equation and o is a
solution to this equation with Xo = Ap, ... Ap, .t then we have that

[tlbg ... b1-ar-...-ap 1"]| = |b].
If it is always the case that [¢t| < [t[bg ... b1 a1 ... ap 17|, Le.,
t] < Jo (4.1)

then an enumeration of the terms ¢ satisfying (4.1) would give a decision procedure
for third-order matching. This would not be the case if |a;| = 0, for some 1 < i < p.
To solve this problem we show that if a matching problem is solvable then there is a
solution which is limited by a number that only depends on the initial problem.

LEMMA 4.5

Let a be a Ao-nf and ay, ..., a, be Ao-terms of atomic type, n > 0 such that the term
alay - ...-ap 1" is well typed. For all 1 < j < p, if the de Bruijn index j occurs
free in a then the Ao-nf of afa; - ... - a,- T contains a; as a sub-term, and hence
la| <lalai ... ap- 1™

PROOF. Note that all possible free occurrences of j in a are in non functional positions
because they have atomic types; i.e., all these free occurrences are leaves. Therefore,
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the normalisation of afa; - ...-a,- 1™] does not include any simulation of 3-reduction.
Thus, if § is a free occurrence of j in a, then after a o-normalisation, every occurrence
a in the Ao-Béhm tree of the Ao-nf of a; will become the occurrence 3o in the Ao-
Bohm tree of the Ao-nf of afay - ...-a,- 1™]. This means that the Ao-Boéhm tree of a;
is a sub-tree of the Ao-Béhm tree of the Ao-nf of afay - ... ap- "] |

If a substitution s is a list of de Bruijn indexes, then we have a similar result for
which the order of the indexes is not relevant. This is formalised in the next lemma:
LEMMA 4.6
Let a and afiy - ...-ix- 1] be well typed and in Ao-nf with k,n > 0 and i, # n. Then
la < lafiy - ... ik T7]].

PROOF. By structural induction on a:

oIfa=randr < Fkthen |rfiy-...-ix- 1"]| = |ir] = 0. Otherwise, |r[iy-...-ix- 1"]| =
r—k+n|=0
elfa=Xla ... ap 1™] with p,m > 0, then:
—if p=m = 0 then X = X[id] = X[1°] and hence, by definition of \o-Bohm
trees we have that | X| < |[X[iy ... ik 17|
—if p > 0 then for all m > 0 we have that [X[as - ... ap- 1™]] <" 1+
maz(lail,...,|ap|). Moreover,
. . n mir- . n * tl,ifmgk;;
afiy .- T = Xlag - ooap T lin a1 ]—’o{ ty, if m > k;
where t1 = Xaifiv ... ig- 1" .- aplin - oo i T - dpgr - oo - - G- 1] and

to=Xagfiy ... ig- T oo aplis oo dge T TR
In the first case, i.e., where m < k, we have by IH that for all 1 < j < p,

laj| <lajliv ... -dg "] (4.2)

and by definition of Ao-Bohm trees, we have that:
| X[aafin - o de 1™ oo aplin oot T g - oo g 7)) =

L+ max(larfiv- ... i T, laplin oo ig T7]) <
14+ mazx(lail,...,|ap|) = | X[a1 ... ap- 1™

In the second case, i.e., where m > k, by IH, for all 1 < j < p, we have (4.2)

and then [X[ay[iy ... g 1] ..o aplip - ... ig 1] 1K) =
1 maa(lanlis i 170 laglin - - e 17]]) <
14+ mazx(|ail,...,|ap|) = | X[a1 ... ap- 1]
e If a = Ap.b then by IH we have that [b| < [b[L-41[1] ... ix[1]- 1" T!]|. In addition,
by the definition of A\o-Bohm trees, we have that [b[L-41[1] - ... ix[l]- 17| =
Ag.b[L-in[1] ... ig[1] 1" = |(AB-b)[iv - ... - ix- T"]| and the lemma holds.

o If a = (b ¢) then, by IH, |b] < |b[i1-...-ix- 1"]| and |c| < |c[ir-...-ig- 1"]|. Since ais

in Ao-nf then |a| = 1+max(|b|, |c|) < 1+max(|blii-...-ix- 1], |c[ir-. . .-ix- T]]) =
lafiy - T
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PROPOSITION 4.7

Let a be a Ao-nf and a4, ...,a, be Ao-terms of at most second-order, and n > 0 such
that afa; -...-ap- 7] is a well typed term. For all 1 < j < p, if the de Bruijn index j
occurs free in a then |a;| < |afa; - ... ap- 1"]|.

