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Cut-Elimination in the
Strict Intersection Type Assignment System
is Strongly Normalizing

Steffen van Bakel

Abstract  This paper defines reduction on derivations (cut-elimination) in the
Strict Intersection Type Assignment System of an earlier paper and shows a
strong normalization result for this reduction. Using this result, new proofs are
given for the approximation theorem and the characterization of normalizability
of terms using intersection types.

1 Introduction

Strong normalization of cut-elimination is a well-established property in the area of
logic that has been studied profoundly in the past. In the area of type assignment for
the Lambda Calculus (LC), the corresponding property is that of strong normalization
of derivation reduction (also called cut-elimination in, for example, Barendregt et
al. [2]) which mimics the normal reduction on terms to which the types are assigned.
This area also has been well studied.

For intersection type assignment systems, proofs of strong normalization of
derivation reduction have at best been indirect, that is, obtained through a map-
ping from the derivations into a logic, where the property has been established
before. Since in those logics the type-constant w cannot be adequately mapped, the
intersection systems studied in that way are w-free. (There exists a logic—Dezani-
Ciancaglini et al. [9]—that deals adequately with intersection and @ but strong
normalization of cut-elimination has not been shown yet for it.) This paper will use
the Strict Type Assignment System of van Bakel [19] (which contains w) and will
present a proof for the property directly in the system itself.

The Intersection Type Discipline (ITD) as presented in Coppo and Dezani-
Ciancaglini [3] (a more enhanced system was presented in [2]; for an overview of
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the various existing systems, see van Bakel [20]) was introduced mainly to overcome
the limitations of Curry’s type assignment system (Curry [5], Curry and Feys [6])
and has been used to characterize normalization 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 the context of a certain term M, a term-variable x can play different,
even nonunifiable, roles. This slight generalization of Curry’s system causes a great
change in complexity; although type assignment in Curry’s system is decidable,
in ITD it is not, which is illustrated by the fact that type assignment is closed for

B-equality: M=gN= (B-M:0c & Bk N:o).

The ITD is most renowned for providing proofs for the following characterization
of (head/strong) normalization by assignable types (where w is a type-constant and
stands for the universal type, that is, all terms are typeable by w):

M has a head normal form < B M:0 & 0 # o,
M has anormal form < B+ M:0 & w does not occur in B, o,
M is strongly normalizable < 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 [19], is undecidable.

As with many strong normalization results in the context of types, the strong nor-
malization result of this paper also is obtained using the technique of Computability
Predicates (Tait [ 18], Girard et al. [12]). This technique provides a means for proving
termination of typeable terms using a predicate defined by induction on the structure
of types and has been widely used to study normalization properties (or similar re-
sults) as, for example, in Pottinger [14], Coppo et al. [4], Dezani-Ciancaglini and
Margaria [8], Ronchi Della Rocca [17], Krivine [13], [19], [20], Ghilezan [11], van
Bakel and Ferndndez [25], van Bakel et al. [22], Dougherty and Lescanne [10], and
van Bakel and Dezani-Ciancaglini [23] (this list is by no means intended to be com-
plete).

Also, as in [20], the technique proved to be sufficient to show a head-normalization
as well as an approximation result, which will be shown again here (see Theorems 6.5
and 6.4, respectively). In this paper these results—the three characterization results
and the approximation result—are shown to be a direct consequence of the main
result in that all normal characterizations of (strong/head) normalization are conse-
quences of the strong normalization of cut-elimination.

In the context of weak reduction, the approximation result is no longer obtained
via a straightforward application of the same computability technique as used in LC.
Rather, as argued and shown in van Bakel and Ferndndez [24] and [26], to obtain
this result in the context of Combinator Systems or Term Rewriting Systems, a more
general solution was needed: strong normalization of cut-elimination. Perhaps sur-
prisingly, the machinery involved to prove this gives the characterization results for
typeable terms as a corollary.

In this paper, we will show these results in the context of LC: we will show that
cut-elimination is strongly normalizing and that all characterization results are direct
consequences of it. The added complexity 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 3); unlike
a normal typed- or type assignment system, in - not every term-redex occurs with
types in a derivation.
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As far as cut-elimination in the context of intersection types is concerned, there
exist but few related results in the literature. As in Retoré [15], where a strong
normalization result was proved for derivation reduction in the setting of the notion
of intersection type assignment known as & [13], most papers consider the BCD-
system [2] without the type-constant . Since we consider the type w here, together
with a type inclusion relation <, that strong normalization result itself is a true special
case of the results of this paper presented in Section 6.

The Approximation Theorem hinted at above is a (perhaps lesser known) funda-
mental result for ITD and is more relevant in the context of semantics. Essentially
following [27] and [1], the set of terms can be extended by adding the term-constant
L. Adding also the reduction rules LN —g; L, and Ax.L —pg, 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 [1], and a model for the LC 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 rela-
tion between types assignable to a term and those assignable to its approximants and
is formulated as

BFM: 0 & 3A e AM)[BF A:0]

(see Ronchi Della Rocca and Venneri [16] and van Bakel [19] and [20]; for a uniform
proof for many systems, see [7]). From this it also follows, that is, next to the direct
proofs, that the set of intersection types assignable to a term can be used to define a
model for the LC (see [2], [19], and [20]).

The kind of intersection type assignment considered in this paper is that of [19],
that is, the strict intersection type assignment system, a restricted version of the BCD-
system of [2], that is equally powerful in terms of typeability and expressiveness. The
major feature of this restricted system, compared to the BCD-system, is a restricted
version of the derivation rules and the use of strict types (first introduced in [19]);
notably, the strict system differs from the BCD-system in terms of expressivity in that
it is not closed for n-reduction.

This paper is the full, revised version of [21].

2 Strict Intersection Type Assignment

In this section, we will present the Strict Intersection Type Assignment System as
first presented in [19], which can be seen as a restricted version of the BCD-system
as presented in [2]. The major feature of this restricted system, compared to the BCD-
system, is that the < relation on types is no longer contravariant on the argument type
in arrow types, but restricted to the one induced by o Nt < ¢ and taking  to be the
maximal type.

We assume the reader to be familiar with the LC [1]; we just recall the definition
of lambda terms and g-equality. We will write n for {1, ..., n}, wheren > 0.

Definition 2.1 (Lambda terms and B-equality [1])
1. The set A of lambda terms is defined by the syntax
M = x| x.M| M M,.

2. The reduction relation — g is defined as the contextual (i.e., compatible [1])
closure of the rule,

(Ax.M)N —g M[N/x].
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The relation —> g is the reflexive and transitive closure of — g, and the =g is
the equivalence relation generated by —>g.

