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1 Introduction

Unification is used to show confluence of a set of overlapping rewrite rules. We are interested
here in higher-order rules whose left-hand sides are patterns, as introduced by Miller in the
case of simple types [9], later considered for other typing disciplines [2], and finally adapted
to untyped lambda calculi in [3]. Following up, we study here unification of patterns indepen-
dently of a given typing discipline. To this end, we introduce the notion of typed structure by
axiomatizing sets of typable terms without any syntactic notion of type, as subsets of untyped
terms that satisfy some well crafted closure properties common to most type systems. We then
show that typed structures enjoy most general unifiers for patterns, computable by the usual
algorithm for unifying patterns. This axiomatization is somehow reminiscent of Girard’s ax-
iomatisation of typed structures on which strong normalization proofs of typed lambda calculi
are based. We finally briefly discuss the associative-commutative case.

Typed rewriting structures, their unifiability properties, and their application to checking
higher-order confluence are developed in [5], where the main result described here is proved.

2 Computations on higher-order terms

Given an untyped lambda calculus generated by a vocabulary made of three pairwise disjoint
sets, a signature F of function symbols, a set X of variables, and a set Z of meta-variables, we
are interested in A, an untyped calculus whose reduction relation extends the S-rule of the
underlying lambda calculus by a set of user-defined rewrite rules built over that vocabulary.

2.1 Terms

AF is a mix of the pure lambda calculus and Klop’s combinatory reduction systems [7]. Terms
are those of the lambda calculus enriched with #-headed terms of the form f(u) with f € 7,
u denoting a list of terms separated by commas, and meta-terms of the form Z[v] with Z € Z.
Only variables can be abstracted over. Elements of the vocabulary have arities, denoted by
vertical bars as in |f|. Variables have arity zero, meta-variables have an arbitrary arity. The
set of (open) terms, T+, is defined by the following grammar rules:

u,v:=x | (wv) | x| f(u) | Z[v]
where x € X, f € F, [u| =|f|, Z € Z and [v] = |Z|

We write a for a(), X for X[] and f(x y) for f((x y)). We use the small letters f,g,h,...
for function symbols, x,y,z,... for variables, and reserve capital letters X,Y,Z,... for meta-
variables. When convenient, a small letter like x may denote any variable in XUZ. By function
symbols we sometimes mean those in ¥, as well as application and abstraction.

We use the notation |_| for various quantities besides symbols arities (length of lists, size of
expressions, the cardinality of sets), and [m..n] for the list of natural numbers from m to n.
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Positions in higher-order terms, as in first-order terms, are words over the natural numbers,
using A for the empty word, - for concatenation, <p for the prefix order (above), >p for its
inverse (below), <p and >p for their strict parts, p#q for incomparable positions (parallel),
and p >p Q (p <p O, resp.), O a set of parallel positions, for 3g € Q : p =p g (p <p ¢, resp.).

Given a term M, we use: M(p) for its symbol at position p; M|, for the subterm of M
at position p, a notion which is sometimes convenient and will be given a precise meaning
later; Pos(M), FPos(M), VPos(M), MPos(M) for the following respective sets of positions
of M: all positions, the positions of function symbols, of free variables, and of meta-variables;
Var(M) for its sets of free variables; MVar(M), MVar! (L) and MVar"™ (M) for its sets of
arbitrary, linear and non-linear meta-variables; A term M is ground if Var(M) =@, closed if
MYVar(M)=2, and linear if MVar" (M) = @. We use 7 for the set of closed terms.

2.2 Substitutions

A substitution is a map from variables and meta-variables to terms which extends to a capture-
avoiding homomorphism on terms [7]. The result to of substituting the term ¢ by the sub-
stitution o is called an instance of t. All substitutions considered here will have a finite
domain, hence can be denoted in extension as in {x; — Mi,...x, — M,} or {x — M},
where X is a list of variables or meta-variables. The substitution o is ground (resp., closed)
when so are all M;’s. The domain of o is the set Dom(o) = {x; : o(x;) # x;}; while
Ran(o) = Uxepom(o) Var(o(x)) U MVar(o(x)) is its image. A substitution o can be re-
stricted to or deprived from (meta-)variables in some set V, written oy and oy respectively.
We denote by Pos(o) the sequence {Pos(o(x;))}; of sets of positions of o.