PROOF. The proof is by structural induction on a:

o If a = j then [jla; - ... ap 1"]| = |aj].

elfa=X[bi-...-bg- 1] then afar-...-ap- 1" = X[b1-...-bg- 1"][a1-...-ap- T"] =%
{ Xbilar ... ap- T - bglar oo aps T - @mgr - oo ape 1], i m < p;

Xbilar - ... ap- 1"+ bglag - ... ape T TP, if m > p.
By IH we have that for all 1 < k < g, if the de Bruijn index j occurs free in by,
then |a;| < |bglar - ... ap- ™| < |t| = |afa1 - ... - ap- 1"]|, where ¢ is either
Xbilar - ... -ap- 1" oo bglar - oo ap 17 g1 - - ap 17
or
Xbifay ... ap 1" ... bglar - ... ap- 17 TP,
oeIf a = Ag.bthenalay ... - ap- 1" = (Ag.b)ar ... ap "] =2

Ap.b[l-ai[1]-... ap[1]- 1™"!] and by IH we have that, for all 1 < j < p+ 1, if the
de Bruijn index j occurs free in b then

byl < bIL- @] ... - apl1]- 771 (13)
1 ifj=1

Wherebj—{ a/j—l[” 71f1<]§p+1

Therefore, using Lemma 4.6 and equation (4.3), we have that:

3>1 ajal = lag—a[T)] < PIL-as[T] ... - ap[1]- 17| =

IAg.b[L-ai[l] ... ap[1] 1" Y| = [(Ag.b)[a1 - ... ap 1]

=1 U< PL-ag[l]- ... - ap[f]- T =

Ag.b[L-ai[l] ... ap[1] 1" Y| = [(Ag.b)[a1 - ... ap 1]
elfa=(bc)thenalar-...-ap- "] = (bo)ar ... ap- "] =0

(blag - ... ap- T"] clar - ... ap- 1"]) and now we have the following cases according

to the existence of a free occurrence of a de Bruijn index j with 1 < j <pin b
and/or in ¢
1. Assume J with 1 < j < p occurs free in b. If this occurrence is in the head then:

(blar - ... ap- T clar ... - ap- 1)) =

((Jbr...bp)ar ... ap- 1" clay ... ap- ")) =%

(aj bifar - ... ap- 1" bglar - ... ap- "] clar - ... - ap- ")) =

()\Bl ce )\BkJrl.d bl[al-. - Qp Tn] N bk[al-. . .-ap~T”] c[al-. - Oy Tn]) —>§\O_

dlclar ...~ ap- 1" - bglar - ... - ap- 1™ - .- brfar - ... - ap- T - dd).

Since a; is, at most second-order, we conclude that the types By, ..., Br41 are
atomic and hence clai -...-ap- T7], bglai-...-ap- T7], ..., bifa1-...-ap- 1"] have
atomic types. By Lemma 4.5 |a;| = [Ap, ... Ap,,,.d| = |d| < |d[c[a1 -...-ap 1"]

Dlar-...cap- 1™ - cbifar-. . ccape 17]-4d)| = [(Blag-. . .-ap- 1] claa-. . .-ap- T7]))-
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If the occurrence of j is not in the head of b then the Ao-nf of

(blag ... ap- "] claz - ... ap- "))
is of the form (b ¢), where b (resp. ©) is the Ao-nf of blas - ... a, "] (resp.
clay-...-ap- 1"]). Therefore, [blas-. . ..ap- 1] < |(blai-...-ap 1"] claq-. . .cap- T7])]
and by IH, we have that |a;| < |bla; - ... - ap- 1™]| because j occurs free in b.
2. Suppose that j with 1 < j < p occurs free in ¢. By IH, we have that |a;| <
lefar ... ap- T < |(blag - ... - ap- T7] clar - ... - ap- T7])|.
PROPOSITION 4.8
Let a be a Ao-normal term and ay, ..., a, be Ao-terms of at most second order, n > 0
and ala; ... ap- 1] be a well typed Ao-term. Let a = (s1,...,s,) be an occurrence
in the Ao-Bohm tree of @ and 51 = (s1,...,8k,)s ---, B = {(s1,...,8k,) be all the

occurrences of free de Bruijn indexes j with 1 < j < p that are in the path of «. For
each 1 <7 <, if the term a; is relevant in its r-th argument and |aj| # 0, where r
is the position of the son of 3 in the path of «, i.e., r = si,4+1 then there exists an
occurrence ¢/ in the Ao-Béhm tree of the Ao-nf of afay - ... - ap- T"] whose length is
greater than or equal to the length of a.

