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Abstract

A notion of type assignment on Curryfied Term Rewriting Systems is introduced that uses
Intersection Types of Rank 2, and in which all function symbols are assumed to have a type.
Type assignment will consist of specifying derivation rules that describe how types can be
assigned to terms, using the types of function symbols.

Using a modified unification procedure, for each term the principal pair (of basis and type)
will be defined in the following sense: from these all admissible pairs can be generated by
chains of operations on pairs, consisting of the operations substitution, copying, and weaken-

ing.
In general, given an arbitrary typeable GII'RS, the subject reduction property does not hold.
Using the principal type for the left-hand side of a rewrite rule, a sufficient and decidable
condition will be formulated that typeable rewrite rules should satisfy in order to obtain this

property.

Introduction

In the recent years, several paradigms have been investigated for the implementation of func-
tional programming languages. Not only the Lambda Calculus (LC) [10], but also Term
Rewriting Systems (TRS) [28] and Term Graph Rewriting Systems (TGRS) [12] are topics of
research. LC (or rather Combinator Systems) constitutes the underlying model for the func-
tional programming language Miranda [37], TRS were used in the underlying model for the
language OBJ [22], and TGRS were the model for the language Clean [13, 32].

For the implementation of a language, independent of the chosen implementation model,
the notion of types plays an important role. Types are essential to obtain efficient machine
code when compiling a program and are also used to make sure that the programmer has a
clearer understanding of the programs that are written. In fact, type assignment to programs
and objects is a way of performing abstract interpretation that provides necessary information
for both compilers and programmers.

Since functional programming languages had their origin in LC, formal notions like type
assignment or strictness analysis, used for those languages, are often studied on the level of
LC. Several authors, when presenting new notions of type assignment to be used in program-
ming, presented their results within (extended) lambda calculi (see, for example, [30], and
[31]) that are normally extensions of the Curry Type Assignment System [19].

The scope of this paper is to develop decidable intersection type assignment in the context
of TRS. The restriction studied in this paper of the Intersection Type Discipline (ITD) for LC
as presented in [16, 11, 1, 3] is the one suggested in [29]: the limitation of the set of types to
intersection types of Rank 2. In that paper is stated that (part of) the type assignment system



Fundamenta Informaticae, 26(2):141-166, 1996 2

for ML can be seen as a restriction of ITD when types are limited in that way. However, using
Rank 2 intersection types significantly extends the set of typeable terms as well as the accuracy
of derivable types. Moreover, sometimes a program that is correct in the programmers mind
can be rejected because of type errors, while it could be accepted after the programmer has
rewritten the specification. Such a rewrite would not be necessary if Rank 2 types are used
(see Subsection 1.2 for an example).

In [2], Curryfied Term Rewriting Systems (GII'RS) were defined as the TRS that contain a
special binary operator Ap.! The motivation for the use of Curryfied TRS instead of the general
first-order TRS is the following. The notion of type assignment as studied in this paper uses
higher-order types: in general, a term ¢ can have a type c—1, a type that expresses that ¢ is
considered to be a function. Given a term t’ of type o, it is natural to allow for the application
of t to t/, creating in this way a term of type 7. This calls for the introduction of a notion of
explicit application into the first-order rewrite systems, and, therefore, in this paper systems
equipped with a binary function Ap are considered. Using this Ap, also Curryfied versions of
function symbols (other than Ap), and related rewrite rules can be expressed, thus enlarging
the expressive power of the rewrite system. In this way, it is possible to formulate a typeable
first-order rewrite system that has full Turing-machine power (see Definition 2.7).

For these systems, in [4] strong normalization of typeable terms has been proved, provided
that recursive rules do not surpass the complexity of primitive recursion (for details, see [4]); a
head-normalization result was shown to hold in [5] for systems that are a slight restriction of
those considered in [4]. The notion of type assignment presented here is a restriction of those
presented in [2, 4, 5] in that types are restricted to those of Rank 2; in particular, the result of
[4] applies: given the there defined restriction on recursive rewrite rules, typeable terms are
strongly normalizable.

Although it may seem straightforward to generalize type assignment systems for LC to the
(significantly larger) world of TRS, it is not evident that those borrowed systems have still
all the properties they possessed in the world of LC. For example, type assignment in TRS
in general does not satisfy the subject reduction property, i.e.: types are not preserved under
rewriting, as illustrated in [6]. Moreover, this paper aims to present type assignment for
languages that allow for patterns, and as discussed in Section 6.1, notions of type assignment
with intersection types for LC and TRS are, in general, incomparable, and cannot be ported
from one to the other.

Recently, some results have been obtained in the field of typed TRS [20] and the combination
of those with (intersection) type assignment systems for LC (e.g. [7], [8], [9]).

Using essentially the solution of [6], also for the system as presented in this paper we will
prove that type assignment is closed for subject reduction. To obtain this result, first the three
operations specified (Subsection 3.1) are proven to be sound on typeable terms (Theorem 3.8).
Then principal pairs are defined for terms (Definition 4.2), followed by the proof that every
typeable term has a principal pair (Theorem 4.13). Using the principal pair of the left-hand
side, type assignment on rewrite rules is defined (Definition 5.1) that is proven to be sufficient
for the subject reduction result (Theorem 5.6). Since it is decidable if a term has a principal
type, also the restrictions that rewrite rules should satisfy to obtain subject reduction are
decidable.

! In fact, there the name Applicative TRS is used; the set-up of the systems defined in this paper is almost the
same as the one used there.
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1 Context of this paper

1.1 Rank 2 type assignment for Lambda Calculus

In this subsection, we will briefly discuss a notion of Rank 2 type assignment for LC (the
system presented here is not the only one possible: a variant could be to consider also the
empty intersection, but we will not take that direction here).

Intersection types of Rank 2 are a true subset of the set of intersection types as defined in
[16, 11, 1, 3], and only a minor extension of the set of Curry-types. They are defined by:

Definition 1.1 i) 7¢, the set of Curry-types is inductively defined by:

a) All type-variables @g, ¢1, ... € Tc.
b) If o, T €7Tc, then c—T1 € Tc.

it) T is defined by: If 07....,0,, € Tc (n > 1) then o1n---nNoy, € T1.

iti) T is inductively defined by:
a) If o € T, then o € T5.
byIfceTi, T€T,, theno—1€Ts.

iv) Tr, the set of intersection types of Rank 2 is defined by: if 0y....,0, € T2 (n > 1) then o1n- - -N0oy, € Tr.

The next definition presents a partial order relation < on 7, that is induced by intersec-
tions. This relation is used to define an equivalence relation ~ on types. Types ¢ and T are
equivalent under this relation if ¢ can be obtained from T by permuting subtypes that are part
of an intersection subtype.

Definition 1.2 i) On 7T, the relation < is defined by:
a)V1<i<n (n>1) [nn---noy < 0i].
byVi<i<n (n>1)[c <0;] = o <on---noy.
c)oc<t<p = 0<p.
if) On 7Tg, the relation ~ is defined by:
a)Foro,teTrio<t<0 = 0~T.
by Foro—=t1,p=pucTrRio~p & T~y = 07T~ p—.

In this paper, types are considered modulo ~ . Therefore, pn(cnT) = (onc)NT, and cNo—7 =
c—T. Unless stated otherwise, if 011 - -Noy, is used to denote a type, all 03....,0; are assumed
to be in 75.

Definition 1.3 i) A statement is an expression of the form M:o, where M € A and 0 € Tr. M
is the subject and o the predicate of M:c.

i) A basis is a set of statements with distinct term-variables as subjects and types in 77 as
predicates.

iii) Two types (bases, pairs of basis and type) are disjoint if and only if they have no type-
variables in common.

Notice that, in bases, only types in 7; are allowed as predicates.

Definition 1.4 i) The relation < is extended to bases by:

B<B < Vxo' e€B dxoeB[oc <]
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ii) If By, ..., By, are bases, then I1{By, ..., B,} is the basis defined as follows:
x:o1N---N0y € II{B1, ..., By} if and only if {x:07, ..., x:05,} is the set of all statements
whose subject is x that occur in BiU---UB,,.
Notice that II{B;, ..., B,} is well defined, since if oy, ..., 0y, are predicates of statements in
B1U---UB,, then all o7, ..., 0y, and o1n- - -N0oy, are elements of 77.