2.3 Splitting and sticking

Given a term u and a list P = {p; i’l‘ of parallel positions in u, we define the term obtained
by splitting u along P as up = u[Z1(x1)]p, ... [Z,(Xx)]p, (u is cut below P) and its associated
substitution by ¥ = {Z; — Ax;.ulp, iz'l’ (u is cut above P), where, for all i € [1,n], X; is the
list of all variables of u|,, bound in u above p; and Z; is a fresh meta-variable of arity [|x;].
The definition of substitution for meta-variables ensures that #”u p=u. Instantiating u , by u?
amounts therefore to stick u|, in the hole of the context u[_],, an operation that may capture
free variables of u|,: splitting gives a meaning for the operation of sticking a term inside another
in terms of the familiar substitution operation. (Sticking is usually called replacement when
no variable is captured.) We denote by u[_]p a context with holes at a set P = {p;} of parallel
positions in u, and by u[v]p the term obtained by sticking each v; at position p; in u. The
brackets used in contexts may sometimes collide with those used for meta-variables, requiring
desambiguation by the user.

2.4 Reductions

Two different kinds of reductions coexist in AF, functional and higher-order reductions, both
operating on closed terms. However, rewriting open terms will sometimes be needed, in which
case rewriting is intended to rewrite all their closed instances at once.

2.5 Functional reductions

Functional reduction is the relation on terms generated by the rule B4 : (Ax.v w)—v{x > w}.

The usually omitted a-index stresses that renaming bound variables, called a-conversion, is
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built-in, that is, rewriting with B, is modulo a-conversion (only those variables bound below
the rewriting position need be renamed).

2.6 Higher-order reductions

Higher-order reductions result from rules whose left-hand sides are higher-order patterns in
Miller’s or Nipkow’s sense [8], although they need not be typed here.

Definition 1 (Untyped pattern). A pre-redex of arity n in a term L is an unapplied meta-term
Z[x] whose arguments X are n pairwise distinct variables. A pre-pattern is a ground term all
of whose meta-variables occur in pre-redexes. An untyped pattern, or simply pattern, is a
pre-pattern which is neither a pre-redex mor an abstraction.

Note that erasing types from a Nipkow’s pattern yields a pattern in our sense, since his pre-
redexes being of base type, they cannot be applied. Observe that pre-redexes in pre-patterns
can only occur at parallel positions.

We can now define higher-order rules and rewriting;:

Definition 2 (Rule). A (higher-order) rule is a triple i: L — R, whose (possibly omitted) index
i is a name, left-hand side L is a pattern, and MVar(R) € MVar(L).

The use of capital letters for higher-order rules aims at pointing out that L, R are higher-
order terms, that is, are built using the abstraction and application operators and meta-variables
of arity at least one. In contrast, first-order terms have no abstractions, no applications, and
no meta-variables of non-zero arity. We will use small letters for them, as in [ — r.

The B-reduction rule is a particular case of higher order rule written (Ax.X[x] u) — X[u].

Definition 3 (Higher-order rewriting). Given an open term u, a position p € Pos(u), and a
rule i : L — R, u rewrites with i at p, written u—l?w, iff ul, =Ly for some substitution y, and
v=ul[X[X]]p{X = AX.Ry} = u[Ry],, where X z; the list of variables of u|, which are bound
above the position p in u. We write u%v fordieR: uiw.