PROOF. By induction on the number of occurrences of free de Bruijn indexes j with
1 < j < p in the path of a. We consider occurrences from the lowest to the highest
in the Ao-Bohm tree of a. Let

a=GiBi—1...5017 (4.4)

be an occurrence in the Ao-Béhm tree of a. If there is no free occurrence of j (1 < j <
p) in the path of «, i.e., | = 0 in (4.4), then « is also an occurrence in the Ao-Béhm
tree of the Ao-nf of alaq - ... - ap- T"] and then we take o/ = =1.

If there exists exactly one free occurrence of j (1 < j < p) in the path of a, then
o = B1{r)y where v = (r)y’. Assume that a at the occurrence 3; has the form

>\B1~--/\B“-(j+vel---6u)' (45)

In equation (4.5), we assume that Ap,, ..., Ap, are all the abstractors binding the free
occurrence of the index j, corresponding to the index 7 + v in this equation. Note that
with this assumption, we do not lose generality because the particular representation
of this index is not important in the sense that if there exists more abstractors, the
representation 7 + v will change to, say j’, but the ideas that follows can be repeated
exactly the same way for j'. o

The propagation of a substitution s inside a term changes the structure of s only
when the substitution finds an abstraction (i.e., when a rule (Abs) is applied): in this
case a substitution of the form aj - ... a, 1™ changes to 1-ai[]] ... a,[1]- 17" .
Nevertheless the relevance (cf. Def 4.4) of the terms a4, ..., q, remains unchanged
because its bound indexes are not affected by the introduced 7. Therefore, according
to our assumptions the propagation of the substitution a; -...-ap- ™ over a until its
sub-term that labels the occurrence (3; does not affect the substitution. In this way,
we get a sub-term of the form:

(AB, .- AB,-(Jtwver...en))ar ... ap 1"]. (4.6)
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The propagation of the substitution over the A’s in (4.6) generates the new sub-term:

A, - Ap,(fFtver...e)[l-.cv-ar[TY] - o ap[10] 1Y) =)
)\B1 .. .)\Bv.(aj[T“] 6/1 .. 6;) (47)

where €} = ¢e;[L-...-v-a1[1Y] ... ap[T]- 1"1"], for all 1 < i <.

By hypothesis a; = Ap,...Ap,.d is relevant in the r-th argument (which cor-
responds to the son of §; which is in the path of &) and |a;| # 0. In this way,
a;[1"] = Ap, ... Ap,.d’ is relevant in the r-th argument as well, where d’ is obtained

by normalising d[1"]. Hence, the term (4.7) normalises to Ap, ... Ap,.d'[e],-... €] -id].
By hypothesis, |a;| # 0 and hence |d’| # 0. Moreover, since the terms aq, ..., a, are
at most second-order, we conclude that the types D,..., D, are atomic and the free

occurrences of j in d’ cannot be in the root of the term. Let § be any of the occurrence
of j in the Ao-Bohm tree of d’. Since these occurrences are all leaves, take o/ = 3197.
From the fact that length(d) > 1, we conclude that length(a’) > length(«). [ |

COROLLARY 4.9

Let a be a Ao-nf, ai,...,a, be Ao-normal terms of at most second-order, n > 0 and
alay - ... ap- 1] be a well typed term. If for all 1 <+ < p, the term q; is relevant in
all its arguments and |a;| # 0 then

la| <lalar - ... -ap- T"]]

PRrOOF. Let a be the longest occurrence in the Ao-Bohm tree of a. By Proposition
4.8, there exists an occurrence o’ in the Ao-Bohm tree of the Ao-nf of afa; -...-a, 1]
which is, at least, as long as a.