Definition 1.5 For LC, Rank 2 type assignment and Rank 2 derivations are defined by:

M.c—1t N:ior

[x:01] T [x:07] (—E):
: MN:T
(ol —ET
 — (a . )
A Moot (). M:oqw ... Moy, (n>1)

M:o1n---Noy,

(a) If x:0q, ..., x:0, are all and nothing but the statements about x on which M:T depends,
and ¢ < oyn---Noy. If x does not occur free in M, so no statement with subject x is used
to obtain M:t, then o € 7.

It is possible to show that the system presented in this way has the principal type property,
and that type assignment is decidable. The technique to prove the first of these properties
is very similar to the one used in this paper: specifying operations on types that are proven
sound, to define principal pairs and to show that the specified operations are complete, i.e.
every correct pair for a typeable term can be obtained from its principal pair by applying some
sequence of operations to it. Because of the strong similarity in approach, we will not present
the details of such a result; instead, in Subsection 6.1, we will briefly discuss the fundamental
differences between the two systems.

To avoid confusion, it is necessary to point out that there also exists a notion of type assign-
ment that is called the Rank 2 Polymorphic Type Assignment System, defined in [25]. This
system is an extension of Milner’s system, by allowing for the V-type constructor to occur also
on the left-hand side of an arrow-type, instead of only at top level. (It is also a restriction
of the Polymorphic Type Discipline [23], where types are restricted to polymorphic types of
Rank 2.) As in the system presented here, type assignment in that system is decidable.

1.2 Intersection type assignment versus ML type assignment

In [29] was remarked that (part of) the ML Type Assignment System [30] can be seen as a
restriction of the ITD [11] by limitation of the set of types to intersection types of Rank 2. This
observation can be understood by the following intuitive argument:

The ML Type Assignment System is in fact a type assignment system for an extended
lambda calculus. This calculus is defined by:

Definition 1.6 i) The set of ML terms, Exp, is defined as A, the set of lambda terms, extended
by:
a) If M, N € Exp, and x a term-variable, then (let x = N in M) € Exp.
b) Y € Exp.
ii) The notion of reduction on Exp, — v, is defined as — 4, extended by:
a) (let x =N in M) =y M[N/x].
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With this extended notion of reduction, the terms (let x = N in M) and ((Ax.M)N) are both
denotations for reducible expressions (redexes) that both reduce to the term M[N/x]. How-
ever, the semantic interpretation of these terms is different (for details of this semantic, see
[30]). The term ((Ax.M)N) is interpreted as a function with an operand, whereas the term
(let x = N in M) is interpreted as the term M[N/x] would be interpreted. This difference is
reflected in the way the type assignment system treats these terms.

In fact, the let-construct is added to ML to cover precisely those cases in which the term
((Ax.M)N) is not typeable, but the contraction M[N/x] is, while it is desirable for the term
((Ax.M)N) to be typeable. The problem to overcome is that, in assigning a type to ((Ax.M)N),
the term-variable x can only be typed with one Curry-type; this is not required for x in
(let x = N in M). When assigning a type to that term, first the ‘operand’ N is typed by, say,
the Curry-type 0. Suppose M is typeable with the type 7, and the n free occurrences of x in
M are typed by the Curry-types 07....,0;, respectively. If for every o; there is a substitution S;
such that S;(0) = 0;, then also (let x = N in M) is typeable by .

BU{x:wo}t x:0 BU{xwo}F x:o
—— - " aNsT) - ——— 1 7" (INST)
BU{x:wo} F x:0q BU{x:o} - x:0
BU{x:wo}+ M:T BF Nwo
BE (let x=Nin M):T

(LET)

Under those conditions, however, the term ((Ax.M)N) can be typed in the Rank 2 system,
because there the term (Ax.M) can be typed by oin---no,—T. Also, since B - N:c, and type
assignment in the Rank 2 system is closed for substitution of types, N is typeable by every o;.
So, when using intersection types, the let-construct is not needed.

[x:07] o [x:0,]
M:T N:o; --- N:o,
Ax.M:o1n---Noy—T N:o1n---noy,
(Ax.M)N:t

Notice that the construction sketched above uses only Rank 2 intersection types.

The Rank 2 system and Milner’s system are not really equivalent, because there are terms
that are typeable in the former and not typeable in the latter, like the term Ax.xx. Moreover,
when using the ML-type checker it can be that a program is rejected because of occurring type
conflicts, whereas it could be accepted after the programmer has rewritten the specification,
by performing in advance some of the reductions. Such a rewrite would not be necessary if
Rank 2 types are used.

Example 1.7 Take the following Miranda program:

Add x y =X+Yy
LengthList[] =0

LengthList (a:b) = 1 + (LengthList b)
Ffgci =f(gc)(gi)

F Add LengthList ['a’,b’,c’] [1,2,3]
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When using Milner’s approach to type this program (as is done in Miranda), the last term
in this program gives a type-error, since the type derived for the symbol F is:

F oo (ok—xk—okokk) —> (k—>k%) —> % —> % —> K%k,

and the types [char] and [num] cannot be unified. (Notice that the definition for F corresponds
to the ML-term (Afgci.f(gc)(gi)).) It is possible to modify this into a typeable program, by
replacing the definition for F:

Add x y =X+Y

LengthList[] =0

LengthList (a:b) = 1 + (LengthList b)

Ffci = f (LengthList c) (LengthList i)
F Add ['a’,b’,c’] [1,2,3]

but of course this is not the same program. Notice that in this modification, the definition for
F has been replaced by the ‘ML-term’ (let ¢ = LengthList in Afci.f(gc)(gi)).
Using intersection types, however, the first definition of F is typeable with

F oo (k= skotorok—bkokx) — ((k—>kk)N(Hokok—>kkokkok)) — % —> kokkk —> fokok,

so third and fourth argument need not be of the same type, which makes the last term ty-
peable. Notice that this last type for F is an intersection type of Rank 2.

But not only the class of typeable terms is significantly extended when intersection types of
Rank 2 are used, also more accurate types can be deduced for terms. For example, the term
SKSI (where S, K and [ are the well-known lambda terms) has in the Rank 2 system a more
general principal type than in the ML system; in the notion of type assignment as presented
in the previous subsection, the principal type for SKSI is ¢p— ¢, whereas in Milner’s system
itis (po— @1)— @o— @1 (see Example 4.8). This implies, for instance, that more accurate types
can be deduced for programs that are translated into combinator expressions.

The here noted equivalence gives rise to the idea that the ML-Type Assignment System (and
in particular, the unification algorithm for that system), and the limitation of the ITD to Rank 2
are as far as decidability is concerned, equivalent. In fact, the results of this paper show that
type assignment in the here presented notion of Rank 2 type assignment is decidable. This
is accomplished mainly by showing that the unification procedure as defined in this paper is
always terminating.

1.3 GRS versus Function-Constructor systems

The kind of rewrite systems presented in this paper is an extension to those suggested by
most functional programming languages. Such languages, like Miranda for instance, allow
for the formal operand of a function to have structure. This makes definitions like

In-left (Pair (x,y)) — X
In-right (Pair (x,y)) —y

possible. The subterm Pair(x,y) in the definitions of both In-left and In-right is called a pattern,
and the term In-right ¢, for example, can only be reduced when there are terms #; and ¢, such
that t = Pair(t1,t2). As suggested by this example, languages like Miranda allow programmers
to specify an algorithm (function) as a set of rewrite rules, although there is a restriction on
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the kind of patterns that is allowed: the symbols of the language are divided in two groups,
function symbols and constructors. Constructors are meant to construct objects of a specific
algebraic data type (hence their name), and are only allowed to occur in a pattern when
supplied with all the required arguments.

The reason to distinguish between function symbols and constructors is fundamental, and
lies directly in the fact that programming languages in this class are in fact sugared lambda
calculi: only those patterns are allowed that can be translated to LC. When translating function
definitions using patterns to pure lambda terms through a mapping [[ ]|, at a certain stage it is
necessary to deal with the pattern. One approach could be to, given the rewrite rule F(P) — E,
define that

[[FIl = (Av.IF (v = [[P]]) [[E]] FAIL)

but this gives only a solution for certain cases. The problem is that the function ‘=’, i.e. equality
between lambda terms, cannot be expressed in LC: there exist no lambda term that is capable
of deciding if two terms are the same (this is known as the problem of separability). Only
in specific cases, like for example when dealing with Church-numerals, lists, or pairs, it is
possible to express equality. To guarantee that patterns in function-constructor systems can
be adequately translated to LC, the only patterns allowed are those based on data structures,
using constructors (see, for an extensive treatment, Chapter Six of [34]). So functions symbols
are not allowed to occur in patterns; for example, a definition like

Pair (In-left(x),In-right(x)) — x.

is, given the two rules above, not allowed.