Definition 2.2 (Types, statements, and bases)

1. Let @ be a countable (infinite) set of type-variables, ranged over by ¢. T,
the set of strict types, and the set T of intersection types, both ranged over by
Greek characters like o, 7, . . ., are defined through

(a) the set T of strict types is inductively defined by

ou=¢|{o1N---Noy) = 0), (n=0);
(b) the set T~ of intersection types is defined by
forN---No, | n>0&Vi €n [o; is a strict type]}.

We will write o for the empty intersection type.

2. A statement is an expression of the form M:o, with M € A,ando € T. M
is the subject and o the predicate of M : o .

3. A basis is a partial mapping from term variables to intersection types and is
represented as a set of statements with only distinct variables as subjects.

4. For bases Bj, ..., By, the basis N{By, ..., B,} is defined by
xwo1N---Noy € N{By,..., By} if and only if {x:01,...,x:04,} is the
(nonempty) set of all statements about x that occurin By U - - - U By,.

Notice that strict types are either type-variables, ¢, or arrow types. In an arrow type,
the type on the right of the arrow type constructor is always strict; the type on the
left of the arrow is an intersection type, but since 7 is a proper subset of 77, it can
be strict.

We will write B, x:o for the basis N{B, {x:0}}, when x 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, rightmost outermost brackets will be omitted.

In papers such as [2], [19], and [20], the type constant w is introduced separately
and is used as the universal type, that is, all terms can be typed with w. For succinct-
ness of proofs and definitions, w is treated here as an intersection of zero strict types
which is justified by the following. The semantics of a type o, [[o] (see [2], [19],
and [20]) is defined as the set of terms that it can be assigned to (see Definition 2.5).
Notice that if M can be assigned the type o1 N --- N oy, it can also be assigned
opMN---Noy—1, 0 we get

forN---NoyI SlorN---Nop 11 S --- S [logNoz]l € [lor]l.

It is natural to extend this sequence with [[o1]] C [[ ]I, and therefore to define that the
semantics of the empty intersection is Aj; since in [2], [19], and [20] all terms are
typeable by w, also [[ ]| = [[@]].

We will consider a preorder on types which takes into account the idempotence,
commutativity, and associativity of the intersection type constructor and defines w to
be the maximal element.

Definition 2.3 (Relations on types)
1. The relation < is defined as the least preorder (i.e., reflexive and transitive
relation) on 7 such that
oyN---No, < oj, foralli en, n=>1;
T <o0j, foralien =1 <01N---Noy, n>0.
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2. The equivalence relation ~ on types is defined by o ~ v < 0 < 17 <0, and
we will consider types modulo ~.

3. We write B < B’ if and only if for every x:0’ € B’ there is an x:0 € B such
thato <o’,and B~ B’ & B < B’ < B.

T may be considered modulo ~; then < becomes a partial order.

Notice that 0 < o and 0 < o, for all o; it is easy to show that both
ecN)yNp ~tN(@Np)and o Nt ~ T No, so the type constructor N is
associative and commutative, and we will write o N T N p rather than (o N 7) N p.
Moreover, we will, when appropriate, write N, 0; for o1 N- - -No, (where Ny10; = o1)
and we will then assume, unless stated explicitly otherwise, that each o; is a strict
type.

The definition of the <-relation as given in [2] (apart from dealing with intersec-
tion types occurring on the right of the arrow type constructor) or [20] also contained
the alternative

p<oc&tT<pu=0—->1<p—> UL

This was added mainly to obtain a notion of type assignment closed for n-reduction
(i.e., B-reduction extended with Ax.Mx —, M, if x is not free in M), a feature that
is not considered here.

The following property is easy to show.

Property 2.4 (Cf. [20]) Forallo,t € 7,0 < t if and only if there are n, m > 0,
oi(Vi € n), 7;(Vj € m) such that 0 = Ny0o;, T = Ny 7, and, for all j € m, there
exists i € n such that 7; = o;.

Definition 2.5 (Strict type assignment and derivations)

1. Strict intersection type assignment and strict intersection derivations are de-
fined by the following natural deduction system (where o in rules (—E) and
(—=I)isin 7):

B, x:Ny0;i - x:0;

B+-M:0 -1t BFN:o

(—E):
BFMN:t
B+-M: 09 --- BFM:o,
(NI) : (n>0)
B = M:Nyo0;
B, xoH-M:t
(=1I):

BFMxM:0 -1

2. 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 - Axy.xy:(c — 1) —> (pNo) — T but not for
Fixx:(c >1)—> (pNo) —> 1.
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Notice that since w is considered to be the empty intersection the derivation rule

(w)y : —
BFEM:w

is implicit in rule (N7).
The following lemma shows a term-substitution result.

Lemma2.6 3dp[B,x:p-M:0 & B+ N:p]l< BF M[N/x]:o.

Proof By induction on the structure of terms; only the case o € T is considered.

M=x: =: Jp[B,x:pFx:0 & B+ N:p] = (Ax)
Joi(Vi en),i enlo =0; & B+ N:N,0i] = ()
B+ x[N/x]:0;.

<: BFx[N/x]:0 = B,xokx:0 &BF N:o.

M=y#x: =:3p[B,x;pk-y:c& B+ N:pl= BFy[N/x]:0.
&<: BFY[N/x]:o > BFy:c&BF N:ow.

M=iy.M: 3Fp[B,x:pFry.M:0 & B+ N:p] & (—1)
dp,a, B[B,x:p, yab-M:B& o=a — B& B+ N:p] & (IH)
Ja, B[B,y:a - M'[N/x]:B & 0 =a — B] & (=)
B+ Ay.M'[N/x]:0.

M =M M,: BF M M[N/x]:c & (—E)
dr[BF+ Mi[N/x]:t - 0 & B+ M>[N/x]:1] < (IH)

dp1, 2, Tt [B,x:pi-Mi:t >0 &BFN:pr & B, x:;o - M>:t
&BFN:m] & (p=p1Npe2) &N & ()
dp[B,x:p M My:0 & B+ N:p].

O

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 2.7

1. If derivation D consists of an application of rule (Ax), then there are
n > 1,0;(Yi € n) and B such that D :: B,x:N,0; = x:0; with j € n;
we then write

D = (Ax) :: B,x:N,0; Fx:0;.
2. If derivation D finishes with rule (— 1), there are M1, «, 8 such that
D:BFMM :a— B,
and there is a subderivation Dy :: B, x: = M : 8 in D; we then write
D= (Dy,—I)::BkFAx.M:a — B.
3. If derivation D finishes with rule (—E), there are P, Q such that
D:BFPQ:0o

and there are 7 and subderivations Dy:: BFP:t—o and Dy :: BFQ:7in
D; we then write

D= (Dy,Dy,—>E) B+ PQ:o0.
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4. If derivation D finishes with rule (N7), there are n > 0, o; (Vi € n) such that
D: B&F M:N,o0i,

and, for all i € n, there exists a D; :: B = M :0; that is a subderivation of D;
we then write

D= (Dy,....D,,NI) = B M:N,0;.

