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Abstract

This paper defines reduction on derivations in the strict intersection type assignment
system of [2], by generalising cut-elimination, and shows a strong normalisation re-
sult for this reduction. Using this result, new proofs are given for the approximation
theorem and the characterisation of normalisability using intersection types.
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Introduction

Strong normalisation of cut-elimination is a well-established property in the
area of logic that has been studied profoundly, as it has been in various systems
that define type assignment for the Lambda Calculus. For intersection type
assignment, proofs of strong normalisation of cut-elimination have at best
been indirect, i.e. obtained through a mapping from the derivations into a
logic, where the property has been established before. Since there is no logic
to which the type-constant w can be adequately mapped, the intersection
systems studied in this way are w-free. This paper will use the Strict Type
Assignment System of [2] (which contains w), and will present a proof for the
property directly on the derivations themselves.

The second, and perhaps more suprising, result of this paper is then that
all normal characterisations of (strong/ head) normalisation are consequences
of the strong normalisation of cut-elimination. Many strong normalisation
results in the context of types use the technique of Computability Predicates
[T4,10], which provides a means for proving termination of typeable terms us-
ing a predicate defined by induction on the structure of types. This technique
has been widely used to study normalisation properties (or similar results),
as well as head-normalisation and approximation results (see Thm. (.3).
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This papers considers intersection types, also because, using those types,
various normalisation properties can be characterised. The Intersection Type
Discipline (1tp) as presented in [[7] (a more enhanced system was presented in
[6]; for an overview of the various existing systems, see [3]), was introduced
mainly to overcome the limitations of Curry’s type assignment system [8,d]
and has been used to characterise normalisation using types. It is an extension
of Curry’s system, in that term variables (and terms) are allowed to have more
than one type: in a certain context M, a term-variable x can play different,
even non-unifyable, roles. This slight generalisation of Curry’s system causes
a great change in complexity; although type assignment in Curry’s system
is decidable, in 1D type assignment is undecidable, since it is closed for (-
equality:

M =3 N = (BFM:0c < BF N:o).

The 1D is most renown for providing proofs for the following characterisa-
tion of (head/strong) normalisation by assignable types (where w is a type-
constant, and stands for the universal type, i.e. all terms are typeable by w):

M has a head normal form <= BF M:0c & 0 #w
M has a normal form <= BHF M:o & w does not occur in B, o
M is strongly normalisable <= B M:o, where w is not used at all.

These properties immediately show that type assignment, even in the system
that does not contain w [?], is undecidable.

However, in the context of weak reduction, the approximation result is
no longer obtained via a straightforward application of the same technique.
Rather, as argued and shown in [A1], to obtain this result in the context
of Combinator Systems or Term Rewriting Systems, a more general solution
was needed: strong normalisation of cut-elimination. Perhaps surprisingly, the
machinery involved to prove this gives the characterisation results for typeable
terms as a corollary.

In this paper, we will show these results in the context of Lambda Cal-
culus: we will show that cut-elimination is strongly normalising, and that
all characterisation results are direct consequences of it. The added com-
plexity of intersection types implies that, unlike for ordinary systems of type
assignment, there is a significant difference between derivation reduction and
ordinary reduction (see the beginning of Section B); unlike normal typed- or
type assignment system, in ‘" not every term-redex occurs with types in a
derivation.

As far as cut-elimination is concerned in the context of intersection types,
there exists but few related results in the literature. As [I2], where a strong
normalisation result was proved for derivation reduction in the setting of the
notion of intersection type assignment known as D [I1], most papers consider
the BCD-system [6] without the type-constant w. Since we consider the type
w here, together with a type inclusion relation <, that strong normalisation
result itself is a true special case of the results of this paper presented in
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Section B.

The Approzimation Theorem hinted at above is a (perhaps less known) fun-
damental result for 1tp, and is more relevant in the context of semantics. Es-
sentially following [T5,5], the set of terms can be extended by adding the term-
constant L. Adding also the reduction rules LN —g, L, and Az.L —g3, L to
the notion of reduction gives rise to the notion of approximate normal forms
that are in essence finite rooted segments of Bohm-trees [5], and a model for
the Lambda Calculus can be obtained by interpreting a term M by the set
of approximants that can be associated to it, A(M). The Approximation
Theorem now states that there exists a very precise relation between types
assignable to a term and those assignable to its approximants and is formu-
lated as

BFM:0 <= 3Ac A(M) [BF A:0]

(see [13,2,8]), it is immediately clear that the set of intersection types assignable
to a term can be used to define a model for the Lambda Calculus (see [6,2,3]).