A difficulty with these three rules together, is that they form Klop’s famous ‘Surjective
Pairing” example [27]; this function cannot be expressed in LC because when added to LC,
the Church-Rosser property no longer holds. This implies that, although both LC and TRS
are Turing-machine complete, there is no general syntactic solution for patterns in LC, so a
full-purpose translation (interpretation) of TRS in LC is not feasible. It is this fundamental
impossibility that prohibits rules like the last one: in order to be able to apply that rule to a
term

Pair(In-left(t1)),(In-right(¢2)),

the terms t; and ¢, have to be equivalent, something that cannot be expressed in LC.
For a very elegant discussion of a lambda calculus with patterns, see [33].

The kind of programming language we aim at uses more general rewrite systems than just
function-constructor systems. The systems considered in this paper do not discriminate
against the varieties of function symbols that can be used in patterns. As such there is no
distinction between function symbols and constructor symbols; the extension made consists
of allowing for not only constructor-symbols in the operand space of the left-hand side of
rewrite rules, but all function symbols. Since function-constructor systems are a true restric-
tion of the systems considered here, the results obtained in this paper apply also there.

1.4 The limitations of many-sorted rewrite systems

One way to study type assignment on TRS is to work within the framework of first-order
many-sorted rewrite systems, as used in the underlying model for the language OBJ [22]. The
differences between that approach and the one taken in this paper are significant.
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First of all, first-order many-sorted rewrite systems are far less general than those suggested
by functional programming languages: rewrite rules are considered to specify operations over
data-types, instead of over arbitrary objects. This implies that an enumerable collection of sorts
is defined, and it is assumed that every F with arity n has a type sy x---xs,—s,41, where sy,
..., Su41 are sorts. Using this approach, every F has in fact only one type, so in particular
no function symbol can be called polymorphic. Moreover, the biggest shortcoming of this
approach is that neither one of the arguments of a function symbol, nor the result of applying
a function symbol to sufficiently many arguments can have a type that is not a sort: ‘higher-
order’ types are not allowed.

The notion of type assignment as presented in this paper is combining the approach taken in
those multi-sorted, first-order rewrite systems, with the one commonly used for type assign-
ment in LC. Compared to the multi-sorted systems, the main change is to allow for higher-
order types. In multi-sorted systems, a term containing the binary function Ap can be typed,
but only in one way; by definition, there are sorts sy, s, and s3 such that Ap has type s xs;—s3.
In order to get a notion of type assignment that resembles notions for LC, in this paper the
type used for Ap is the one implicitly used in the derivation rule (—E). That rule describes
what the relation is between the types assigned to the left-hand term in an application, to the
right-hand term, and to the application itself.

M. oc—1t N:ior

E):
(=E) MN:T

This scheme gives that the natural type-scheme for Ap should be (¢c—T)xc—T - or, in a
different notation, (¢c—7)—0—T — so in particular the left-hand argument has an arrow-type.
This extension invokes the possibility to assign arrow-types to all objects.

2 Curryfied Term Rewriting Systems

In this paper, type assignment on Curryfied Term Rewriting Systems is studied, that are
defined as a slight extension of TRS as defined in [28] or [20]. In the literature, several different
formal definitions of TRS exist. The one chosen in this paper is that of functional, first-order
systems: terms are constructed from term variables and function symbols that have a fixed
arity greater than or equal to zero, and each function symbol can only be used with the right
amount of arguments present.

Definition 2.1 An alphabet or signature X consists of:
i) A countable infinite set X’ of variables xq, X2, X3, ... (Orx,y, z,...).

if) A non-empty set F of function symbols F, G, ..., each with an ‘arity’ (a natural number),
i.e. the number of ‘arguments’ it is supposed to have.

ii1) A special binary operator, called application (Ap).
Definition 2.2 The set T(F X') of terms (or expressions) is defined inductively by:
) X CT(FX).
i) If F € F U{Ap} is an n-ary symbol (n >0),and t1, ..., t, € T(FX), thenF (t1,...,t,) € T(FX).
The t; (1 <i<n) are the arguments of the last term.
Definition 2.3 A replacement R is a map from T(F X') to T(F X) satisfying
R(F(t1,...,ty)) = FR(t1), ..., R(t,)).



Fundamenta Informaticae, 26(2):141-166, 1996 9

So, R is determined by its restriction to the set of variables; we will write R instead of R(#).

Definition 2.4 i) A rewrite rule r is a pair (I,r) of terms in T(F X), also written as r: [ — r.

Three conditions will be imposed:

a) 1l is not a variable.

b) The variables occurring in r are contained in /.

c) If Ap occurs I, then r is of the shape:
Ap(Fi—1(x1, -, Xim1), X)) = Filxy, ..., )

For every (unindexed) F € 7 U {Ap} with arity n there are n additional rewrite rules:

Ap(Fr—1(x1, -+, Xn—1), Xn) — F(x1, ..., Xn)

Ap(F1(x1),x2) — Fa(x1,x2)
Ap(Fo, x1) — F1(x1)
The function symbols F,,, ..., F1, Fo, are the Curryfied versions of F.
if) A rewrite rule r: [ — r determines a set of rewrites I® — R for all replacements R. The

left-hand side IR is called a redex; it may be replaced by its ‘contractum’ r® inside a context
C[ ; this gives rise to rewrite steps:

C[IR] —, C[R].

iii) — is called the one-step rewrite relation generated by r. Concatenating rewrite steps (pos-
sibly infinite) rewrite sequences to — t; — t; — --- are obtained.

Because of the added rules for Fo, ..., F,, the rewrite systems considered in this paper
are called Curry-closed. When presenting a rewrite system, however, only the rules that are
essential are shown, not the rules that define the Curryfied versions.

Definition 2.5 A Curryfied Term Rewriting System (GIIRS) is a pair (X,R) of an alphabet X and
a set R of rewrite rules.

In a rewrite rule a certain symbol is defined; it is this symbol to which the structure of the
rule gives a type.

Definition 2.6 In a rewrite rule r, the leftmost, outermost symbol in the left-hand side that is
not an Ap, is called the defined symbol of r. Then r defines F, and F is a defined symbol. Q € F is
called a constant symbol, if there is no rewrite rule that defines Q.

When the dependency-graph of the defined function-symbols of a GIRS is drawn (i.e. a
graph is constructed whose nodes are labeled by the defined symbols of the rewrite rules,
with a directed edge going from F to G if G occurs in the right-hand side of one of the rules
that define F) then in that graph cycles can occur, like for the rewrite system

F(x) — G(x)
G(x) — F(x)

A defined symbol F is called a recursive symbol if it occurs on a cycle in the dependency-
graph, and every rewrite rule that defines F is called recursive. All function-symbols that
occur on one cycle in the dependency-graph depend on each other and are, therefore, defined
simultaneously. This in fact forces to give a different notion of defined symbol; the two rewrite
rules above are called mutually recursive, and both define the symbols F and G. To avoid this
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problem, rules are assumed to be not mutually recursive.

Notice that the definition of recursive symbols, using the notion of defined symbols, is
different from the one normally considered. Since Ap is never a defined symbol, the following
rewrite system

D(x) — Ap(x, X)
Ap(Do, x) — D(x)

is not considered a recursive system. Moreover, the term D(Dg) has no normal form (this term
plays the role of (Ax.xx)(Ax.xx) in LC). This means that, in the formalism of this paper, there
exist non-recursive first-order rewrite systems that are not normalizing.

Definition 2.7 Curryfied Combinatory Logic (CCL) is the GIRS (X,R), where F = {S, Sy, S1, So,
K, K1, Ko, I, Ip}, and R contains the rewrite rules

S(x,y,2) = Ap(Ap(x, 2), Ap(y, 2))
K(x,y) — x
1(x) — X

and their Curryfied versions. Since CCL is Curry-closed, it is even combinatory complete:
every lambda term can be translated into a term in CCL; for details of such a translation, see
[10, 21].