4.2 From Matching Problems to Interpolation Problems

We describe how matching problems can be converted into equivalent interpolation
problems in the language of the Ao-calculus. This conversion uses a new symbol o,
called the dummy symbol, which is a fresh symbol not belonging to the language of
the Ao-calculus (cf. [ARAMKO05, Bor95]).

DEFINITION 4.10

Let a <<?/\a b be a matching equation and o be a ground solution to this equation, i.e.,
the Ao-normal form of ao is fn-equivalent to b. We define the interpolation problem
®(a <5, b,0) inductively over the number of occurrences of a as follows:

o If a = M\4.c then b is also an abstraction of the form A4.d and then o is also a
solution to ¢ <3 d and we let ®(a <5, b,0) = ®(c <5, d,0).

elfa=(kc...cp) then b is also of the form (k d; ...d,,) because a <<7)\U b is
solvable and we let ®(a <} b,0) = Ud)(ci <4 diy o).

elfa=(Xlay-...-ap "] b1...by) then we let

O(a <3, b,0) ={(X[ar0- ... apo- 1" bio ... byo) <3, b} | J Hi, where
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®(a; <5, a;o,0) if o occurs in the Ao-normal form of

(X[(ll LI 0 e | '<>'ai+1'...'ap' Tn] bl...'bq)O';
H;={ &b <}, bio,0) if o occurs in the Ao-normal form of
(X[(ll CeeetQpt Tn] bl '~-bi—1 <>b1'+1 ...bq)O';
0 otherwise.

PROPOSITION 4.11

Let a <} b be a matching equation and o be a ground solution to this equation. Then
the substitution o is a solution to ®(a <}, b,0) and, conversely, if o’ is a solution to
®(a <, b,0) then o’ is also a solution to the matching equation a <5 b.

PROOF. By induction on the structure of the terms on the left-hand side of all the
equations occurring in the problem. Let ¢ be a ground solution of a <<§\U b.

e If a is an abstraction of the form A4.c then b is also an abstraction of the form
Aa.d and o is a ground solution of ¢ <3 d. By IH ¢ is a solution to ®(c < d, o)
and hence also a solution to all the equations of ®(a <, b,0).

o If @ is an application of the form (k ¢;...¢) then b is also an application of
the form (k d ...d,,) and o is also a ground solution to the equations ¢y <<?\a
di,. .. cm <4, dm. By IH, we have that o is a solution to U ®(c; <3y diyo) and
hence o is also a solution to ®(a <5, b, o). 1

o If o is of the form (X[ay -...-ap- 1] b1...by) then o is a solution to
Xlaro - ... apo- 1] bio...byo <5, b
and a1 <3, a10,...,ap, <5, apo, by K5, b1o,. .. by <5, beo

By IH, o is also a ground solution to

P q
U ®(a; <3, a;0,0) and U ®(b; <5, bio, o)
i=1 1=1

and therefore, o is a solution to

{X[ayo ... apo- 1" bio...byo <5, b} UHZ where H; is as in Def. 4.10.

Conversely, let o’ be a ground solution to ®(a <, b,0):

e If a is an abstraction of the form A 4.c then b is also of the form A4.d and ®(c <<?\a
d,o) C ®(a <}, b,0) and hence o’ is also a solution to ¢ <, d and therefore, a
solution to a <<?\U b.

e If a is an application of the form (k ¢; ... ¢;,) then b is also of the form (k dy ... d;,)
and, since U ®(c; <4, diyo) € ®(a <5, b,0), then o’ is also a solution to all the

?
equations ¢; <5, d; for i = 1,...,m and hence, ¢’ is also a solution to a <% b.
o If a is of the form (X[as - ... ap- 1™] b1...D,) then ¢’ is also a solution to
(X[ayo ... apo- T byo...byo) <%, band to U ®(b; <%, bio,0), i.e., bio’ =xg

2
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b;o for all i =1,...,q. Therefore,

(Xo'laro - ... apo- "] b1o...bgo) =rs b

(Xo'laro - ... apo- T"] bio’ ... bgo’) =x0 b

(X[a1~...-ap- Tn] bl...bq)OJ :)\Ub

CLU/ =\o b l

DEFINITION 4.12
Let ¥ be a third-order matching problem and o be a solution to ¥. We let ®(¥, o)
be the following third-order interpolation problem:

O(V,0) = U ®(a <5, b,0).
a<<';db€\I/

4.8 Third-Order Interpolation Problems

We show how interpolation problems are decided concluding the decidability of third-
order matching.