We will often abbreviate the shorthand notation for derivations and, for example,
write (D1, Dy, - E) instead of (D1, D>, »E) :: BF PQ:o.

We will identify derivations that have the same structure in that they have the same
rules applied in the same order (so derivations involving the same term, apart from
subterms typed by w) and say that these have the same structure; the types derived
need not be the same.

As partially shown in [19], we have the following property.

Theorem 2.8 (Cf. [19])  The following rules are admissible:

BFM:o BFM:o
()i ———(B'<Bo<1) (=p:——(M=pN)
B'FM:t BFN:o

B,xo-M:t BFN:o

(cut) :
B+ M[N/x]:t

Proof (<) Easy; part B’ < B follows from rule (Ax), and part o < t follows by
induction on <, using rule (N7).

(=g) By induction on the definition of =g. The only part that needs attention is
thatof aredex, B (Ax.M)N:o < B+ M[N/x]:0,where o € Ty; all other cases
follow by straightforward induction. To conclude, notice that, if B - (Ax.M)N : o,
then, by (— E) and (—1), there exists a p such that B, x:p - M:0 and B+ N:p;
the converse of this result holds, obviously, as well. The result then follows by
Lemma 2.6.

(cut) By Lemma 2.6. ]

3 Derivation Reduction

The notion of reduction on derivations D :: B = M :o defined in this section will
follow ordinary reduction (on terms), by contracting typed redexes that occur in D,
that is, redexes for subterms of M of the shape (Ax.P)Q, for which the following is
a subderivation of D:
Dy =:B,x:pFP:t,—I) : BFM.P:p — T,
Dy:BFQ:p, »>E):: BF (Ax.P)Q:t.

A derivation of this structure will be called a redex. We will prove in Section 4 that
this notion of reduction is terminating, that is, strongly normalizable.

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/x]; this must—because the
system at hand uses intersection types, including w—be defined with care, since in
D:: BF M:o itis possible that M contains a redex whereas D does not.

Take the following derivation for B -+ (Ax.x)N :0.
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— (A% Dy D>
B,x:oNthkx:0o BEN:o BEN:t
(=1) (NI)
BFAxx:oNT—>o0o BEN:oNt
(—E)
Bt (Ax.x)N:o

This derivation will reduceto D :: B+ N:o.
For the general case consider a derivation for the redex (Ax.P)Q:

((D1 s B,x:Mypi = Pit,—I) 2 BEAX.P:Nyp; — 1,
Dy :: (D;,...,Dg, NI) = BEQ:Nypi, >E) : BE (Ax.P)Q:T;

then the derivation is shaped like

_—  (AX) .- (Ax)
B, x:Mpp; & x:pr B, x:Npp; = x:pp,
Dy D} D)
B,x:Mpp;i = P:t BFEQ:p1 - BEQ:pn
(=1 (NI)
BFAx.P:Nup; — T B Q:Npp;
= — (—E)
BF(Ox.P)Q:t

Contracting this redex will construct a derivation for the term P[Q/x] and will be
written as D1[D2/x:N,p;] :: B P[Q/x]:T.

Notice that the admissible rule (cut) can be applied directly to the derivations D
and D5, thus obtaining

Dy
B,x:Mpp;i = P:t BF Q:Nppj

(cut)
BF P[Q/x]:T

Removing this occurrence of (cut) so to obtain a derivation for B = P[Q/x]: 7 from
the one above in which this specific occurrence no longer appears would require
exactly the operations specified in this paper for derivation reduction, and therefore
we also use the term cut-elimination for derivation reduction.

When creating a derivation for P[Q/x], it is not the case that the derivation Dy
will just be inserted in the positions of D; where a type for the variable x is de-
rived: notice that no subderivation for B = x: N, p; need exist in Dy. Instead, since
each p; occurs in Ny p;, the approach used in this paper for derivation substitu-
tion will be to replace all derivations (Ax) :: B, x:Nyp; = x:pk; by the derivation

Dl;j :t B+ Q:py; and replace x by Q in P throughout the derivation Dj.
Before formally defining reduction on derivations, we will first define a notion of
substitution on derivations.

Definition 3.1 (Derivation substitution) For D @ B,xo F M:t and
Do i B  N:o, the derivation D[Dg/x:0] :: B + M[N/x]:7, the result of
substituting Do for x:o in D, is inductively defined by
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1. D=(Ax) :: B,x:0 - x:t. Leto = N,0;, then T = o; with j € n. Then

Dy = (D(l) 2BFN:oy,...,Dj:: B N:o,,NI):: BF N:N,0;,

80, in particular, D{; 2 BFN:oj. ThenD[Dy/x:0] = Dé.
2. D= (Ax) :: B,x:0 - y:t withx # y. Then

D[Dg/x:0] = (Ax) : B+ y:T.
3. D=(D; = B,xw0,y:a =M;:8,—I) :: Byxio - Ay.M;:a — B. Let
D’ = Dy [Dg/x:0]:: B, y:a = M{[N/x]:B.
Then (D, —I)[Do/x:0] = (D', —I) :: B+ (Ay.M)[N/x]:a — B.

4. D=(D; :B,x:c-P:p—1,D):B,x:0 FQ:p,—E) :: B,xoc FPQ:T.
Let

D} = Dy [Do/x:0]:: B+ P[N/x]:p — 7, and
D’2 = Dy [Do/x:0]:: B+ Q[N/x]:p;

then (D1, Dy, - E)[Dg/x:0] = (D/I,D/z,—>E) ©BF(PQ)N/x]:T.
5. D=(Dy,...,Dy,NI) :: B,x:0 = M:Ny7;. Let, forall i € n,

D! =D; [Do/x:0] :: B+ M[N/x]:t;

l
then (D1, ..., Dy, NI)[Do/x:0] = (D}, ..., D,,NI) :: B +M[N/x]:N, 7.

Before coming to the definition of derivation-reduction, we need to define the notion
of ‘position of a subderivation in a derivation’. This notion is needed in Defini-
tion 3.3 to make sure that when contracting a redex in one subderivation (branch)
in a derivation ending with rule (N7) all its “siblings” in neighboring branches are
contracted as well.