Example 2.8 In general, if the left-hand side of a rewrite rule is F(ty,...,t;), then the t; need
not be simple variables, but can be terms as well, as for example in the rewrite rule

M(S2(x,y)) — S2(lo. )

It is also possible that for a certain symbol F, there are more than one rewrite rule that define
F, as for example for the rewrite rules:

F(x) = x
F(x) — Ap(x, x)

3 Rank 2 Intersection Type Assignment

The notion of type assignment presented here is defined following the type assignment strat-
egy as used for languages like ML and Miranda. In particular, the way of dealing with func-
tion symbols that are defined by more than one rewrite rule as used in Miranda is copied, as
well as the way of dealing with untyped recursive definitions. (This is a slightly more liberal
way of dealing with recursion than used for ML. In [31, 26] another extension of the way of
dealing with recursion in the ML-system is presented, in which type assignment is no longer
decidable, but that is nevertheless used for type checking in Miranda. This system was used
for the notion of type assignment defined in [6], but will not be used here.)

Compared to the notion of type assignment used in OB]J, the system here is an extension by
allowing for higher-order types as well as polymorphism.

3.1 Operations on pairs

In this subsection, three operations on pairs of basis and type are defined, namely substitution,
copying, and weakening. In Theorem 3.8 it will be proved that these operations are sound:
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they return admissible pairs for a term when applied to an admissible pair for that term (see
Definition 3.7 (ii), and in Theorem 4.12 that they are complete: they are sufficient to generate
all admissible pairs for a term from its principal pair.

In this paper, substitution is defined as the operation that replaces type-variables by elements
of Tc. Although perhaps this is a more restricted kind of substitution than could be expected,
it is a sound operation and will be proven to be sufficient.

Definition 3.1 The substitution (¢ — «) : TR — Tr, where ¢ is a type-variable and « € 7¢, is
defined by:

(= a) () =

(¢ — a)(¢') =¢ifp#¢

(¢ a)(c—1) = (¢~ 1) (@)= (¢ a)(7)

(¢ = a)(1n---noy) = (@ — ) (1) N (@ — &) ().

If S1 and S, are substitutions, then so is 51055, where 51055 (0) = 51 (S2(0)). Substitutions are
extended to bases by S(B) = {x:S(0) | x:c € B}, and S({(B,0)) = (S(B),S(0)).

Substitution is normally defined as the operation that replaces type-variables by types, with-
out restriction. In general, this definition would not be correct for the Rank 2 system, since,
for example, the replacement of the type-variable ¢ in ¢— ¢ by the type (c—7)noc—7 would
give a type that is not an element of 7x.

The next operation on pairs, copying, can be seen as a very simple version of the various
operations of expansion as defined in [17, 36, 3]. For readers familiar with those definitions of
expansion: copying is a total expansion, that is not ‘computed”: all type-variables occurring
in basis and type are copied. It is an operation on types that deals with the replacement of a
type by an intersection of a number of copies of that type.

Definition 3.2 Let B be a basis, o € T, and n > 1. The triple <n,B,0> determines a copying
CenBo>: TR — TR, that is constructed as follows: Suppose V = {¢1, ..., ¢} is the set of all
type-variables occurring in (B,c). Choose m x n different type-variables go%, e @1, -, go}n,
..., ¢, such that each q);- (1<i<n, 1<j<m) does not occur in V. Let S; be the substitution

that replaces every ¢; by (p; Then

Cane> (1) = S1(T)N- NS, (7).
Copying is extended to bases and pairs by: C.;ps~(B") = {x:C<ypo~(p) | x:p € B'}, and
C<n,B,(7> (<B//0J>) = <C<n,B,(7> (B/)/C<n,B,U> <0J)>-
To simplify notation, <n, B,c> will be written instead of C.;, gy~

Notice that if T does not contain type-variables that occur in V, then <n,B,c>(7) = Tn---NT,
which is by definition of ~ the same as 7.
The last operation is that of weakening; it replaces a basis by a more informative one.

Definition 3.3 A weakening W is an operation characterized by a pair of bases (Bo, B1) such
that B; < By, and is defined by: if B = By, then W((B,0)) = (By,0), and W((B,0)) = (B,0),
otherwise.
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Definition 3.4 i) A transformation sequence is an object <Oy, ...,0,>, where each O; is an op-
eration of substitution, copying, or weakening, and

<04,...,0,>((B,0)) = O,(---(01((B,0)))---).

i) On transformation sequences the operation of concatenation is denoted by x*, and:

<Ol,...,OZ->*<OZ-+1,...,OH> = <04,...,0,>.

ii1) A type-chain is a transformation sequence <Oy, ...,0,> of operations of substitution and
copying only, and is extended to types by:

<01,...,0,>(0) = Op(---(01(0))- ).

iv) A chain is a type-chain concatenated with one operation of weakening.
v) We say that Chy = Chy, if for all o, Chy(0) = Cha(0).

For type-chains, the following properties hold:

Lemma 3.5 Let Ch be a type-chain.
i) There are a copying C and substitutions Sy, ..., Sy, such that Ch = <C,51,...,5,>.

ii) If 0 € T, and Ch (o) € T, then there is a substitution S such that Ch(c) = S (o). Without loss
of generality, there is also a type-chain Ch’ such that Ch = <S> Ch'.

iii) If o € Ty, and Ch (o) € Tr, then there are y....,0, and substitutions Sy, ..., Sy, such that Ch (o)
= 09N+ - N0y, and, for every 1<i<n, S;(0) = 0;.

Proof: Easy, using part (i in part (7ii. O]

3.2 Rank 2 type assignment in GITRS

The type assignment system presented in this paper is a partial system in the sense that not
only will be defined how terms and rewrite rules can be typed, but it is also assumed that
every function symbol already has a type, stored in an environment, of which the structure
is usually motivated by a rewrite rule. In fact, this approach is very close to the one taken in
[24], where the principal Curry-type scheme of an object in Combinatory Logic is defined.

Definition 3.6 Let (X,R) be a GII'RS.
i) A mapping £ : F — 7T is called an environment if, for every F € F with arity n, £(F) =
EFp—1)=---=E(Fo).
ity For F € F, 0 € T, and £ an environment, the environment £[F:=0c] is defined by:
EF:=0](G)=0, ifGe{F F,_1,...,Fo}
E[F:=0](G) = £(G), otherwise.

Type assignment on GII'RS is defined in two stages. In the next definition type assignment on
terms is defined, and in Definition 5.1 type assignment on term rewrite rules will be defined.

Definition 3.7 Let (X,R) be a GIRS, and £ an environment.
i) Type assignment and derivations are defined by the following natural deduction system.
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xo oo<T t.oy ... tioy,
(£): ————— (€T, teTo) (A): ——— (a)
X:T t.oin---Noy,
(Ap) tiio—T1 tr.or ( T 7 ) tiiop ... tyioy )
p): —— (t€'/p,0€ :
Ap(ty,t):T F(t1,...,th):0

(a) If n > 1, and for every 1<i<mn, 0; € T,.
(b) if there exists a type-chain Ch such that Ch(E(F)) = 09— --—0,—0, and for every
0<i<n,o; 7.
ii) Lett € T(F X') be typeable by o with respect to £. The notation B t-¢ t:0 is used to express
that B is a basis that contains at least all the statements with variables as subject that occur
in the derivation for t:0. Then (B, o) is called an admissible pair for t.

An environment does not provide a type for Ap; instead in rule (Ap) it is defined how
an application should be typed; this is because although ¢—7 and ¢ € 77, not necessarily
(c—=T1)—0—TE TS

The use of an environment corresponds to the use of ‘axiom-schemes’, and the use of a chain
in rule (F) to the use of ‘axioms’ as in [24], and corresponds to the use of a ‘combinator
basis” and the axioms in Definition 3.2 of [21]. The combination of those two definitions also
introduces a notion of polymorphism into the type assignment system of this paper. The
environment returns the “principal type’ for a function symbol; this symbol can be used with
types that are “instances’ of its principal type.

The following theorem shows the operations are sound on derivations; in Theorem 5.4, we
will prove a soundness result for rewrite rules.

Theorem 3.8 i) Let S be a substitution. If B ¢ t:0, then S(B) F¢ £:S(0).
ii) Let C be a copying such that C((B,c)) = (B',d’). If Bl¢ t:o, then B' F¢ t:0’.
iii) For every t € T(F X): if B¢ t:0, then, for every weakening W: if W((B,o)) = (B,0’), then
B' k¢ 0.