DEFINITION 4.13 (Occurrence accessible w.r.t. an equation)

Consider a matching equation of the form (X[aj -...-ap- 1] by...by) <5, b and the
term ¢ = A¢, ... Ac,.u with the same type and context of X. The set of occurrences
in the Ao-Bohm tree of t accessible with respect to the equation

(X[ar--..-ap 1" by...by) <5p b
is inductively defined as:

e the root of the Ag-Bohm tree of ¢ is accessible.

e if o is an accessible occurrence labelled with a de Bruijn index j with 1 < j < p+¢q
and d; is relevant in its r-th argument then the occurrence a(r) is accessible, where:
d:{aj ifg<j<p+g

J by—it1 if1<j5<q

e if v is an accessible occurrence labelled with a de Bruijn index greater than p 4+ ¢

or with a meta-variable then all the sons of « are accessible.

DEFINITION 4.14 (Occurrence accessible w.r.t. an interpolation problem [Dow94])
An occurrence is accessible with respect to an interpolation problem if it is accessible
with respect to one of the equations of this problem.

DEFINITION 4.15 (Ao-term accessible w.r.t. to an interpolation problem)
A Ao-term is accessible with respect to an interpolation problem if all occurrences of
its A\o-Bohm tree which are not leaves are accessible with respect to this problem.

DEFINITION 4.16 (Accessible solution built from a solution)

Let ® be an interpolation problem and let o be a ground solution to this problem.
For each meta-variable X occurring in the equations of ® consider the Ao-term ¢ such
that {X — t} C 0. In the Ao-Béhm tree of ¢, we prune all occurrences non accessible
(that are not leaves) with respect to the equations of ® in which X has an occurrence
and put Ao-Bohm trees of ground terms of depth 0 of the expected type as leaves.
Call ¢’ the term whose Ao-Bohm tree is obtained in this way and ¢ the resulting
substitution.
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ProprOSITION 4.17
Let @ be an interpolation problem and let o be a ground solution to ®. Then the
accessible solution &, built from o, is a solution to ®.

PRrOOF. Let
(X[ar . -ap 1" by...by) <55 b (4.8)

be an equation of ®, o be a ground solution to ®, t = Xo = Ap,...Ap,.d and
t'= X0 = Ap, ... Ap,.d". It is enough to prove that

by ... by-ay ... ap 1" =xg d'[bg- ... by-ay-... ap 1]

because the left-hand side of the above equation reduces to b and the right-hand side
is Ao-equivalent to (X[az - ... ap 1™ b1...by)0.

By construction, the Ao-Bohm trees of d and d’ differ only on the non accessible
occurrences. So, let 5(r) be a non accessible occurrence in a path in the Ao-Béhm
tree of ¢ such that the occurrence [ is accessible w.r.t the equation (4.8). From the
definition of accessible occurrence, we conclude that (§ is labelled with a de Bruijn
index j (1 <j < p+q) and d; is not relevant in its 7-th argument, where

g -1 G- Ha<jsptg
! by—j+1, H1<j<q

During the normalisation step, j will be replaced by d; and since d; is not relevant

in its r-th argument, the label of (r) will disappear during the normalisation. [ |

PROPOSITION 4.18

Let ® be an interpolation problem, o a solution to ® and & the accessible solution
built from . If h is the maximum depth in the Ao-Bohm tree of the right-hand side
of the equations of ® and t = X7 = A¢, ... A¢,.u (u atomic) then there are at most
h + 1 occurrences of de Bruijn indexes k with k£ > g on a path in the Ao-B6hm tree
of t.