Definition 3.2  Let D be a derivation and D’ be a subderivation of D. The position
p of D" in D is defined by

1. if D’ =D, then p = ¢;

2. if the position of D’ in Dy is ¢ and D = (D, — 1), or D = (Dy, Dy, - E),
then p = lg;
if the position of D’ in Dy is ¢ and D = (D1, Dy, —E), then p = 2gq;
4. if the position of D’ in D; (i € n)is ¢, and D = (Dy,...,D,, NI), then

pP=4q.

(O8]

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 subderivation with type different from w.



44 Steffen van Bakel

Definition 3.3 (Derivation reduction) We say that the derivation D :: B - M:o
reduces to D’ :: B+ M':o at position p with redex R, if and only if

o€ Ty
1. D= ((Dy,—1I),D2, —>E) :: B (Ax.M)N :0 (a derivation of this shape is
called a redex); then D reduces to

Di[Dy/x:p] :: BFE M[N/x]:0o

at position ¢ with redex (Ax.M)N.
2. If Dy reduces to D] at position p with redex R, then

(@) D= (Dy,—1) :: BF Ax.M;:a — B reduces at position 1 p with redex
RtoD' = (D}, =I) = B+ ix.M|:a — B.

(b) D = (Dy,D2, —E) :: B+ PQ:o reduces at position 1p with redex R
toD' = (D}|,Dy, »E) : B P'Q:0.

(¢c) D= (Dy2,Dy,—E) :: B+ PQ:o reduces at position 2 p with redex R
toD' = (D;,D},—E):: B+ PQ 0.

0 = Nyoj
If D :: B = M:Nyo0;, then, for every i € n, there are D; :: B = M :0; such that
D = (Dy,...,D,,NI). If thereis an i € n such that D; reduces to D; at position p

with redex R, then, for all j # i € n, either

1. there is no redex at position p because there is no subderivation at that posi-
tion; since R is a subterm of M, it has to be part of a term that is typed with
winDj; let R—4 R* and D’j = D;[R’/R] (i.e., D; where each R is replaced
by R’), or

2. D; reduces to D’j at position p with redex R.

Then D reduces to (D/l, ..., D, NI) at position p with redex R.

We write D — o D’ if there exists a position p and redex R such that D reduces to
D’ at position p with redex R. We will use the symbol — g also for its transitive
closure: if Dy — 9 Dy — o D3, then D; — o Dj3.

We say that D is normalizable if there exists a redex-free D’ such thatD — o D/, and
that D is strongly normalizable if all reduction sequences starting in D are of finite
length. We abbreviate ‘D is strongly normalizable’ by ‘SN(D)’.

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

Example 3.4 Let D; be the derivation (with By = x:(¢ — B — y)Na,
yi(y > 8)NB,and ©® = Axy.y(xxy)):

(Ax) (Ax)
BiFxia—>B—>y BiFx:«
(—E) (Ax)
BiFxx:p—vy BiFy:pB
— (A (—E)
BiFyy—$§ By Fxxy:y
(—E)
Bi F y(xxy):é
(=1

Bi\ykFAy.y(xxy):(y -8 NB—>34
FO:(a—->B—->y)Na—>(y—>8§NB—>§

(=D
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Let B = x:it,y:wo — p,and 7 = (¢ > B — y)Na — (y - §) NP — § (the
type derived in D), then we can construct D;:

—_— (Ax) — (N
ByFy:w—p By Fxxy:w

(=E)
By E y(xxy):p

(=D
X TEAy.yxxY): (@ —> p) > p

(=)
FO:1T—>(w—p)—p

From D; and Dy we can now construct

FO:1T—> (w—p)—p FO:T
(—E)

FOO:(w—> p)—p

Notice that the term ®® has only one redex that is not typed with w. Also this
derivation has only one (derivation)-redex and contracting it gives

(Ax) (NI)
yw—>pkEyowo—>p yio— pE00y:w

yiw— p bk y(©0y):p

(=)
F1y.y(©8y): (w0 — p) = p

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

For another, more involved example of derivation reduction see Example A.3 in the
Appendix.

The following lemma formulates the relation between derivation reduction and
B-reduction.

Lemma3.5 LetD: B+ M:ocandD —go D' :: B+ N:o,then M —>g N.
Proof By Definition 3.3. (]

The following states some standard properties of strong normalization.

Lemma 3.6
1. If SN((Dy1, D2, = E)), then SN(D1) and SN(D3).
2. If SN(Dy :: By - xMy,...,My:0 — t) and SN(Dy :: Bo = N:o), then
SN((Dy, Dy, =E) :: "{B1, B} - xMy, ..., M, N:1).
3. Vien[SND; :: BF M:0;)]ifand only if SN((Dy, ..., Dy, NI)).
4. If SN({...(D1[Dy/y:p])...) = B+ M[N/x]?:o) and SN(Dy :: B N:p),
then SN({...{({Dy,—1I),Dy, —>E)...) : BF ()\y.M)QTJ\ 10).

Proof Easy, by Definition 3.3. O
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4 Strong Normalization of Derivation Reduction

In this section, we will prove a strong normalization result for derivation reduction.
In order to prove that each derivation in F is strongly normalizable with respect
to — p, a notion of computable ([18], [12]) derivations will be introduced. We
will show that all computable derivations are strongly normalizable with respect to
derivation reduction and then that all derivations in - are computable.

Definition 4.1 (Computability Predicate) = Comp(D) is defined recursively on types
by
Comp(D :: B+ M :¢) & SN(D)
Comp(D:: B+ M:a — pB) <
VD' [Comp(D' :: B+ N:a) = Comp({D,D', —>E):: B MN:p)]
Comp((D1,...,Dy,NI) : BEM:Nyo;) & Vi € n[Comp(D; :: B M:o0;)].

Notice that, as a special case for the third rule, we get Comp({NI) :: B+ M :w).

Lemma4.2 IfCompD ::B+M:0), B'<B, o0 <o/, then Comp(D’ ::B' M :0")
for some D'

Proof By straightforward induction on the structure of types. (|

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

Lemma 4.3

1. Comp(D :: B+ M:0) = SN(D).
2. SND:: BFxMy, ..., My:0) = Comp(D).

Proof By simultaneous induction on the structure of types.
o=¢ Directly by Definition 4. 1.

o=a—f (1) Let x be a variable not appearing in B and M, and
let D' = (Ax) : B,x:x@ F x:«, then, by induc-
tion (2), Comp(D’). Since Comp(D), by Lemma 4.2, also
Comp(D” :: B,x:a = M:a — B) (notice that D and D” are
almost identical, but for the occurrences of x:« in the basis), so,
by Definition 4.1, Comp((D",D', > E) :: B,x:a = Mx:p).
Then, by induction (1), SN((D”, D, — E)), and, by
Lemma 3.6(1), SN(D"”). Then also SN (D).
(2) Assume Comp(D’ :: B’  N:a), then by induction (1),
SN(D'). Then, by Lemma 3.6(2), SN((D,D’,—E)
“N{B,BY+xMy,...,MyuN:B). Then Comp({D,D’, —E))
by induction (2), so by Definition 4.1, Comp(D).

o =MNyo; Easy, using Definition 4.1, Lemma 3.6(3), and induction.