Proof: Part (i follows by straightforward induction, part (ii follows by Definition 3.2, part (i
and rule (NI), and part (iii follows by an easy induction.

4 Completeness of operations on pairs

In this section, the principal type property will be shown to hold for the here presented type
assignment system: for every term f typeable with respect to &£, there exists a pair PP¢ (t) =
(P, ), the principal pair of t with respect to &, such that P ¢ t:71, and, for every pair (B, o)
such that B ¢ t:0, there exists a chain of operations Ch such that Ch((P, 7)) = (B,0).

As in [24], principal types are defined using a notion of unification.

4.1 Unification of intersection types of Rank 2

In the context of types, unification is a procedure normally used to find a common instance
for demanded and provided type for applications, i.e: if t; has type c—7, and t; has type «,
then unification looks for a common instance of the types ¢ and a such that Ap (¢1,t2) can be
typed properly. The unification algorithm unifygr, presented in the next definition deals with
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just that problem. This means that it is not a full unification algorithm for intersection types
of Rank 2, but only an algorithm that finds the most general unifying chain for demanded
and provided type. It is defined using Robinson’s well-known unification algorithm unify.

Definition 4.1 (RoBINSON’S UNTFICATION ALGORITHM [35]) Let S be the set of all substitu-
tions.

unify : TexTc — S

unify (¢, ¢") =(¢p—9')
unify (@, T) = (¢+— 1), if ¢ does not occur in T and 7 is not a type-variable
unify (o, ¢) = unify (¢, o)

unify(c—1t, p—pi) =S5205;
where S = unify(c, p)
S2 = unify (51(7), S1 (1))

Property 4.2 ([35]) unify returns the most general unifier of two Curry-types o and T (if it exists),
ie.: Forall o, T € T, substitutions S: if S (o) = S (), then there are substitutions S, and S’ such that

Sy = unify(o,7), and S(c) = S'0S,, () = §'0S, (1) = S (7). ]

Since the substitution returned by unify is defined only on type-variables occurring in ¢ and
T, it is even possible to show that S = S'0S,,.

The unification algorithm works roughly as follows: in finding the principal pair for the
term Ap (t1,t2), by construction the demanded type ¢ in c—7 is in 7; and the provided type
« is in 7. The unification algorithm looks for types that can be assigned to the terms t; and
to such that the application term can be typed properly. In order to be consistent, the result
of the unification of ¢ and a — a chain Ch — should always be such that Ch(«) € 7;. However,
if & ¢ Tc, then in general Ch(a) € 7;. To overcome this difficulty, an algorithm to7¢c will be
inserted that, when applied to the type a, returns a type-chain of operations that removes, if
possible, intersections in a.

Definition 4.3 Let C be the set of all type-chains, and let Ids be the substitution that replaces
all type-variables by themselves.

toTc: T — C
toTc(0) = <lds>, if ceTc
toTc (- --nopy,—0) = <Sq,...,5,_1> * Ch, otherwise
where S; = unify(<51,. c,Sic1> (), <51,...,5i_1> (Ui-i-l))/
forevery 1<i<n—1
Ch =t0Tc(<S1,...,5,-1>(0))

The algorithm unifyg, is called with the types ¢ and «’, the latter being « in which the
intersections are removed (so &’ = fo7¢ (x)(«); notice that fo7¢ («) is an operation on types that
removes all intersections in «).

It is possible that o € T¢, so it can be that &’ must be duplicated. Since such an operation
affects also the basis, the third argument of unify, is a basis.

Definition 4.4 (RANK 2 UNIFICATION) Let B be the set of all bases, and C the set of all type-
chains.

unifyry : i x TexB — C
unifyro (0, &, B) = unify (o, w), ifoceTc
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unifyro (010 - -Noy, &, B) = <C,S4,...,5,>, otherwise

where C =<n,B,a>
a1n---Nay, = C(a)
S; = unify(<Sy,...,S5i-1>(03), «;), for every 1 <i<m

Notice that unifyr, and to7¢c only fail when unify fails, and that <n, B,a> never fails. Because
of this relation between unifyr, and to7c on one side, and unify on the other, the procedures
defined here are terminating and type assingment in the system defined in this paper is
decidable.

With Property 4.2, it is possible to prove the following lemma.

Lemma 4.5 i) For every o € Ty, type-chain Ch: if Ch(c) = T € Ty, then there is a type-chain Ch' such
that toTc (o) x Ch' (o) = . (Without loss of generality, Ch = toTc (o) * Ch'.)

ii) For every o € Ty, o € T¢ that are disjoint: if there exists a type-chain Ch such that Ch (o) =
Ch(a), then, for every basis B that shares no type-variables with o, there are type-chains Ch’
and Chy, such that Ch,, = unifyry (o,a,B) and Ch(c) = Ch, *x Ch’ () = Chy, * Ch’ (a) = Ch ().
(Without loss of generality, Ch = Ch,, * Ch’.)

Proof: i) By 3.5 (iii there are substitutions Sy, ..., S, such that Ch(c) = S1(0)n- NS, (0). Let o =
a1n- - Ny —B. Since, for every 1<i<n, S;(0) € Tc, also for 1<i<n, 1<j #k<m, S;(«))
= S;(ax). The result follows from Property 4.2 and Definition 4.3.

ii) If o € T¢, then it is easy to show that o and « must have a common substitution-instance,
so from Property 4.2 the result follows. If o = o1n---N0oy,, then likewise it is easy (but labo-
rious) to show that, for every 1<i<mn, 0; and a have a substitution-instance in common.
Then by induction on Definition 4.4, using Property 4.2, the result follows. [

4.2 Principal pairs for terms

In this subsection, the principal pair for a term t with respect to & — PP¢ (t) — is defined,
consisting of basis P and type 7t. In Theorem 4.13 it will be shown that, for every term, this is
indeed the principal one.

Definition 4.6 For every t € T(F X)), using unifyry, PP¢ (t) = (P, ) is defined by:
i) t =x. Then (P, ) = ({x:¢}, ).

ii) t = Ap(t1,t2). Let PPg (t1) = (Py, 1), PP¢ (t2) = (P2, 712), (choose, if necessary, trivial vari-
ants such that these pairs are disjoint), and Sy = to7c (712), then:
a) If 1 = ¢, then:

PP¢ (Ap(t1,t2)) = (S2,51) (IT{P1, P2}, ¢"))
where Sy = unify (¢, Sz (72)—¢'),
and ¢’ is a type-variable not occurring in any other type.
b) If 11 = c— 7, then:
PP¢ (Ap(t1,t2)) = (S2) * Ch({II{P1, P,},T))
where Ch = Llnlfsz (0', 52(7'[2), S, (Pz)).

iii) t =F(t1,....tn). If E(F) = y1—---—=y,—7, and, for every 1<i<mn, PP¢(t;) = (P, m;),
(choose, if necessary, trivial variants such that the (P, 77;) are disjoint in pairs and these
pairs share no type-variables with yq—---—,—), then:

PP¢ (F(t1,...,tn)) = Ch({II{Py,...,Py},7))
where Ch = <S54,...,5,> *Chy x --- x Ch,
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Si =toTc(m;)
Ch; = unifyro (Chy * - - - * Chi_1(7i), Si(71:), Si(P;)).

Note that, since unifyr, may fail, not every term has a principal pair.

Example 4.7 The typed rules for F as in Example 5.2 seem perhaps somewhat ad hoc, but using
the environment: £(K) = 1-2—1, £(2) = 3—4—4, £(I) = 5—5, and &£ (F) = 7n(6—7)n6—7, where
Z is defined by Z(x, y) — y, and using Definition 4.6, the following can easily be checked:

l) l—g F(|Q)28—>8, l—g 1:8—8, and l—g |(|0)18*>8.
i) Fe F(Z0):(8—8)—8—8, ¢ Zy:(8—8)—8—8, and F¢ Z1(Zp):(8—8)—8—8.
iii) Fg F(Kp):(8—9)—9—8—9, ¢ Kp:(8—9)—9—8—9, and F¢ Ki(Kp):(8—9)—9—8—9.
The given types are the principal types for respectively F(lp), F(Zo), and F(Kp).