The kind of intersection type assignment considered in this paper is that
of [2], i.e. the strict intersection type assignment system, a restricted version
of the BCD-system of [B], that is equally powerful in terms of typeability
and expressiveness. The major feature of this restricted system, compared to
the BCD-system, a restricted version of the derivation rules and the use of
strict types (first introduced in [2]); notably, the strict system is not closed for
n-reduction.

Notation

Often B, x:0 will be written for the basis ({B, {z:0}}, when = does not occur
in B, and we will omit the brackets ‘{" and ‘}’ when writing a basis explicitly.
Also, in the notation of types, as usual, right-most outer-most brackets will be
omitted, and, since the type constructor N is associative and commutative, we
will write on7np rather than (on7)np. Moreover, we will, when appropriate,
denote o1n---no, by N,o; (where n = {1,...,n}, n>0, and Nyo; = oy)
and will assume, unless stated explicitly otherwise, that each o; is not an
intersection type.

1 Strict intersection type assignment

In this section, we will present the strict intersection type assignment system
as first presented in [2], which can be seen as a restricted version of the BCD-
system as presented in [B]. The major feature of this restricted system is,
compared to the BCD-system, is that the < relation on types is no longer
contra-variant on arrow-types, but restricted to the one induced by on7 <o
and taking w to be the maximal type.

We assume the reader to be familiar with the Lambda Calculus [5].
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Definition 1.1 (i) Let ® be a countable infinite set of type-variables,
ranged over by ¢. 7g, the set of strict types, and the set 7 of
intersection types, both ranged over by o, 7,..., are defined through:

Ts =@ | (T — Ty),
T = (Tsin---nTg,), n>0

We will write w for an intersection of zero strict types.

(ii) A statement is an expression of the form M:o, with M € A, a term of
the Lambda Calculus, and ¢ € 7. M is the subject and o the predicate
of M:o.

(iii) A basis is a partial mapping from term variables to intersection types
that are not w, and is represented as a set of statements with only
distinct variables as subjects.

(iv) For bases By, ..., B,, the basis [ 1{By,..., B,} is defined by:

2:Npo; € (W By, ..., B} if and only if {z:04,...,3:0,,} is the
(non-empty) set of all statements about = that occur in By U --- U B,,.

Notice that 7g is a proper subset of 7.

We will consider a pre-order on types which takes into account the idem-
potence, commutativity and associativity of the intersection type constructor,
and defines w to be the maximal element.

Definition 1.2 [Relations on types]

(i) The relation < is defined as the least pre-order (i.e. reflexive and
transitive relation) on 7 such that:

Npo; < o;, forallien
7<o0;, forallien = 7<N,0;
c<7<p = o<p
(ii) The equivalence relation ~ on types is defined by:
o~T <= 0<7<0,and we will consider types modulo ~ .

(iii) We write B < B’ if and only if for every x:0” € B’ there is an z:0 € B
such that 0 <o¢’, and B~ B’ < B< B <B.

Notice that 0 <o, and 0 <w, for all o; 7 may be considered modulo ~; then
< becomes a partial order.

The definition of the <-relation as given in [6] (apart from dealing with
intersection types occurring on the right of the arrow type constructor) also
contained the alternative:

p<o&1t7<pu = o—=7<p—pu

This was added mainly to obtain a notion of type assignment closed for 7-
reduction (Az. Mz —,, M, if x is not free in M), a feature that is not considered
here.
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The following property is easy to show:
Proposition 1.3 [cf. [B]] For all o,7 € T, o <7 if and only if there are
n,m=>0, o; (Vi en),7; (Vj €m) such that o = N0y, T = NTi, and, for all
J € m there exists i € n such that 7; = o;. [ ]

Definition 1.4 (i) Strict intersection type assignment and strict
intersection derivations are defined by the following natural deduction

system:
B+ M: B N:
(Az) : (n>0,i€n) (—E): o7 ?
B,z:N,0; - x:o0; BFMN:T
Br-M:0;, --- BFM:0o, B,xioM:1

(N

HZO — :
( ) (=D BFEXe M:oc—T

BI_MZHQO'Z'

(ii) We write B+ M :o if this statement is derivable using a strict
intersection derivation, and write D :: B+ M : o to specify that this
result was obtained through the derivation D.

To illustrate that the strict system is not closed for n-reduction, notice that
we can give a derivation for + A\zy.zy:(c—7)—(pno)—7, but cannot give a
derivation for F Az.z:(0—7)—(pno)—T.