PRrOOF. Notice that the occurrences in the Ao-Bohm tree of ¢t and those in the Ao-
Bohm tree of u are the same, except that the labels at the root differ. Suppose that
there exists an occurrence « in the Ao-Bohm tree of u such that there exists more
than h + 1 occurrences of de Bruijn indexes k with k£ > ¢ in the path of a. Let 3 be
the h + 1-th occurrence of such index. The occurrence 3 is not a leaf and hence it is
accessible w.r.t. an equation of ®, say (X[ay - ... ap T by...b,) <4, b

For each occurrence v = (s1,...,s;), in the path of 3, labeled with a de Bruijn
index j with 1 < j < ¢, we have that b,_;; is relevant in its r-th argument, where
r= 8111- By Proposition 4.8, there exists an occurrence 3’ in the Ao-Bohm tree of
ulbg - ... b1- 1"] =a, b such that ' contains at least h + 1 occurrences and thus the
length of 3 is at least h. Since the type of 3 and ' are the same then £’ is not a
leaf. In this case, the depth of b is greater than h which contradicts the hypothesis. i

DEFINITION 4.19 (Compact Ao-term)
A Ao-term t = A¢, ... Mg, .u (u atomic) is compact w.r.t. an interpolation problem ®
if no de Bruijn index j with 1 < j < ¢ appears free in a path of the Ag-B6hm tree of
u more than h + 1 times, where h is the maximum depth in the Ao-Béhm tree of the
right-hand side of the equations of .
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ProprosITION 4.20

Let @ be an interpolation problem, & be an accessible solution to ®, h be the maximum
depth in the A\o-Bohm tree of the right-hand side of the equations of ® and t = X7 =
Acy -+ Ag,-u (u atomic). If a is an occurrence in the A\o-Bohm tree of u that contains
more than h + 1 free occurrences of the de Bruijn index j (1 < j < ¢) in its path,
then for all equations, say (X[aj -...-ap 1] by...b,) <5, b of ® where the (h + 2)-
th occurrence labeled with j is accessible w.r.t. this equation, the term by_;41 is a

projection, i.e., there exists an integer 1 < r < p such that b, ;11 = Ap, ... Ap,.T.

PROOF. Suppose that the (h+ 2)-th free occurrence of j in the path of « is accessible
w.r.t. the equation (X[a;-...-ap- 1"] by ...b,). In this case, b, ;11 is relevant in its 7-
th argument. If the head of b, ;41 is not atomic then [b,— ;41| # 0 and, by Proposition
4.8, there exists an occurrence o as long as the occurrence « in the Ao-Bohm tree
of ufbg - ... by -ay-...-ap "], where aq,...,ap,,b1,...,b, are Ao-terms of at most
second order and hence the depth of the Ao-Béhm tree of u[bg-...-b1-a1-...-ap- 1],
which reduces to b, is at least h + 1 which is contradictory. Therefore, b,—;11 must
be a Ao-term with depth equals to 0 and hence by_;411 = Ap, ... Ap,.T.

DEFINITION 4.21 (Compact Accessible Solution built from an Accessible Solution)
Let ® be an interpolation problem, & be an accessible solution to this problem and h
be the maximum depth in the Ao-Bohm tree of the right-hand side of the equations
of ®. The grafting 7 is a compact accessible solution built from an accessible solution
to @ if, for all meta-variable X occurring in ®, the term ¢ = Xo = Ap, ... Ap,.u
(u atomic) is such that there is no path in the Ao-Béhm tree of u containing more
than h + 1 occurrences labelled with the de Bruijn index j (1 < j < ¢). If there
exists a path in the Ao-Bohm tree of u that has more than h + 1 free occurrences of
the de Bruijn index j (1 < j < ¢) then the compact accessible solution is built as
follows: By Proposition 4.20, if these occurrences are accessible w.r.t. the equation
(X[a1-...-ap- 1™ by ...bg), we have that by_;41 is of the form A¢, ... A¢,.7. In this
case, we replace all these occurrences of j by Ac, ... Ac..r. The compact accessible
solution built from the accessible solution o is denoted by o”.

PROPOSITION 4.22

Let ® be an interpolation problem, o a solution to ®, & be the accessible solution
built from ¢ and ¢’ be the compact accessible solution built from . Then o’ is also
a solution to ®.

PROOF. The proof is similar to that of Proposition 4.17. Note that in the construction
of the compact accessible solution, the replacement of j for b,_;41 occurs during the

normalisation step of ((Ap, ... Ap,.u)[ar ... ap "] b1...by), where j is free in w. [ |

PROPOSITION 4.23

Let ® be an interpolation problem, o be a solution to ®, & be the accessible solution
built from ¢ and ¢’ be the compact accessible solution built from . If h is the
maximum depth in the Ao-Bohm tree of the right-hand side of the equations of @,
then for every meta-variable X of arity ¢, the depth of the Ao-Bohm tree of Xo’' =
AB, ... Ap, . is less than or equal to (¢ +1)(h + 1) — 1.