Example 4.8 Using Rank 2 intersection types, the term S(Ky,Sp,lp) has a more general principal
type than using Curry-types. With the environment

E(S) = (1-2—-3)—(4—2)—(1rd)—3
E(K) =5—6—5
E() =77,

and Definition 4.6, the following can easily be checked: ¢ S(Ko,So,lp):8—8.

S0:((9—10)—9—10)—((9—10)—9)—(9—10)—10
Ko:(8—8)—(((9—10)—9)—(9—10)—10)—8—8 lg:(8—8)N((9—10)—9—10)

S(Ko,Sop,lp):8—8

Notice that in Curry’s system —and in ML — the term SK S I has the principal type (9—10)—9—10.
With D defined by D(x) — Ap(x,x), it is even possible to check that for example D(S(Ko,So,l0))
and D(lp) are typeable by 11—11. Notice that the term 1(Dy) is not typeable.

The following lemma expresses that a principal pair for the term t is an admissible pair for
t.
Lemma 4.9 If PPg (t) = (P, 1), then P ¢ t:7t, and 1t € 7.
Proof: By induction on the definition of PP¢ (t), using Theorem 3.8. [
The following lemmas are needed in the proofs of Theorem 4.12 and Lemma 5.5 (iii. The
first states that if a type-chain maps the principal pairs of terms in an application to pairs

that allows the application itself to be typed, then these pairs can also be obtained by first
performing a unification. The second generalizes this result to arbitrary function applications.

Lemma 4.10 Let o € Ty, and for i =1,2: PP¢ (t;) = (P, 7;), such that these pairs are disjoint, and let
Ch be a type-chain such that
Ch(PPg (t1)) = (B1,T—0), and Ch(PP¢ (t2)) = (B, T).
Then there are type-chains Chg and Ch', and type a € T, such that
Ppg (Ap (tl,tz)) = Chg(<H{P1,P2},IX>), and Ch/ (Ppg (Ap (tl,tz))) = <H{B1,B2},0’>.

Proof: Since Ch(rp) € T1, by 4.5 (i there is a Ch; such that Ch = <S> * Chy, with Sy = toTc (712).
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i) 11 = ¢. Take Sy = unify(¢, Sz (712)—¢'), where ¢’ is a type-variable not occurring in any
other type. Assume, without loss of generality, that Chy(¢’) = ¢. Then, by Definition
4.6 (ii.a),

PPE (Ap (tlstZ)) = <SZI Sl> (<H{P1/P2}/ (P,>)

Since ¢ € Tc and T—0 € T, also T—0 € T1, 50 T—0 € Tec and T € T¢. So Chy (S2(712)— ¢)
€ 7¢, and, by Lemma 3.5 (ii, there are a substitution Sz and a type-chain Ch, such that
S3(S2(m2)—¢') = T—0, and Chy = <S3> % Chy. Assume, without loss of generality, that
S3(¢) = T—0. By Property 4.2, there is a substitution S4 such that S3 = 54051. So

Ch = <S5y> % Chy = <S> % <S3> x Chy = <S5, §51> x <54> * Chy.
Take Chy = <S3, 51>, Ch' = <S4> +Chp and o = ¢'.

i) 1y = p—u. Since the pairs (Py,p—u) and (P, mp) are disjoint, Chy (0—p) = T—0. Since
Chy(p) = Ch1(S2(72)), by Lemma 4.5 (i, there are type-chains Ch, and Ch; such that

Ch,, = unifyra (p, S2(72), S2(P2)), and Chy = Chy, * Chy.

By Definition 4.6 (ii.b), PP¢ (Ap (t1.t2)) = (S2) * Chy, ((IT{ Py, P2}, 1t)). Then

Ch = <8> % Chy = <85> * Chy, * Chy.

Take Chy = <S> * Chy, Ch' = Chy, and & = p. []
Lemma 4.11 Let o € Ty, and, for every 1<i<wn, PPg¢ (t;) = (P;, 71;), such that the pairs (P;, ;) and
the type € (F) = y1—- - -—yn—>y are disjoint, and let Ch be a type-chain such that

Ch(E(F)) = oy—---—0y—0 and, for every 1<i<mn, Ch({P;, 7;)) = (B;,0;).
Then there are type-chains Chg and Ch, such that
PPg (F(t1,...,tn)) = Che ((II{Py,...,Py},7)), and
Chy, (PPg (F(t1,...,tu))) = (II{By,...,By},0).

Proof: As part (i of the proof for the previous lemma, constructing Ch, by induction on n[]

In order to prove that the operations are complete, we prove that if B ¢ t:7, then t has a
principal pair and there is a chain that maps this principal pair to (B,o).

Theorem 4.12 If B b-¢ t:0, then there are a basis P, type 7t and a chain Ch such that PPg¢ (t) = (P, ),
and Ch((P,t)) = (B,0).
Proof: By induction on the structure of derivations.

(<): Thent =x, B < {xiwo}, 0 € Tc, and PP¢ (x) = ({x:¢}, p).
Take Ch = <¢p+ 0, ({x:c},B)>.

(Ap): Then t = Ap(t1,t2), and there are T € 77 and bases By, B, such that By ¢ t1:71—0, and
By k¢ to:T. By induction for i = 1,2 there are P;, 7;, and chain Ch; such that

PPg (t;) = (P, 1;), Ch1(PPg (1)) = (B, 7—0), and Chy (PP (1)) = (B, 7).

Let Ch; = Ch} * W;, where Ch/ is a type-chain, and B; < B such that W; = (B;, B). Since
the pairs (P;, 7r;) are disjoint, the type-chains Ch; do not interfere, so

Ch,  Chly(PPg (t1)) = (By, T—0), and Ch,  Chly(PP¢ (t2)) = (Ba, 7).

Then, by Lemma 4.10, there is a Ch’ such that Ch’ (PP (Ap (t1,t2))) = (IT{B1,B2},0).
Take Ch = Ch' * <(II{By,B;},B)>.
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(F): Thent =F(ty,...,ty); let E(F) = y1—---—yn—7. There are 07....,0, such that, for every
1<i<n, B l¢ t;:0;, and a type-chain Chr such that

Chp(y1—=- - —yn—7) = 01— - =0, —0.
By induction, for 1 <i<wn, there are (P;, 7;), (disjoint in pairs) and chain Ch;, such that
PP¢ (t;) = (P;, 7t;), and Ch;(PP¢ (t;)) = (B,0;).

Let Ch; = Ch} * W;, where Ch; is a type-chain, and B; < B such that W; = (B;, B). Since
the pairs (P;, ;) are disjoint, the chains Ch! do not interfere. Assume, without loss of
generality, that none of the type-variables occurring in 71— ---—7,— occur in any of
the pairs (P;,7t;). Let Ch’' = Chp % Chy * --- * Ch),. Since, for every 1<i<n, Ch'((P;, 7t;)) =
(Bi,0i), and Ch' (y1—+--—=yy,—7) = 01—+ - -—0,—0, by Lemma 4.11 there is a type-chain
Ch" such that Ch" (PPg (F (t1,...,ty))) = (IT{By,...,B,},0).

Take Ch = Ch" « <(II{By,...,B,},B)>.

(n): Then o = oyn---Noy, and, for every 1<i<n, B ¢ t.0;.
By induction there are P, 77, such that PP¢ (t) = (P, 7). Let C = <n,P,t>, then

C(<P, 7'L'>) = <H{P1, . .,Pn}, 71N 'ﬁﬂn>, with Ppg (t) = <P1', 7(Z‘>.
By induction there are type-chains Chy, ..., Ch, such that
for 1 Sigi’l, Ch,‘(<P1',7'L'i>) = <B1’,0'Z-/>.

Let Ch; = Ch} « W;, where Ch! is a type-chain, and B/ < B; such that W; = (B/, B;). With-
out loss of generality, we can assume that every Ch = Ch!’ « <S;>, such that the Ch! do
not interfere.

Take Ch = <C> % ChY % --- « Ch)] * <S10---0S,,(II{By,...,By},B)>. ]

Theorem 4.13 (PRINCIPAL PAIR PROPERTY) i) Soundness. If PP¢ (t) = (P,7), and Ch is a chain
such that Ch((P,m)) = (B,0), then B k¢ t:0.
ii) Completeness. If B \-¢ t:o, then there are a basis P and type 7 such that PP¢ (t) = (P, ), and
there is a chain Ch such that Ch ({P,t)) = (B,0).