Notice that, since w is considered to be the empty intersection, the deriva-
tion rule

@) BF Mw
is implicit in rule (NI).
We will use the following notation for derivations, that aims to show the
structure, in linear notation, of the derivation in terms of rules applied.

Definition 1.5 (i) If a derivation D consists of an application of rule (Az),
there n,o; (Vi € n) and B such that D :: B, z:N,0; - x:0; with j € n;
we then write D = (Ax) = B, x:N,0; - x:0;.

(ii) If a derivation D finishes with rule (—1), there are M, «, 5 such that
D :: B Ax.M;:a—(, and there is a sub-derivation Dy :: B, x:a = M;:[3
in D; we then write D = (D1, —1) :: BF \x.M;:a—0.

(iii) If a derivation D finishes with rule (— E), there are P, Q, such that
D :: BF PQ:o0, and there are 7 and sub-derivations D; :: BF P:7—0o
and Dy :: BF Q:7 in D; we then write D = (Dy, Dy, —E) :: BF PQ:0.

(iv) If a derivation D finishes with rule (NI), there are o; (Vi € n) such that
D: BF M:N,0;, and, for all 7 € n, there exists a D; :: B+ M:0; that is
a sub-derivation of D; we then write
D= (Dy,...,D,,NI):: BF M:N,0;.

We will often abbreviate the short-hand notation for derivations, and, e.g.,

write (Dq, Do, — E) instead of (D1, Dy, —E) :: BF PQ:o.

>
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As shown in [?], we have the following property.

Theorem 1.6 [cf. [2]] The following rules are admissible:
BFM:o BFM:o

2 Y (B<B,o< )7
B’I—M:T( <B,o<7) (=5) BFN:o

(M =5 N)

2 Derivation reduction

The notion of reduction on derivations D :: B+ M:o defined in this section
will follow ordinary reduction, by contracting typed redexes that occur in D,
i.e. redexes for sub-terms of M of the shape (Az.P)Q, for which the following
is a sub-derivation of D:

(( Dy B,ax:pk P:1,—1I) : BF Ax.P:p—rT,
Dy BFQ:p,—E):: BF (\z.P)Q:T,
A derivation of this structure will be called a redez, or a cut. We will prove in
Section @ that this notion of reduction is terminating, i.e. strongly normalis-
able.

The effect of this reduction will be that the derivation for the redex (Ax.P)Q
will be replaced by a derivation for the contractum P[Q/z]; this can be re-
garded as a generalisation of cut-elimination, but has, because the system at
hand uses intersection types, including w, to be defined with care, since in
D :: BF M:o it is possible that M contains a redex whereas D does not.

Before formally defining reduction on derivations, we will first define a
notion of substitution on derivations.

Definition 2.1 Let D :: B,z:0 = M :7, and Dy :: B+ N:o, the derivation
D [Dy/x:0] :: BE M[N/z|:T,
the result of substituting Dg for z:0 in D, is inductively defined by:
(i) D= (Ax) = y:N,0; F y:o; with j € n. Then D [Dy/z:0] = D.
(ii) D = (Az) :: z:Ny0; F 210, with j € n. Then
Dy = (Dy:: BFN:oy,...,Dj : BF N:o,,NI) :: B N:N,0;,
s0, in particular, D} :: B N:o;. Then D [Dy/x:0] = DJ.
(iii) D =(Dy :: B,x:o,y:a b My:3,—1) :: B,x:0 b Ay.My:a—f. Let
D' = Dy [Do/x:0] :: B,y:a - My[N/z]: 3.
Then (Dy, —1I) [Do/x:0] = (D', —=1) :: B (Ay.M;)[N/x]:a—0.
(iv) D=(Dy: Byxzio - P:p—7,D9:: Bizio k- Q:p,—FE) : Byx:o - PQ:T.
Let
D} = Dy [Dy/z:0] :: B+ P[N/x]:p—7, and
D, = Dy [Dy/z:0] :: B+ Q[N/x]:p,
then (D1, Dy, —E)[Do/x:0] = (D}, D5, —E) :: B (PQ)[N/z]:T.
6
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(v) D=(Dy,...,D,,NI) :: B,x:o = M:N,7;. Let, for all i € n,
D! = D; [Dy/x:0] :: BF M[N/z]: 7,
then (Dy,...,D,,N)[Dy/x:0] = (D},...,D.,NI):: B M[N/z]:N,7; .

Before coming to the definition of derivation-reduction, we need to define
the notion of ‘position of a sub-derivation in a derivation’.

Definition 2.2 Let D be a derivation, and D’ be a sub-derivation of D. The
position p of D" in D is defined by:
(i) I D' =D, then p =e.