13
A AF -rewrite system is a pair (F,R) made of a user’s signature F and a set R of higher-
order rewrite rules on F containing beta, defining the rewrite relation of AF as ?,

AF -rewrite systems are being used in a variety of proof assistants, notably in AGDA, Is-
ABELLE, DEDUKTI, and COQ. As a higher-order rewriting format, A¥ is a Combinatory Re-
duction System [10]. This is not surprising since all other known higher-order rewriting formats
can be encoded as Combinatory Reduction Systems [11].

3 Typed rewriting structures

The role of typing is to characterize subsets of the set of higher-order closed terms that satisfy
good properties for computing. Calling generically 77 such subsets of closed terms, its elements
are called typed closed terms. Computations are meant to operate on typed closed terms, but
rewriting is based on open terms, that is terms with meta-variables.

We denote therefore by 77+ the set of typed open terms, assuming 77 € 7 T#. In order
to dispense with explicit types, we say that a typed open substitution o is well-typed for a
typed open term u if uo is a typed open term, and write o € 7 T#(u). More generally, o is
well-typed for 0 if o is well-typed for all u such that x — u € 6. Splitting allows then to define

3
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whether the replacement of a subterm at a particular position by a typed term yields a typed
term: we define u € 77 (w[-],) iff wlu], € TTh#, that is, iff {Z — Az.u} € THer(w[Z[z]]p).
We omit mention of "open/closed” when it matters not or can be inferred from the context.

The azioms that a typed structure TTy¢ such that XUZ € T T+ € Th# should satisfy (and
that T# itself satisfies) are the following:

HO 77, is closed under a-conversion, and renaming of a free occurrence of a given variable
(without capture) or meta-variable;

H1 abstraction: u € TT# iff Az.u € TT#;

H2 composition: €T Tie(u), 1€ T Tie(o) and Dom(t) N (Var(u) U MVar(u)) =2 implies
€T TaF(uo);

H3 splitting: uo € 7T implies u € T T+ and o € T Tie(u);

H4 patterns: if L is a pattern, then L € T7,+.

Interpreting membership to 77+ by Curry-style typability for some typing context, sets
of typed terms satisfy these assumptions for all usual type systems that have the unique type
property.

Typed structures enjoy a few more important closure properties, notably subterm, mono-
tonicity, stability, as well as unifiability:

Lemma 1 (Unifiability). Let u, v be two terms unifiable by a substitution o such that uc = vo is
well-typed, that is, uo € T Ty Then, Yw[_] such that (Var(w[_])UMVar(w[_])) NDom(c) =
2, u €T Tagwl-]) iff ve T Thrpwl-]).

4 Unification in typed rewriting structures

We now investigate a major property of typed rewriting structures, the existence of most general
unifiers for solvable critical pair equations, that is, equations U = V such that one of U,V is a
left-hand side of rule, and the other a subterm of a left-hand side of rule. In other words, if
the equation U =V is unifiable in the untyped world, then it is unifiable in a typed structure.
Further, the most general unifier of the untyped structure happens to belong to any typed
structure, hence must be most general in any typed structure.

Definition 4. A unification (equational) problem is a conjunction of elementary equations. An
elementary equation is either the constant L or is of the form u = v in which u is a pre-pattern
and v is a pre-pattern.

A set of transformation rules for higher-order unification of untyped patterns is described
in [4] for linear patterns and meta-variables having a bounded arity, and its extension to non-
linear ones is also sketched, following the standard path by adding a Merge rule. These unifi-
cation rules are recalled in Figure 1. They are essentially those for simply typed patterns [9],
see also [6]. As usual, the rules transform elementary equations into a conjunction thereof until
some solved form is eventually obtained. They use the following definition:

Definition 5. A free variable x € X is protected in a pre-pattern u if all its occurrences in u
belong to a pre-redex of u. We denote by UV ar(u) the set of unprotected variables of u.