O

The following theorem (4.5) shows that, in a derivation, replacing subderivations
for term-variables by computable derivations yields a computable derivation. Before
coming to this result, first an auxiliary lemma must be proved that formulates that
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the computability predicate is closed for subject-expansion with respect to derivation
reduction.

Lemma4.4 LetD = {(...Di[Dy/y:p]...,—E):: BF M[Q/y]?:a; if Comp(D)
and Comp(Dy :: B F Q:p), then

Comp((...((Dy,—I),Dy, >E)...,>E):: BF ()Ly.M)Q? 10).
Proof By induction on the structure of types.

o=¢ Comp(D) & Comp(Dy :: BF Q:p) = 4.3(1)
SN(D) & SN(D3) = 3.6(4)
SN({...{(Dy,—1I),Dy, >E)..., >E)

B (.MQP @) = (4.1)
Comp((...{{(Dy, —>I),Dy, —E)...,—>E)).

o=a—>pB Comp(D) & Comp(D) & Comp(D' :: B+ N:a) = (4.1)
Comp(D3) & Comp({D, D', —E)
B+ M[Q/y]PN:f) = (IH)
Comp({{{...(Dy,—1),Dy, —>E)...,—E),D,—>E)
B (A\y.M)QPN : B)
= (4.1)
Comp((...((D1, —I),Dy, >E)..., >E)).

o =MNyo; By induction and Definition 4.1.

O

We now come to the Replacement Theorem which states that, for every derivation in
I, 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 /x1, ..., Ny/x,], and so on.

Theorem 4.5 (Replacement Theorem)  Let B’ =x1:41, . .., X [, DB +M:o
and assume, for all i € m, that there are D;, N; such that Comp(D; :: B = Nj: ;).
Then

Comp(D° [D/x:u] :: B+ M[N/x]:0).
Proof By induction on the structure of derivations.
(Ax) We distinguish the following two cases:

M = x: Then x:N,0; € B',0 = o;forsomei € n,andD; :: B+ N;:0;. By
Definition 4.1, Comp(D;), and by Definition 3.1, Do [D/x:u] = D;.

M =y, y # x: By Definition 3.1, D [D/x:u] = (Ax) :: B - y:t, which is com-
putable by Lemma 4.3(2).



48 Steffen van Bakel
(NI) Then o = N,0;, and, for all i € n, there exists D! :: B'+ M:o; such that
DO = (Dl, ..., D", NI). Then, by induction, for all i € n,
Comp(D'[D/x:j] :: B+ M[N/x):0}),
and, by Definition 4.1, Comp(DO[D/x:M] 2B M[N/x]:M0i).

(=) Theno =p — t,D'= (D' 2B y;p b M':t,—>1I):: B+ ry.M :
p — T. Assume Comp(D’ :: B+ Q:p), then

Vj € m [Comp(D;)] & Comp(D’) = (IH)
Comp(Dl[D/x:M, D'/y:pl:: BEM[N/x,Q/y]:7) = (4.4)

Comp({({D'[D/x:jt], —1I), D', —E) : B-(Ay.M[N/x])Q:7)

s0, by Definition 4.1, Comp((D'[D/x:u], = 1):B+iry.M[N/x1p — 1),
so also N
Comp((Dl, —0[D/x:u]:: BEQy.M)[N/x]:p — 1).

(—E) Then M = M| M>, there are D!, D?, and 7 such that D° = (Dl, D2, —E),
D!:: B’ M;:t — o,and D? :: B’ M5 : . Then, by induction,
Comp(D'[D/x:1u] :: B+ Mi[N/x]:T — o), and
Comp(D*[D/x:pt] =2 B+ Ma[N/x1:7).
Then, by Definition 4.1,
Comp({(D'[D/xin], DA[D/x:ul, —E) : B+ Mi[N/x IMa[N/x1:0),
s0 also Comp((D1, Do, —E)[D/x:it] =2 B+ (MiM2)[N/x]:0).

O

Using this last result, we now prove a strong normalization result for derivation re-
duction in I-.

Theorem4.6 IfD:: B+ M:o, then SN(D).

Proof By Lemma 4.3(2), for every x:t € B, Comp(Dy :: B F x:7), so by Theo-
rem 4.5, Comp(D :: B+ M :0). Then, by Lemma 4.3(1), SN(D). ]

5 Approximation

In Sections 6 and 7 we will show two main results that are both direct consequences
of the strong normalization result proved in Section 4. Both results have been proven,
at least partially, in [19] and [20]. In fact, some of the theorems and lemmas pre-
sented here were already presented in those papers and are repeated here, for com-
pleteness, with their new proofs. Before we come to those results, we will revise
approximants.

The notion of approximant for lambda terms was first presented in [27] and is
defined using the notion of terms in A_L-normal form (as in [1], L is used instead
of €2; also the symbol C is used as a relation on A_-terms, inspired by a similar
relation defined on Bohm-trees in [1]).
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Definition 5.1 (Approximate normal forms)
1. The set of A_L-terms is defined like the set A of lambda terms by

M = x | L] Ax.M | My M.

The symbol L is called bottom.

2. The notion of reduction — g, is defined as — g, extended by Ax.L —pg, L
and LM —>BL 1.

3. The set of normal forms for elements of AL with respect to — g, is the
set N of A_L-normal forms or approximate normal forms ranged over by A,
inductively defined by

A= LA A(A#£L) | XA, ..., Ay (n > 0).

The rules of the system I are generalized to terms containing L by allowing for the
terms to be elements of A_L. Then if L occursinaterm M andD :: B+ M:o in
D, L has to appear in a position where the rule (N7) is used with n = 0, that is, in a
subterm typed with w. Notice that the terms Ax.L and LM ... M, are typeable by
 only.
Definition 5.2 (C, (direct) approximants)
1. The partial order EC (A_L)? is defined as the least preorder such that
1l cM
MCM = ix.MC ix.M
M C M{ & M, Mé = MM, C M{Mé
IfAeN,Me A, and A T M, then A is called a direct approximant of M.
2. Therelation L € N x A is defined by
ACM & 3IM =g M[AC M.
3. If AC M, then A is called an approximant of M, and A(M) = {A € N |
AL M}
Lemma53 BFM: 0 &MC M = B+ M :o.