(ii) If the position of D" in Dy is ¢, and D = (D1, — 1), or D = (D, Dy, — E),
then p = 1q.

(iii) If the position of D" in Dy is ¢, and D = (D, Dy, —E), then p = 2q.

(iv) If the position of D" in D; (i € n) is ¢, and D = (D4, ..., D,,NI), then
pP=4q.

We can now define a notion of reduction on derivations; notice that this

reduction corresponds to contracting a redex in the term involved only if that
redex appears in the derivation in a sub-derivation with type different from w.

Definition 2.3 We say that the derivation D :: B = M:o reduces to
D' :: B+ M':0 at position p with redex R, if and only if:

(i) o€ 7s.
(a) D= ((Dy,—1),Dy, —E):: B (Ax.M)N:0o (a derivation of this
shape is called a redex). Then D reduces to
Dy [Dg/x:p] :: BFE M[N/x]:0
at position € with redex (Az.M)N.
(b) If D; reduces to D) at position p with redex R, then
e D= (Dy,—1):: BF Ax.M;:a—[( reduces at position 1p with redex
R to D' = (D}, —I) = BF Az.M{:a—p(.
* D= (Dy,Dy,—E):: BF PQ:0 reduces at position 1p with redex R
to D' = (D], Dy, —E) :: P'Q:0.
e D= (Dy,Dy,—E):: BF PQ:o reduces at position 2p with redex R
to D' = (Dy, D}, —E) :: PQ':0.
(ii) o0 =Nyuo;. I D B M:N,0;, then, for every i € n, there are D;, such
that D; :: BF M:0;, and D = (Dy,...,D,,NI). If there is an i € n such
that D; reduces to D/ at position p with redex R, then, for all j # i € n,
either
(a) there is no redex at position p because there is no sub-derivation at
that position. Let R =R’ and D} = D;[R’/R] (i.e. D; where each
R is replaced by R/), or

(b) Dj; reduces to D at position p with redex R.

Then D —p (D,...,D.,NI) at position p with redex R.

D1 —D D2 —D Dg, then D1 —7D D3.
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We say, as usual, that D is normalisable is there exists a redex-free D’ such
that D —p D', and that D is strongly normalisable if all reduction sequences
starting in D are of finite length. We abbreviate ‘D is strongly normalisable’

by ‘SN (D)’.

It is worth noting that, when we do not allow the use of w to type a redex,
typeable terms need not be strongly normalizing, as clearly illustrated by the
following example.

Example 2.4 Let D; be the derivation (with
B, = {w:(a—f—1)na, y:(1—0)n3}, and © = Azy.y(zzy)):

BiFzr:a—p—y BiFzx«
By Fxx:f—ry BiFy: 3
By Fy:y—d By Faxxy:y
By Fy(xxy):d
Bi\y - \y.y(zzy): (y—0)nB — 0
FO:(a—=F—7y)na — (y—=d)nG — o

then we can construct (with B = {y:7, y:w—p}, and
7 = (a—B—y)ra — (=013 — &) Dy

By Fy:w—p DBk oary:w

By b y(aay):p
T F Ayy(zzy): (w—p)—p

—1)

FO:7—(w—p)—p

From D; and Dy we can now construct:

D, D,
FO:T—=(w—p)—p FO:T
FOO: (w—p)—p

Notice that the term ©0O has only one redex, that is not typed with w.
This derivation has only one (derivation)-redex, and contracting it gives:

yw—pkyw—p yw—pk Oy w
yw—p - y(©Oy):p
= Ay.y(©0y): (w—p)—p

Notice that this last derivation is in normal form, although Ay.y(©0y)
obviously is not.

The following lemma formulates the relation between derivation reduction
and (-reduction.
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Lemma 2.5 Let D:: BF M:0, and D —p D' :: BF N:o, then M —3 N.
Proor: By the above definition. ]

3 Approximation

In Sections B and f we will show two main results, that are both direct con-
sequences of the strong normalisation result proved in Section fl. Both results
have been proven in the past, at least partially, in [2,3]. In fact, some of the
theorems and lemmas presented here were already presented in those papers
and are repeated here, for completeness, with their proofs.

The notion of approximant for lambda terms was first presented in [15],
and is defined using the notion of terms in A L-normal form (like in [6], L
is used, instead of €2; also, the symbol C is used as a relation on A_L-terms,
inspired by a similar relation defined on Bohm-trees in [5]).

Definition 3.1 (i) The set of AL -terms is defined as the set A of lambda
terms, by:
M:=x| L | e.M | MM,
The symbol L is called bottom.