Proof: i) By Lemma 4.9, and Theorem 3.8.
if) By Theorem 4.12. L]

5 Subject reduction

If a term t is rewritten to the term ' using the rewrite rule I — r, there is a subterm t; of ¢, and
a replacement R, such that IR = t;; # is obtained by replacing t; by R. The subject reduction
property for this notion of reduction is:

If BF¢ t:0, and t can be rewritten to t/, then B ¢ t':0.

In this section, it will be shown that the notion of type assignment as given in this paper
satisfies the subject reduction property. We will present in Definition 5.1 a notion of type as-
signment on rewrite rules using a restriction on the possible type assignments that guarantees
this property. We will also, through examples, show that if the restriction is weakened, the
thus obtained systems do not satisfy the subject reduction property: then there are rewrite
rules typeable with respect to an environment £, that match a term t typeable by ¢ with re-
spect to &, for which the result of the application of the rewrite rule on ¢ is not typeable by ¢
with respect to £.
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Using the notion of principal pair, we now give a definition of a typeable rewrite rule and a
typeable rewrite system.

Definition 5.1 Let (X,R) be a GII'RS, and £ an environment.

i) r: I — r € R with defined symbol F is typeable with respect to £, if there are basis B, type
o € T, such that

a) PP¢ (1) = (B,o), and B k¢ r:o.
b) In B =¢ I:c and B k¢ r:0, all F are typed with & (F).
if) (X,R) is typeable with respect to &, if every r € R is typeable with respect to €.

Example 5.2 Derivations for the rewrite rules as given in Example 2.8, using:

Ex(M) = (1-2)—((3—4)n1)—4

E2(F) = (6n(5—6)n5)—6

Er(8) = (7—8—9)—(10—8)—(7n10)—9
Ex() =11-11.

x:1—+3—2 y:1—3
So(x,y):1—2 —
M(S2(x,y)):((3—4)N1)—4

lo:(3—4)—3—4 y:1—-3
Sa(lo,y):((3—=4)N1)—4

X:6N(5—6)N5 x:6N(5—6)N5

x:6N(5—6)N5 N x:6N(5—6)N5 x:6N(5—6)N5
F(x):6 X:6 F(x):6

X:5—6 X:5
Ap(x,x):6

Example 5.3 ([6]) The condition ‘PP¢ (I) = (B,0)’ in Definition 5.1 (i.a) is crucial. Just saying
BFgl.oand BF¢rio

would give a notion of type assignment that is not closed under rewriting (i.e. does not satisfy

the subject reduction property).

Take the rewrite system of Example 2.8, that then would be typeable with respect to the
following environment:

EsM) = (1—=2)—3)—=(1—2)—2
E3(8) = (4—5—6)—(4—5)—4—6
Es(l) =77

x:(1—2)—1—3 y:i(1—2)—1
Syr(x,y):(1—2)—3 —
M(S2(x,y)):(1—2)—2

lo:(1—2)—1—2 y:(1—2)—1
Sz(|0,y)2(1—>2)~>2

Take the term M(S;(Ko,lp)). It is easy to see that the rewrite rule is allowed, and that this
term rewrites to Sy (lp,lp). Although the first term is typeable by (4—5)—5 with respect to £3,
Ko:(4—5)—(4—5)—4—5 lg:(4—5)—4—5
Sz(K0,|0):(4—>5)—>4—>5
M(Sz(Ko,|0)):(4—>5)—>5
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the term S;(l,lp) is not typeable by the type (4—5)—5 with respect to £3. (In fact, it is not
typeable at all with respect to £3; when constructing the principal pair for this term with
respect to €3, unification fails.)

Notice that this example shows that the loss of subject reduction is not connected to the fact
that intersection types are allowed.

In building PP¢, (M(S2(x, y))), types are assigned in the following way:

x:(1—2)—4—3 y:(1—2)—4

So(x,y):(1—2)—3
M(S2(x,y)):(1—2)—2

The right-hand side S, (lp,y) of the rewrite rule is not typeable with (1—2)—2 using the basis
{x:(1—2)—4—3, y:(1—-2)—4}. If the right-hand side should be typed with (1—2)—2, the type
needed for y is (1—2)—1.

lp:(1—2)—1—2 y:(1—2)—1
Sy (lp,y):(1—2)—2

Since types assigned to term-variables in the right-hand side should occur in type assigned
to types in the left-hand side, the type-variable 4 should be replaced by 1, so in the typed
rewrite rule no longer the most general pair for the left-hand side is used.

We will now show that the use of a type-chain in rule (F) is sound in the following sense:
if there is a type-chain Ch such that Ch (£ (F)) = o, then, for every type T € 7, such that o < 7,
the rewrite rules that define F are typeable with respect to a changed environment, in which
& (F) is replaced by 7.

Theorem 5.4 i) Let S be a substitution. Let r: | — r be a rewrite rule typeable with respect to
the environment &, and let F be the defined symbol of r. Then r is typeable with respect to
E[F:=S(E(F))].

ii) Let C be a copying such that C((B,c)) = (B',0’). Let r: 1 — r be a rewrite rule typeable with
respect to the environment £, and let F be the defined symbol of x. If C (€ (F)) = T € TR, then, for
every u € Tp such that T < u, r is typeable with respect to E[F:= p].

Proof: i) Straightforward.

if) For every u € T such that T < y, by Definition 3.2 there is a substitution S such that y =
S(E(F)). The proof is completed by part (i. l

Before coming to the proof that the condition is sufficient, some preliminary results are
needed.

Lemma 5.5 i) If B ¢ tR:o, then there is a basis B such that B' ¢ t:o, and for all x:a € B', B ¢ xR:a.
ii) If B¢ t:0, and R is a replacement and B a basis such that, for every statement x:a € B, B' -¢ xRen,
then B' ¢ tR:0.
iii) Let t be typeable, PP¢ (t) = (P,7), and for the replacement R there are B and o such that

B ¢ tR:, then there is a type-chain Ch, such that Ch () = o, and, for every statement x:a: € P,
B |—g XR:Ch (IX)

Proof: The proofs of parts (i and (ii follow by easy induction on the structure of t. For part (iii,
use part (i, and Theorem 4.13. ]
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The following theorem shows that the condition suffices.

Theorem 5.6 (SUBJECT REDUCTION) Let r: 1 — r be a typeable rewrite rule. Then, for every replace-
ment R, basis B and a type yu: B¢ IRy = Blg R

Proof: Let PP¢ (1) = (P, ). Since r is typeable, P -¢ r:7t. Suppose R is a replacement such that
there are B, y such that B k¢ [R:u. (Assume y € 75.) By Lemma 5.5 (iii, there is a type-chain
Ch such that

Ch(m)=pu & Vxa €P[BlFgxRCh() ]
By Theorem 3.8, Ch(P) t-¢ r:Ch(rt), so Ch(P) ¢ r:u, and
Vxa€P[BlFgxRiCh(n)] = Vxa€Ch(P) [ BlgexRual.
So, by Lemma 5.5 (ii, B -¢ rR:p. l

In [6] it is also shown that the there formulated condition is necessary. This result is reached
by extending the set of types with type constants, as also used in Example 5.3, and, for every
rewrite rule that is typeable in the less restrictive way, creating a specific replacement that
gives the counterexample. In this construction it is used that every type ¢ can be inhabited in
a trivial way: just pick a constant Q, not already used, and assume that £(Q) = .

In the notion of type assignment as defined in this paper this construction cannot be given,
because not every type can be trivially inhabited. An environment in this paper returns types
in 7>, and a function symbol F can only have an intersection type anp if there exists a type-
chain Ch such that Ch(€ (F)) = anB. This means that it is not possible to show that there is for
example a function symbol that can be assigned the type intn(int—int).

6 Concluding remarks

6.1 Rank 2 type assignment in LC versus Rank 2 type assignment in GITRS

This paper introduced a notion of type assignment for GII'RS. Although it is possible, as
illustrated in Section 1.1, to define a similar notion for LC, results for such a system cannot be
directly brought to GII'RS. This is caused by an important difference between LC and TRS: the
concept of abstraction is part of the definition of the former, but not of the latter. (Abstraction
can be modelled in TRS, but it is not an explicit syntactic constructor of terms or rules in TRS.)