PRrROOF. By Def. 4.21 and Proposition 4.18, we know that a path in the Ao-Boéhm
tree of v’ may have at most i + 1 occurrences of a free de Bruijn index j. Therefore,
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since X has arity ¢, a path in the Ao-Béhm tree of v/ may have at most (¢+1)(h+1)
symbols, i.e., its depth is at most (¢ + 1)(h + 1) — 1. [ |

COROLLARY 4.24

Let @ be a third-order interpolation problem, o be a solution to ®, & be the accessible
solution built from ¢ and ¢’ be the compact accessible solution built from o. If h
is the maximum depth in the Ao-Bohm tree of the right-hand side of the equations
of @, then for every meta-variable X of arity ¢, the depth of the Ao-Béhm tree of
Xo' = Ap, ... A, is less than or equal to (¢ +1)(h+1) — 1.

Proposition 4.11 allows us to use the boundary of the solution of the interpolation
problem in Corollary 4.24 for third-order matching problems. In this way we can
build a decision procedure as follows:

THEOREM 4.25 (Decision procedure)
The class of third-order matching problems in the Ao-calculus is decidable.

PRrROOF. Let ¥ be a third-order matching problem in the Ao-calculus. Enumerate all
ground substitutions for the meta-variables occurring in the equations of the form
(X[ay ... ap T by...by) <54, bof ¥, such that the terms to be substituted for
X have depth less than or equal to (¢ + 1)(h + 1) — 1, where h is the depth of the
Ao-Bohm tree of b. If none of these substitutions is a solution ® then & is not solvable.
Otherwise, it is solvable. [ |

5 Conclusions and Future Work

We studied second- and third-order matching problems in the Ao-calculus of explicit
substitutions. Both matching and explicit substitutions are important tools in the
implementation of higher-order deductive and computational environments. Studies
like the one carried out in this paper are relevant to improve the design and implemen-
tation of such environments based on the A-calculus and, more precisely, on variants
(e.g., the Ao-calculus) of the A-calculus which are closer to implementations.

Our main contributions are the development of an algorithm for resolving second-
order matching problems in the language of the Ao-calculus and the proof of the
decidability of the third-order matching problem in the whole language of this calculus
of explicit substitutions. For achieving this we did the following:

e We characterised an important subclass of Ao-terms that includes all the flexible
terms that may appear in second-order matching equations.

e This subclass allowed us to develop a practical algorithm for all second-order
matching problems that originate in the simply typed A-calculus. This algorithm
was obtained by specialising the unification procedure introduced in [DHKO0] for
treating problems expressed in the language of this subclass. The adaptation of
the procedure in [DHKO0O] is non-trivial because, being a semi-decision procedure
for higher-order unification, termination is not guaranteed as we illustrate for a
second-order matching problem at the beginning of Section 3.

e For proving the decidability of third-order matching in the language of the A\o-
calculus, we adapted the proof of decidability of third-order matching in the A-
calculus presented in [Dow94]. In this way, initially we introduced the notion of
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finite A\o-Bohm tree. This notion helped us to prove that the largest depth of
the Ao-Bohm tree of the terms occurring in the right hand side of the matching
equations bounds the size of at least one admissible matching solution.

This boundary cannot be established directly, and so firstly Ao-third-order match-
ing problems are translated into equivalent interpolation problems (which are
simple because each interpolation equation contains a unique meta-variable oc-
currence). Secondly, the decidability of third-order interpolation problems is ob-
tained by proving that whenever an interpolation problem is solvable one can find
a solution that is bounded by a number that depends only on the initial problem:
in fact, it depends on the largest depth of the A\o-Béhm tree of the terms occur-
ring in the right hand side of the equations and on the arity of the meta-variables
occurring in the problem.

e Finally, the decidability of third-order interpolation problems is naturally extended
to third-order matching problems because the conversion from matching to inter-
polation problems preserves solutions.

Future work includes an explicit and efficient presentation of the third-order match-
ing algorithm for the Ao-calculus related to our proof of decidability as well as the
analysis and comparison of second- and third-order matching solutions in different
styles of explicit substitutions.
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