(ii) The notion of reduction —p, is defined as — g, extended by:
Ax. L 8L 1L and LM 3L 1.

(iii) The set of normal forms for elements of AL with respect to — 4, is the
set N of A L-normal forms or approzimate normal forms, ranged over by
A, inductively defined by:

Av=1| M AA#L)|zA--- A, (n>0)

The rules of the system ‘I’ are generalised to terms containing L by allow-
ing for the terms to be elements of A_L. Notice that, if 1 occurs in a term M
and D :: BF M:o, then in D, 1 appears in a position where the rule (N1I) is
used with n = 0, i.e., in a sub-term typed with w. Moreover, the terms Ax. L
and LM --- M, are typeable by w only.

Definition 3.2 (i) The partial order £ C (AL)? is defined as the
transitive and reflexive closure of:

L c M
MCM = Xe.MCTMz.M
My C M| & MoyT M) = MMy T MM,

IfAeN, MecA, and AC M, then A is called a direct approzimant of

M.
(ii) The relation [ C N x A is defined by:

AL M <= IM =5 M[AC M'].

(iii) If A [ M, then A is called an approzimant of M, and

AM)={AeN AL M}
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Lemma 3.3 B-M: 0 & MCM' = BFM'":0o.

Proor: By easy induction on the definition of C. [ |
The following definition introduces an operation of join on A_L-terms.

Definition 3.4 (i) On AL, the partial mapping join,
U:AL x AL — AL, is defined by:
1UM = MUL=M
zUr = o
Az.M)U(Ax.N) = Az.(MUN)
(M My)U(N1Ny) = (MiUN7) (MU Ns)
(ii) If MUN is defined, then M and N are called compatible.

Note that L can be defined as the empty join, i.e. if M = MLl --- UM, and
n =0, then M = L.

The last alternative in the definition of LI defines the join on applications
in a more general way than Scott’s, that would state that

(M My)U(NyNo) E (MyUNy) (Mol Ny),

since it is not always sure if a join of two arbitrary terms exists. However, we
will use our more general definition only on terms that are compatible, so the
conflict is only apparent.

The following lemma shows that the join acts as least upper bound of
compatible terms.

Lemma 3.5 If My E M, and My E M, then MM, is defined, and:
M1 E M1|_|M2, M2 E ]\/[1|_|]\4'27 and M1|_|M2 ; M.

Proor: By induction on the definition of C. [ |

4 Strong normalisation of derivation reduction

In this subsection, we will prove a strong normalisation result for derivation
reduction.

In order to prove that each derivation in ‘+’ is strongly normalisable with
respect to —op , a notion of computable derivations will be introduced.

Definition 4.1 The Computability Predicate Comp (D) is defined
recursively on types by:
Comp(D :: BF M:p) < SN(D)
Comp (D :: BF M:a—f) =
VD' [Comp(D":: B N:a) = Comp((D,D’, —E):: BF MN:()]
Comp((Dy,...,D,,NI) : B M:N,0;) <
Vien [Comp(D;:: BF M:o;)]

10
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Notice that, as a special case for the third rule, we get
Comp({NI) :: BF L:w)

We will prove that Comp satisfies the standard properties of computability
predicates, being that computability implies strong normalisation, and that,
for the so-called neutral objects, also the converse holds.

Lemma 4.2 If Comp(D:: B+ M:0), B'<B, 0 <d’, then

Comp (D' :: B'+ M:a') for some D'.

Proor: Easy. |
Lemma 4.3 (i) Comp(D:: BFM:0) = SN(D).

(i) SN(D:: BFaM;---M,,:0) = Comp (D).

Proor: By simultaneous induction on the structure of types. [ |

The following theorem (f.5) shows that, in a derivation, replacing sub-
derivations for term-variables by computable derivations yields a computable
derivation. Before coming to this result, first an auxiliary lemmas has to be
proved, that formulates that the computability predicate is closed for subject-
expansion with respect to derivation reduction.

Lemma 4.4 If Comp({---Di[Dy/y:p]---,—E):: Bk M[Q/y]ﬁﬂ and
Comp(Dy :: BEQ:p), then

Comp ((--- ((Dy,—1), Dy, = E)---, —E) = B (A\y.M)QP:7).
Proor: By induction on the structure of types, using Definition E.1.

We now come to the Replacement Theorem, i.e. the proof that for every
derivation in ‘+’, if the assumptions in the derivation are to be replaced by
computable derivations, then the result itself will be computable. We will use
an abbreviated notation, and write [N/x] for [Ny/xy,..., N,/z,], etc.
Theorem 4.5 Let B’ = x1:u1, ..., Ty, D i B'E M:o, and, for every
1 §i§m,M are D; cmd_]\i such that Comp(D; :: B N;:p;). Then
Comp(D [D/z:p] :: B M[N/z]:0).