As argued in that section, it is possible to show that the principal type property holds.
However, an important difference between a proof of the principal type property for the
system for LC and the one obtained here for GIRS, is that the collection of operations differs.
For the system of this paper, this collection of operations consists of substitution, copying,
and weakening. Notice that, using the approach sketched above, the principal type for the
term (Ax.x) would be p— ¢. Notice that also a type like cNnT—0 can be derived for (Ax.x), so,
in order to prove the principal type property, an operation of lifting should be specified that
allows for the introduction of more types to the left of an arrow-type constructor, an operation
that can change c—0 into cnT—0. Although the GIIRS equivalent of the term (Ax.x) can be
given the type cnTt— 0, it is not possible to obtain that type from the type c—c: none of the
operations specified in this paper is capable of changing a type in the way needed to go from
oc—0 to oNT—0.

Moreover, the operation that performs this is not sound for GII'RS. Take for example the
rewrite system



Fundamenta Informaticae, 26(2):141-166, 1996 22

I(x) —x
G(lp) — o
H(x) — x

that is typeable with respect to the environment £:

E() =11
E£(G)=(1-1)—1-1
EH) =(1-1)—1-1.

The operations that can be applied to types are defined on types only, so there is no way of
distinguishing the types for G and H. We can safely add types to the ‘argument’ type for the
rule that defines G, since the rule is typeable with respect to £[G:=((1—1)nc)—1—1], for all
o. For the rule that defines G, however, not all types can be safely inserted: since all types ¢
should be types for |, the rewrite rule for G is not typeable with respect to the environment
E[G:=(2—-2)n4—3-3].

So, the principal type property for the Rank 2 type assignment for LC is no direct consequence
of the results of this paper. The converse also does not hold, since the proof of that property
for the system in LC requires the operation of lifting, that is not provided for in the system
of this paper. This of course implies that a notion of type assignment for LC cannot be
directly translated into a type assignment system for a programming language that allows for
functions to be specified as rewrite rules.

6.2 On implementation

The results of this paper could be used to implement a type-check algorithm for GII'RS. It
should be pointed out that the notion of type assignment as defined in this paper is really a
type-check system, in the sense that it is not possible to create a type-inference algorithm, based
on the approach of this paper. To obtain a type-inference algorithm an operation should be
inserted that allows for more specific types than generated by substitution and copying. Take
for example the rewrite rules (see examples 2.8 and 5.2)

F(x) = x
F(x) = Ap(x,x)

A type-inference algorithm could for example type both alternatives separately and try to
combine the results found. For the first rule it would find £(F) = ¢1—¢;, for the second
E(F) = (p2—@3)ngo—¢3. The problem is that it is not possible to create the desired type,
(p5N(@pa— @5)N@s)— @5, from these other two applying the operations specified in this paper.
To obtain the correct type for F, psN(¢5— @s)N@5— @6, an operation is needed that inserts extra
types in the left-hand side of the top arrow-type constructor, like the one needed for LC.

So, it is allowed to give an environment for function symbols that is not a combination of
possible environments for the various rules. This implies that, in particular, combining types
found for one function symbol defined by several rules, applying the here defined operations,
does not always lead to the right solution. It can be that the user ‘sees’ the right type for
the rules, which the type-check algorithm is not capable of deducing, but will be capable
of checking on its correctness. This can be seen as a disadvantage of the system, but, on
the other hand, for many people it is nowadays considered to be programming hygiene to
explicitly state the types for function definitions.

Although type assignment (and type-checking) using the here defined notion of type as-
signment is decidable, the complexity of type-checking is bigger than for a system based on
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Curry-types. The biggest problem arises when checking the type provided for a function sym-
bol. Suppose | — r is a rewrite rule. One way to implement type-checking for this rule would
be to construct the principal pair (P, ) for the term I and to try to type r using this pair. Let
o1N- - -Noy, be the type assigned to the term-variable x in P. Then, for every occurrence of x in
r, some selection of the types in 01n---no, should be made. In the worst case the number of
possibilities that must be tried is huge: 2. There are some more efficient ways to type-check
a rule, but the complexity is still exponential. However, in every day programming life n will
rarely be larger than 2.

6.3 Overloading

The concept of overloading in programming languages is normally used to express that dif-
ferent objects (typically procedures) can have the same identifier. (For another approach to
overloading, see [15, 14].) At first sight this seems to be nothing but a tool to obtain program-
ming convenience, but the implementational aspects of languages with overloading are not at
all trivial. In functional programming languages, functions are first-order citizens which means
that they can be handled as any object, like for example numbers. In particular, a function can
be passed as argument to another one, or could be its result. Especially in the first case it can
occur that at compile time it is not possible to decide which of the several bodies (or pieces of
code) for an overloaded identifier should be linked into the object-code. If this decision can-
not be made, the compiler should generate code that contains all possible functions and some
kind of case-construct that makes it possible to select at runtime which is the code to use. For
reasons of efficiency — and to avoid run-time checks on function types — it seems natural to
allow for overloaded objects only if at compile time it can be decided which of the different
function definitions is meant, since then, for every occurrence of an overloaded symbol, the
compiler can decide which of the several function definitions should be linked into the object
code.

The intersection type constructor is a good candidate to express overloading. It seems
natural to say for example that the type for addition Add is (int—int—int)n(real—real—>real).
Bringing the notion of overloading into a formal system for type assignment as defined in this
paper implies that the restriction on the types that can be provided by an environment should
be dropped; in such a formalism, types provided by the environment should be in 7g, not just
7.

However, this extension itself creates strange effects. Let, for example, F be a function sym-
bol that has type (int—int—int) N (real—real—real) — «. Then, by the notion of type assignment
as defined here, the term F(Add) can be typed by . Moreover, let G be a function symbol
that has the type cnt—p, and let H be an overloaded function symbol with £ (H) = anf. Then
finding the principal pair for the term G(H) requirers more than just the kind of unification
defined in this paper. In general, there can be several cases, since all possible combinations
have to be tried:

e unify(c, «) and unify (t, p) are both successful.

e unify(c, B) and unify(t, «) are both successful.

o unifyra (0NT, ) and unifygrs (6N, B) are both successful.
o unifyro (cNt, B) fails, unifyrs (cN7T, ) is successful.

o unifyro (0NT, ) fails, unifyrr (cNT, P) is successful.

It can even be that more than one of these cases is true at the same time, like for example
the first and second. This in particular is troublesome, since it is not obvious at all what in
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this case the type of G(H) should be. One solution for this problem would be to allow, like
in [18], for more than one principal pair for a term (notice that this is not the same as saying
that a principal type can be an intersection). Another would be to introduce — formally — an
extra type constructor + with the same meaning as N, and to define overloading using this
notion. Then the unification of cNT and a+f can be defined as the combination of the results
of unifying Nt and «, and unifying cnt and .

A good solution to all aforementioned problems is to force selection of one of the function
definitions for an overloaded identifier. This can be accomplished by defining, as in Definition
5.1, how a rewrite rule can be typed, but by adding that, for every ¢ € 7, such that £(F) <o,
all the rewrite rules that define F should be typeable using the type o, for every occurrence of
F. (Another approach would be to introduce a new syntactic construct into the language that
is used to separate the rules that define F in groups, and to ask that, for every ¢ € 7, such
that £(F) < o, there is at least one group of rules that can be typed using ¢.) Moreover, it is
possible to define, as in rule (F) how a type for a function symbol can be obtained form the
one provided by the environment, in the following way:

t120'1 thO'n
(F): 3T1teTy, Ch[E(F) <1 & Ch(T) =01—-—0,—0))
F(tl,...,tn)i(T

Then the term F(Add) mentioned above cannot be typed. This selection is then reflected in
the way intersection types are unified. Since only one of the types in an ‘overloaded’ type
can be used, the unification should try to unify the demanded type with each individual type
occurring in the provided type.

Using this definition, the notion of ‘principal pair” becomes slightly more complicated. This
is best explained by discussing the implementation of the type-checker that is looking for such
a pair. Take the well-known function foldr that is defined by

foldrfi[] =i
foldr f i (a:b) = f a (foldr f i b)

and can be typed by (1—+2—2)—2—[1]—2. Take the term foldr Add 1 [2,3,4], then it is clear that
this term should be typeable by the type int. When constructing the type assignment for this
term, the subterm foldr Add is typed. For this term as such the type needed for Add cannot be
uniquely determined: it is the second argument of foldr that forces the selection. Since there
is a chance of success, the type-checker should postpone the decision to reject the term and
consider both possibilities simultaneously. This means that formally the term foldr Add has two
principal types.
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