Proof By easy induction on the definition of C; the base case, 1L T M’, follows
from the fact that then 0 = w. O

The following definition introduces an operation of join on A _L-terms.

Definition 5.4 (Join, compatible terms)
1. On A, the partial mapping join, U : AL x AL — AL, is defined by
luM =Mul=M
x Ux
(Ax.M)U (Ax.N) = Ax.(M UN)
(MiM2) U (NiN2) = (M u Ny (M2 U N2).
2. If M U N is defined, then M and N are called compatible.

We will use L, M; for the term My U --- U M,. Note that | can be defined as the
empty join, thatis, if M = U, M; andn = 0, then M = L.

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

(MiM>) U (N1 N2) E (M U Np)(Mz U N3),

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 5.5 IfM; T M, and My T M, then My U M> is defined, and

M T M UMy, Mo T MyUM,, and M UM> E M.

Proof By induction on the definition of C.

1. If My =1, then Mi UMy = My, soM; & My UMy, My © M; U M, and
M uM,; E M, © M. (The case M> = L goes similarly.)

2. If M{ = x, then M = x, and either M, =1 or also My = x. The first case
has been dealt with in part 1, and for the other, M; U My = x. Obviously,
xCxuUx,xCxUx,andx Ux C x.

3. If Mi = Ax.Ni, then M = ix.N, Ny T N, and either M» =1 or
M, = Ax.N,. The first case has been dealt with in part 1, and for the other,
then N © N. Then, by induction, Ny & Nj U N2, N2 & Nj U Np, and
N1 U Ny E N. Then also Ax.N; C Ax.N; U Ny, Ax.N» C Ax.N; U Np, and
Ax.Ni U Ny C Ax.N. Notice that Ax.N; U N = (Ax.Np) U (Ax.Np).

4. If My = P1Qi,then M = PQ, Pt C P, Q1 C Q, and either M> =1
or My = P>(Q>. The first case has been dealt with in part 1, and for the
other, then P, C P, O C© (. By induction, we know P & P; U Py,
P,EPiUPy,and PrUP, T Praswellas Q1 C QU Q2, 02 C Q01U Qo,
and Q1 U Q2 £ Q. Then also P1Q) C (P U P)(Q1 U Q2), Q2 E
(P U P)(Q1 U Q2), and (P; U P)(Q1 U Q) E PQ. Notice that
(PrUP)(Q1UQ2) = (P01 U (P202). O

6 Normalization Results

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

First we give some auxiliary definitions and results. The first is a notion of type
assignment similar to that of Definition 2.5 but differs in that it assigns w only to the
term L.



Strict Intersection System 51

Definition 6.1  L-type assignment and 1 -derivations are defined by the following
natural deduction system (where o in rules (—FE) and (—1) isin 7):

. (n>1,i en)
(Ax) : B, x:N,0i L x:0;
B M:0co—-1t BF|  N:o
(—E):
B+ MN:t
B+ Mi:on ... BkF| M,:0,
nI) : (n>0)
BH| I_IﬂMiiﬂﬂO'i
B,xob M:t
(=1I):

BFH A M0 —>1

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

Notice that, by rule (N/), @ | 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 6.2

1.IfD::B+F, M:o,thenD:: B+ M:o.
2. If D:: B+ M:o, then there exists M' © M such thatD :: B+, M':o.

Proof

(1) By induction on the structure of derivations in - .

(Ax) Immediate.
(NI) Then there are n > 0, 0;, M; (Vi € n) such thato = N,0;, M = U, M;,
and, forevery i € n, B | M, :0;. Then, by induction, for every i € n,
B F M;:o;. Since, by Lemma 5.5, M; & M foralli € n, by Lemma 5.3,
foreveryi € n, B+~ M:0o;,s0 by (NI), B+ M:N,0;.
(—=I) Then M = Ax.M',and 0 = @ — B, and B, x:a =1 M':B. Then, by
induction, B, x:a = M': B, soby (—=1I), B+ Ax.M a0 — B.
(—FE) Then M = M M>, and there exists t such that B+ Mi:t — o, and
B ] M>:t. Then, by induction, B - Mj:t — o,and B -+ M>:1, so
by (=E), B+ MM>:o.

(2) By induction on the structure of derivations in .

(Ax) Immediate.

(NI) Then o = Nyo; and, for every i € n, B = M:0;, and, by induction,
for every i € n there exists M; & M such that B | M;:o; (notice that
then, by Lemma 5.5, these M; are compatible). Then, by rule (N1), we
have B = L, M, :0;. Notice that, by Lemma 5.5, U, M; & M.

(—I) Then M = Ax.Mj,ando = @ — B,and B, x:a - My :B. So, by induc-
tion, there exists M{ = M such that B, x:a =1 M{: . Then, by rule
(—1) we obtain B -1 Ax.M|:a — B. Notice that Ax.M| C Ax.M;.

(—FE) Then M = M;M>, and there is a t such that B - M;:7 — o,
and B + M>:t. Then, by induction, there are Mi C M; and
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M) E M, such that B+ M{:t — o, and B M}:7. Then, by
(—E), BFL M{M):0. Notice that M{ M), E M M. O

Notice that the case 0 = w is present in the case (N/) of the proof. Then n = 0 and
U, M; =1. Moreover, since M " need not be the same as M, the second derivation in
part 2 is not exactly the same; however, it has the same structure in terms of applied
derivation rules.

Example 6.3 Let D} be the derivation Dy from Example 3.4 but built using the
rules of i rather than I (notice that w is not used in Dy, so there is no difference);
let By = {x:t, y:w — p}, and 7 (as in Example 3.4) the type derived in D/, then the
) -variant of (D>, Dy, —E) will be

(Ax) (N1)
By yiwo— p BH Lo
(—E)
Byl yLip
(=1

xthk AyyLli(w— p)—p

(=D
FoAxyylit—>(w—p)—p FL®:7

(—E)
FL(xy.y L)O: (w0 — p) > p
Notice that Axy.y LC ©. This derivation reduces to
(Ax) (N
yo—>pk yio—>p yw—>phk Lo
(=E)

yow—>pkLylip

(=)
FLoAy.y Li(w— p) = p

Notice that x does not appear in Ay.y_L, so the term in the derivation does not change.
This last derivation is in normal form, as is the term Ay.y_L.

One might think that, since in - only L can be typed with w, all typeable terms
would be strongly normalizable. This is not the case, as argued in Example A.2,
which can be found in the Appendix.

Using Theorem 4.6, as for the BCD-system (see [16]) and the system of [20],
the relation between types assignable to a lambda term and those assignable to its
approximants can be formulated as follows.

Theorem 6.4 (Approximation) B+ M:0 & JdA e AM)[BF A:o].