Proor: By induction on the structure of derivations.
(Az) : Then M =z, v:N,0;, € B, 0 = o; for. for some i € n, and

D, :: B N;:o. By Definition El] D] D/:l: pl =D
(NI) : Then o = N,0;, and, for all i € n, there exists D' :: B’ M:0; such
that D = <D1 , D™ NI). _Then, by induction, for all i € n,

C’Omp(D’[D/x ] BI—M[N/x} 0;), and, by Deﬁnltlon@
Comp(D[D/x:u] B"M[N/I] Np03i).
(—=I): Then o =p—7,D= (DB ypkM:1,—1) :: B+ Xy.M": p—r.
Assume Comp (D' :: B Q:p), then:
Viem [Comp( ;)] & Comp (D' :: B Q:p)
Comp (Dy[D/x: ,u,D’/y.p] ..BI—M[N/x,Q/y]:T)_A =
Comp (((D1[D/xz:u], = 1), D', —>E) :: BE (A\y.M[N/z])Q:7)
11
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so, by Definition @, Comp ((D1[D/a:p), —1) :: BE Ay.M[N/x]: p—T), so
also Comp ((D1, —=D)[D/x:p] :: B+ (Ay.M)[N/x]: p—T).

(—E): Then M = M;Ms, there are Dy, Dy, and 7 such that
D = (Dy,Dy, —E), Dy :: B'F My:7—0, and Dy :: B’ My:7. Then, by
induction,

_ _

Comp (Dy[D/x:p] :: BF My[N/x]:7—0), and

—_— —_—

Comp (Do[D/x:py] :: B My[N/x]:T).
Then, by Definition E.1],
Comp ({(D1[D /a4, Do, — E) - B - My [N/z]Mo[N/2]: 0)

so also Comp ((Dy, Do, —>E’>[W] B (MIMQ)[]Wx] L0). ]

Using this last result, we now prove a strong normalisation result for deriva-
tion reduction in ‘+’.

Theorem 4.6 [fD:: B+ M:o, then SN (D).

Proor: By Lemma [.3[, for every x:7 € B, Comp (D, :: B+ x:7), so by
Theorem [I.5, Comp (D :: B+ M:c). Notice that, by Lemma .3, SN(D). m

5 Normalisation results

In what follows below, first an approximation result will be proved, i.e. for
every M, B and o such that B+ M:o, there exists an A € A(M) such that
Bt A:o. From this, the well-known characterisation of (head-)normalisation
of lambda terms using intersection types follows easily, i.e. all terms having a
(head) normal form are typeable in ‘-’ (with a type without w-occurrences).
The second result is the well-known characterisation of strong normalisation
of typeable lambda terms, i.e. all terms, typeable in ‘" without using the
type-constant w, are strongly normalisable.

First we give some auxiliary definitions and results. The first is a notion
of type assignment that, essentially, assigns w only to the term L.

Definition 5.1 L-type assignment and _L-derivations are defined by the
following natural deduction system (where all types displayed are strict,

12
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except o in the rules (—1), and (—FE)):

(Az) : B, x:N,0; kL 70 (n20,i€n)
(_)E>:B|_J_M20'—>T BF N:o
B MN:T
(QD‘BI—lMl:al Bl—Lanan<n>0)
B MyU---UM,:Nyo; a
B,xob M:T

—1):
(=9 B M. M:o—T1

We write B | M :o if this statement is derivable using a 1 -derivation.

Notice that, by rule (NI), § | L:w, and that this is the only way to assign
w to a term. Moreover, in that rule, the terms M; need to be compatible
(otherwise their join would not be defined).

Lemma 5.2 (i) IfD:: Bt M:o, thenD:: B+ M:o.

(ii) If D:: BF M:0o, then there exists M' T M, such that D :: Bt M':o.
Proor: By easy induction on the structure of derivations, using Lemma 3.5
in part fd. ]

Notice that, since M’ need not be the same as M, the second derivation in
part [ is not exactly the same; however, it has the same structure in terms of
applied derivation rules.

Using Theorem .6, as for the BCD-system and the strict system, the
relation between types assignable to a lambda term and those assignable to
its approximants can be formulated as follows:

Theorem 5.3 [Approzimation] BF M:0 < A€ A(M) [B+ A:0].