4
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Dec-Fun  f (i) = £ () — AN =y if e FuZu{@}

Dec-Abs  Ax.u = Ay.v — ufx— z}=v{yz} with z fresh

Merge X[X]=uArX[y]=v — Xzl=ufx—> 3 rulx—>7t=0v{y >z} if |ul < |v|

Swap u=Y[y] — Y[yl =u if u is not a pre-redex

Flip  X[¥] =Y[7] — Y[7] = X[¥] if |X| - || > |¥] - I5]
—>

Drop  X[¥] =ul[¥[7]], X[3] = ulZ[2]ly AYIT] = Z[2)
where Z=yN (XU BVar(u)) and Z fresh s.t. |Z]| =|Y| - |y¥]| +|zl,
if Yy xUBVar(u),|X| = x| if u(r) e FU{Q,A}, UVar(u) Cx
and [Y| - [¥] > [X| - [%] if ¢ = A,
where UVar(u) denotes the set of variables of u whose one occurrence
does not occur in an argument of a meta-variable.

Figure 1: Non-failure unification rules for equational problems

For an example, x is protected in f(g(X[x]),X), but not in f(g(X[x]),x) because of its
second occurrence. Protected variables can be eliminated from a term by appropriately instan-
tiating its meta-variables as done in the Drop rule.

The first rule of Figure 1 is the same as that for first-order unification. Dec-Abs is the
particular case for abstractions. Merge eliminates all occurences of a non-linear meta-variable
but one. Swap, Flip and Drop put the equations in a format appropriate for extracting the
most general unifier.

The rules of Figure 1 suffice when a unification problem is known to be solvable, otherwise
failure rules are also needed to detect non-unifiability. These rules are recalled in Figure 2.
An important known observation exploited in rule Fail-Protect is that elementary unification
problems for which a free variable occurs unprotected on one side, and does not occur at all on
the other side, have no solution.

Theorem 1. Assume o is a well-typed unifier for some critical pair equation U = V. Then,
mgu(U=V) € TT#(U,V). It is obtained by applying the rules of Figure 1 until no more possible.
Non-unifiability of an equational problem Pq is obtained when the whole set of rules fails, that
is, returns the constant L.

Therefore, unifiability of typed patterns, and the expression of a most general unifier, does
not depend upon a particular Curry-style type system for the lambda calculus, provided that
the type system satisfies our axioms. This new result was already observed in particular cases.

Once soundeness of the rules is proved, the proof given in [5] is based on the preservation by
the unification rules of Figure 1 of an appropriate invariant expressing that some substitution
is a solution of the starting unification problem. In case no solution is known, the proof relies
on termination of the whole set of unification rules, which must therefore end up with an
application of global-Failure in case no solution exists to the starting unification problem.

Conflict fu)y=g(v) — L if f,ge FUXU{Q,A} and [ +#¢g
Fail-Protect X[x]=u — 1 ifzeUVar(u) \x
Global-Failure P A L — 1L

Figure 2: Failure unification rules
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Let us illustrate some rules, using meta-variables according to our convention.

f(1z.X[z]) = f(1z.2) Do hun Az.X[z] = Az.z e hbs X[z] =z

fAz.X)=f(1z.z2) — AzX=Azz7 — X=z — 1
Dec—Fun

Dec—Abs Fail-Protect
fQy.fU)) = f(X) Der hun . fU) =X e X =y.f(U) e i X[yl = fU)
fY) = f(ay.f(U)) Deeoun L = Ay.f(U) e ans Y[yl = f(U)Faiﬁmyi

T= /ly.Y[y]Mem—_>AbsT[y] =Y[y] e Y[yl =TI[y]
Y[z] = ATy, Z]Mem__’A WY [z.x] =Ty, z] DT;pY[z,x] =Z[z) AT[y,z] = Z[z]

(where Z is a fresh variable of arity 1)

Since Associativity and Commutativity define a syntactic theory whose unification algorithm

can be expressed by rewrite rules [1], we conjecture that AC-unification of higher-order patterns
does not depend either upon a particular type system satisfying our axioms. Whether these
result also extend to type systems having a principal type instead of a unique type is also open.
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