Proof

(=) If D :: B+ M:o, then, by Theorem 4.6, SN(D). LetD’' :: B + N:o be
a normal form of D with respect to — p, then by Lemma 3.5, M —>g N
and, by Lemma 6.2(2), there exists P = N such thatD’ :: 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’ =g M and A © M’. Then, by
Lemma 5.3, B+ M’:0, and, by Theorem 2.8, also B+ M :o. O
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In [20], this result was obtained separately using a computability predicate. Using
the previous theorem, the following becomes easy.

Theorem 6.5 (Head-normalization [19])  There exists B, o such that B - M:o
and o € Ty if and only if M has a head normal form.

Proof

(=) If B = M:o, then, by Theorem 6.4, there exists an A € (M) such that
B = A:o. Then, by Definition 5.2, there exists M =g M suchthat A & M.
Sinceo € T5, A #1,s0 Aiseither Ax.A’ orxAy, ..., A,. Since M" matches
A (A E M), M is either Ax.M;y or xMj, ..., 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 Ax.M with M; in head-normal form, or xMy, ..., M,,, withn > 0
and each M; € A.

(a) M' = Ax.M,. Since M) is in head-normal form, by induction there
are B, o' such that B = M;:o’. If x:t € B/, take B = B’ \ x, and
o0 =1 — o/, otherwise B= B ando =w — o/.

by M =xM,y,...,M,. Take B=x:w— ---— o — ¢ and o = ¢.

Notice that, in all cases, B = M’':0 and o € Js. Then, by Theorem 2.8,

BHM:o. ]

7 w-free Type Assignment

In this section we revisit the strong normalization proof for which we first define a
notion of derivability obtained from - by removing the type constant w.

Definition 7.1 (w-free types)
1. The set of w-free strict types is inductively defined by

o =g |(Myo; —>0), (n=1)
The set T, of w-free intersection types is defined by
{Nuoi | n > 1&Vi € n[o; is an w-free strict type]}.
2. The relation < is defined on w-free types as the least preorder on 7, such that

MNpoi < o, foralli en
T <o0;, forallien = 1 <MNo; (n>1)

This relation is extended onto bases as in Definition 2.3.
3. The equivalence relation ~ on types is defined by o ~ 7 < 0 <t < 0, and
we will work with types modulo ~.

Definition 7.2 (w-free type assignment)

1. w-free intersection type assignment and w-free intersection derivations are
defined by the following natural deduction system (where o in rules (— E)
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and (—/1)isin 7):

(Ax) : (n>1,ien)
B, x:Mu0; by x:0;

Br,Mic—-1t B Fy N:o

(—E):
B+, MN:t
Br,M:or ... Bbt,M:0,
(nI) : (n>1)
B o M:Ny0;
B,xo H, M:T
(=) :

B b, Ax. M0 —>1

2. We will write B, M :o if this statement is derivable using a w-free inter-
section derivation and write D :: B F,, M :o to specify that this result was
obtained through the derivation D.

The following properties hold.

Lemma 7.3

1. BbkyM:oc =>{xiceB|xecfr(M)} r, M:o.
2.B b+, Mic B ' <B=B+, M:o.
3.f DB k, M:o,thenD :: B M:o.

Proof Easy. O

To prepare the characterization of terms by their assignable types, first it 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 normalizable terms are typeable without
.

Lemma 7.4 ([20])

1. If B , A:o, and B, o are w-free, then A is L-free.
2. If Ais L-free, then there are B and o such that B , A:o.

Proof By induction on the structure of approximate normal forms.

(1) As before, only the part that o is strict is shown.

A=x Immediate.
A=1 Impossible, by inspecting the rules of I,.
A=Ax A By (— I) there are o, such that 0 = o — B and

B,x:a bk, A’:B. Of course also B, x:a and B are w-free, so
by induction, A’ is | -free, so also Ax.A’ is L -free.

A =xAy,..., A, Then by (— E) and (Ax) there are m, 0;(Vi € n), t;(¥Vj € m)
such that for everyi € n, B k, A;:0;, and x: Ny, 7; € B, and,
for some j € m, 01 — --- — 0, — o = t;. Since each o;
occurs in 7;, which occurs in B, all are w-free, so by induction
each A; is L -free. Then also xAq, ..., A, is L-free.
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(2)
A=x X0 b x:.
A=Aix.A By induction there are B, t such that B +, A’:7. If x does

not occur in B, take a o € T, ; otherwise, there exist x:0 € B,

and o is w-free. In either case, B\ x k, Ax.A":0 — T.
A=xAy,...,A, By induction there are o;(Vien) such that

B F . Aj:o; for every i € n. Then N{B,{xioc7 —

s> 0 = @)} b XA, L Ape. .

Now, as also shown in [19], it is possible to characterize normalizable terms.

Theorem 7.5 ([19], [20])  There exists B, o such that B - M:o and B, o are
w-free if and only if M has a normal form.

Proof

(=) If B+ M:o, by Theorem 6.4, there exists A € A(M) such that B - A:o.
Since B, o are w-free, by Lemma 7.4(1), this A is L-free. By Definition 5.1
there exists M =g M such that A E M’. Since A containsno L, A = M,
so M’ is a normal form, so, especially, M has a normal form.

(<) If M’ is the normal form of M, then it is a | -free approximate normal form.
Then by Lemma 7.4(2) there are B, o such that B . M':0. Then, by
Theorem 2.8, B+ M : o, and B, o are w-free.

(Notice that, in the second part, in general, the property that w is not used at all, is
lost.) [l

The following lemma shows a subject expansion result for the w-free system.
Lemma7.6 IfB k, M[N/x]:oc and B +, N:p,then B b, OAx.M)N:o.

Proof We focus on the case that o is strict; the case that o is an intersection is just a
generalization. We can assume that x does not occur in B and proceed by induction
on the structure of M.