Proor: =) If D:: B+ M:o, then, by Theorem [.g, SN (D). Let
D' :: B N:o be a normal form of D with respect to —p , then by
Lemma .5, M —3 N and, by Lemma p.2fi, there exists PC N such
that D' :: B+, P:o. So, in particular, P contains no redexes (no typed
redexes since D’ is in normal form, and none untyped since only L can
be typed with w), so P € N, and therefore P € A(M).

<) Since A € A(M), there is an M’ such that M’ =5 M and AT M’. Then,
by Lemma B.3, B+ M’:0, and, by Theorem [[.6, also B+ M:o. [

Using this result, the following becomes easy.

Theorem 5.4 [Head-normalisation [3]] 3B,0 [BF M:o] <= M has a head
normal form.
Proor: =) If B+ M:o, then, by Theorem b.3,

JAe A(M) [BF A:o].
13
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By Definition B.2, there exists M’ =g M such that AT M'. Since 0 € T,
A% 1, so0 Ais either z, \x. A’ or xA;---A,. Since M’ matches A, M’ is
either x, \x.M; or xM;---M,; so M' is in head-normal from. Then M
has a head-normal form.

<) If M has a head-normal form, then there exists M’ =g M such that M’
is either z, Ax.M; or xM;---M,,, with each M; € A.

(a) M'=z. Take B = x:p, and 0 = ¢.

(b) M" = Ax.M,. Since M, is in head-normal form, by induction there are
B',¢’" such that B'+ M;:o'. If x:1 € B, take B = B'\z, and 0 = 7—0’,
otherwise B = B’ and 0 = w—0o’.

(¢) M'"=xM;---M,. Take B = r:w— -+ —w—p and 0 = .

Notice that, in all cases, B+ M’:0. Then, by Theorem [[.G, B+ M:o.

6 w-free type assignment

In this section we revisit the strong normalisation proof, for which we first
define a notion of derivability obtained from ‘F’ by removing the type constant
w.

Definition 6.1 (i) The set of w-free strict types is inductively defined by:
ox=p|((c1N---Naoy,) — o), (n>1)
The set T, of w-free intersection types is defined by:
{Mpoi | n>1& Vi€ n [o; is an w-free strict type]}

(ii) The relation < is defined in w-free types as the least pre-order on 7o

such that:
Nnoi < 04, forallzen
7<0;, forallien = 7<N,0,n>1
c<7<p = o0<p

(iii) The equivalence relation ~ on types is defined by:
o~T < 0<7<0,and we will work with types modulo ~ .

Definition 6.2 (i) w-free intersection type assignment and w-free
intersection derivations are defined by the following natural deduction

14
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system:
(Az) : (n>1,i€n)
B, x:N,0; ke x:0;
B, M:0—17 BbyN:o
(—FE):
Bty MN:T
BroM:00y -+ BkysM:o,
(N : —=—— = n>1)
B kg M:Ny,0;
B, riobg M:T

(=) :
BEtg e M:o—T

(ii)) We write Bl M : 0 if this statement is derivable using a strict
intersection derivation, and write D :: B x, M : 0 to specify that this
result was obtained through the derivation D.

Then the following properties hold:
Lemma 6.3 (i) Btyx:0 <= Jo; (Vien) € Ty [1:N,0, € B &
i € no = ay]].
(ii) B MN:c & 0 € Ty <= 7€ T [Bha M:7—0 & BEgy N:7).
(i) BRag M Mo & 0 €Ty <= dpeTppn €Ty lo=p—p &k
B,x:p g M : .
(iv) BEo M:0 & B<B = B'F,M:o.
(v) If D:: By M:o, then D:: B M:o.
Proor: Easy. ]

To prepare the characterisation of terms by their assignable types, first is
proved that a term in A_L-normal form is typeable without w, if and only if it
does not contain L. This forms the basis for the result that all normalisable
terms are typeable without w.

Lemma 6.4 [3]
(i) If B- A:0, and B,o are w-free, then A is L-free.
(ii) If A is L-free, then there are B, and o, such that Bty A:o.

Now, as also shown in [2], it is possible to prove that the strict intersection
type assignment system satisfies the main properties of the BCD-system.

Theorem 6.5 [2] 3B,0 [BF M:0 & B, o w-free] <= M has a normal

form.

Proor: =) If B+ M:o, then, by Theorem p.3, there exists A € A(M) such
that B+ M:o. Since B, o are w -free, by Lemma .4, this A is |-free.
By Definition B.]] there exists M’ =g M such that AC M'. Since A
contains no L, A = M’, so M’ is a normal form, so, especially, M has a
normal form.

15
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<) If M’ is the normal form of M, then it is a L-free approximate normal
form. Then by Lemma [.4 there are B, o such that Bt M':0. Then,
by Theorem [[.LG, B+ M:o. [ |

Theorem (.9 shows that the set of strongly normalisable terms is exactly
the set of terms typeable in the intersection system without using the type
constant w. The same result was stated in [?] for the BCD-system, but the
proof there was not complete. The proof of the crucial lemma as presented
below (Lemma p.§) and part (<) of the proof of Theorem [.9 are essentially
due to Betti Venneri, of the University of Florence, Italy, and goes by induction
on the left-most outer-most reduction path.

The following lemma shows a subject expansion result for the w-free sys-
tem.

Lemma 6.6 If Bt M[N/x]:0 and Bt N:p, then Bty (Az.M)N:0.
Proor: Standard. n

This result extends by induction (easily) to all contexts: if Bl C[M[N/z]]:0
and B by N:p, then B, C[(Az.M)N]:0.

Lemma .4 is also essentially the proof for the statement that each strongly
normalisable term can be typed in the system ‘', a property that we will
now show.

Definition 6.7 An occurrence of a redex R = (Az.P)@ in a term M is
called the left-most outer-most redex of M (lor(M)), if:

(i) There is no redex R’ in M such that R' = C[R] (outer-most).
(i) There is no redex R’ in M such that M = Cy[Cy [R'|Co[R]] (left-most).
M —,- N is used to indicate that M reduces to N by contracting lor(M).

4

The following lemma formulates a subject expansion result for ‘-’ with
respect to left-most outer-most reduction. The proof follows a similar proof
by Betti Venneri, of the University of Florence, Italy (unpublished), set in the
context of the BCD-system.

Lemma 6.8 Let M —,. N, lor(M) = (Az.P)Q, Bto N:o, and B' b Q: T,
then there exists By, p such that By ko M :p.
Proor: By induction on the structure of types, of which only the part
o € Tg will be shown, by induction on the structure of terms; note that
M=Xxy- -z, VP -+ P, (k,n>0), where either
(i) Vis aredex, so V = (Ay.P)Q, so lor(M) =V and
N=Xxy 2. (P[Q/y)) P - - - P,, or
(ii) V =y, so there is an j € n such that lor (M) = lor(P;), and P; —,,. P,
and N = \xq---apyPy---P' - B,
In either case, we have, by Lemma (.3, that there are aq, ..., ar, Y1, .. Vn,
and ( such that o = a;— - —ap—0, By b V':iy1— -+ - —7,—0, and
By b Pi:vy; (i € n), where By = B, x1:04, ..., x5:a, and V' is either P[Q/y]
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or y. We distinguish two cases:

(i) V! = P[Q/y]. Let By = B’, then
(W By, B} Fo (\y.P)Q:y1— - - - —7n—3, by Lemma [.6,

(ii) V' =y. Then, by induction, there are B’, p such that B’ =, P;:p. Take
p="y1—p--—v—3, B = By, then ({By, Bi} b y: p.

In either case, (1{By, Bi} ko VP -+ P,: 3. Let, for all i € k,

z::3; € (W By, B1}, then

ﬂ{Bo, Bif\z1,...,xp b Axy - apyPr- - Py fi— - — B m

We can now show that all strongly normalisable terms are exactly those
typeable in ‘I, .

Theorem 6.9 3B,0 Bty M:o] <= M is strongly normalisable with
respect to —g.

Proor: =) If D :: By, M:o, then by Lemma [.3f, also D:: BF M:o.
Then, by Theorem E.G, D is strongly normalisable with respect to —op .
Since D contains no w, all redexes in M correspond to redexes in D.
Since derivation reduction does not introduce w, also M is strongly
normalisable with respect to —g.

<) With induction on the maximum of the lengths of reduction sequences
for a strongly normalisable term to its normal form (denoted by #(M)).

(a) If #(M) =0, then M is in normal form, and by Lemma .4, there
exist B and o € 7 such that Bt M:o.

(b) If #(M)>1, so M contains a redex, then let M —,. N by contracting
(Ax.P)Q. Then #(N) < #(M), and #(Q) < #(M) (since Q is a
proper sub-term of a redex in M), so by induction B - M :0 and
Btk Q:7, for some B, B, o, and 7. Then, by Lemma [.§, there exist
By, p such that By =, M :p. ]

Conclusions and future work

We have shown that cut-elimination is strongly normalising also for an in-
tersection type assignment systems that contains w, and that all standard
characterisations of normalisation are consequences of this result. A future
extension of this result could be to consider a type-inclusion relation that
is contra-variant over the arrow, so to consider a system that is closed for
n-reduction.
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