M =x Then M[N/x] = N. From B F, N:o we obtain
B +H, (Ax.x)N:o.
M=y#x If B F, y:o, then, by Lemma 7.3(1) and (— 1),
B by Ax.y:p —> o soalso B H, (Ax.y)N:o.
M =iy.M' Then (Ay.M)[N/x] = Ly.(M'[N/x]), and 0 = o — B. Notice
that, by a-conversion, we can assume that y ¢ fv(N). Then
B by Ay.(M'[N/x]):a > B&B +, N:p = (—1)
B,y Fy M'[N/x):B&B Fs N:p = (IH)
B,y:a k, (Ax.M")N:B = (B is strict) & (—F)
3y [B,y:a by Ax.M':y — B& B, y:a by N:y] = (—=1) & (y € fr(N))
Ay [B,y:o,x:y by M:B& B +, N:y] = (—=1)
Jy [B by Axy.M':y > a —> & B k, N:y] = (—>E)

Bk Oxy.M')N:a — B

M = MM, Then (M1 M>)[N/x] = M{[N/x]Mz[N/x].
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B +, M{[N/x]M3[N/x]:0 & B +, N:p = (—E)

At [B F, M{[N/x]:t >0 &B +, Ma[N/x]:t] & B H, N:p = (IH)

dt [B b Ax.M{)N:t - 0 & B H, (Ax.My)N :7] = (—FE),
(=), & (NI)

El,ol,n,,oé,r, i Vi en)[B,x:p1 ko M1:T >0 & B F, N:p;
&t=Mur &Vien[B,x:p) bk My:1; & B = N:pjll = (NI),7.3(2)
dp1, P2, T[B,x:p1 N2 by Mi:T >0 & B F, N:p1 N2

& B,x:p1Np2 by Mp:7] = (—E)
Ap'[B,x:p' ey MiMr:o & B +, N:p'] = (=1)
3o [B bk Ax.(MiM3):p' — 0 & B H, N:p'] = (—E)

B ko (x.(M{M2)N:o

This result extends by induction (easily) to all contexts:
if B k, C[M[N/x]]:0c and B I, N:p,then B , C[(Ax.M)N]:o0.

Notice that the condition B +,, N:p in the formulation of the lemma is essential.
As counterexample, take the two lambda terms Ayz.(Ab.z)(yz) and Ayz.z. Notice
that the first strongly reduces to the latter. We know that

2:0,V:T by z:0

but it is impossible to give a derivation for (Ab.z)(yz): o from the same basis without
using w. This is caused by the fact that we can only type (Ab.z)(yz) in the system
without w from a basis in which the predicate for y is an arrow type. We can, for
example, derive

B,z:.0,y.0 > T k (Ab.2)(y2):0.
We can therefore only state that we can derive

B bty Ayz.(Ab.2)(yz):(0 = 1) = pand B bk, Ayz.z:T — p
but that we are not able to give a derivation without w for the statement
Ayz.(Ab.2)(yz):T — p.

So the type assignment without w is not closed for S-equality, but of course this is not
imperative. We only want to be able to derive a type for each strongly normalizable
term, no matter what basis or type is used.

Lemma 7.6 is also essentially the proof for the statement that each strongly nor-
malizable term can be typed in the system +,, a property that we will now show.
Theorem 7.9 shows that the set of strongly normalizable terms is exactly the set of
terms typeable in the intersection system without using the type constant w. The
same result was stated in [19] for the BCD-system, but the proof there was not com-
plete. The proof of the crucial lemma as presented below (Lemma 7.8) and part (<)
of the proof of Theorem 7.9 are essentially due to Venneri and goes by induction on
the leftmost outermost reduction path.

First we will introduce the notion of leftmost outermost reduction.

Definition 7.7  An occurrence of a redex R = (Ax.P)Q in a term M is called the
leftmost outermost redex of M (lor(M)) if

1. there is no redex R” in M such that R" = C[R] (outermost);
2. there is no redex R” in M such that M = Cy[C[R"]C2[R]] (leftmost).

M — o N is used to indicate that M reduces to N by contracting lor(M).
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The following lemma formulates a subject expansion result for -, with respect to
leftmost outermost reduction.

Lemma7.8 LetM —, N, lor(M) = Ax.P)Q, B +, N:o,and B’ +~, Q:t;
then there exists By, p such that By ., M : p.

Proof The proof is by induction on the structure of types of which only the
part o € T will be shown, by induction on the structure of terms; note that
M= Aixy,...,x;.VP1,..., P, (k,n>0), where either
1. Visaredex,so V= (Ay.P)Q,and N = Axy, ..., xx.(P[Q/YD P, ..., Py,
(notice that lor(M) = V) or
2. V =y,sothereisa j € n such that lor(M) = lor(Pj), and Pj — o, P’, and
N=xixy,...,xx.yP1,..., P, ..., Py
In either case we have, by Lemma 7.3, that there are o; (Vj € k), y; (Vi € n), and
such that (where B| = B, x:«q, ..., x;:o, and V' is either P[Q/y] or y):

c=a;—-—a—> B, Bl b Viyi = - = v, = B,
and By t Pi:y; (Vi € n).
We distinguish two cases:

(1) V' = P[Q/yl. Let B = B’, then N{By, B2} Feo (Ay.P)Q:iy1 — ---
— Yn — B, by Lemma 7.6.

(2) V' = y. Then, by induction, there are B’, p such that B’ F,, P;:p. Take
W=yt —>-p-— yn— B, Ba=B', y:u, then N{B1, Bz} bk, y:u.

In either case, "{B1, B2} +o» VP1,..., P,:B. Let, foralli € k, x;:8; € N{B1, Bz},
then N{B1, Ba} \ x1, ..., Xk Fe Ax1,...,x.VP1,...,Py:51 — -+ — Br — B.
O

We can now show that all strongly normalizable terms are exactly those typeable in
Fo-

Theorem 7.9 3B,0 [B b, M:0] < M is strongly normalizable with respect to
— .

Proof

(=) If D : B ke M:o, then, by Lemma 7.3(3), also D :: B -+ M:o. Then,
by Theorem 4.6, D is strongly normalizable with respect to — p. Since D
contains no w, all redexes in M correspond to redexes in D, a property that
is preserved by derivation reduction (it does not introduce w). So also M is
strongly normalizable with respect to — g.

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

(a) If #(M) = 0, then M is in normal form, and by Lemma 7.4(2), there
exist Bando € 7 suchthat B H, M:o.

(b) If #(M) > 1, so M contains a redex, then let M —,, N by contracting
the redex (Ax.P)Q. Then #(N) < #(M), and #(Q) < #(M) (since Q
is a proper subterm of a redex in M), so by induction B +,, M:0 and
B’ b, Q:t,forsome B, B’, o, and t. Then, by Lemma 7.8, there exist
B1, psuchthat By , M:p.

O
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8 Conclusions and Future Work

We have shown that cut-elimination is strongly normalizing also for an intersection
type assignment system that contains w and that all standard characterizations of
normalization are consequences of this result. A future extension of this result could
be to consider a type-inclusion relation that is contravariant over the arrow, so to
consider a system that is closed for n-reduction.

Appendix A Extended Examples

We give an example of a nonstrongly normalizing term for which it is possible to
find a derivation such that no redex is covered with w; moreover, for all the 8-
reducts of this term, the same property holds. We will show that this derivation
has a normal from and construct the reduction sequences. The derivation we will
construct is similar to the one of Example 3.4 but differs in the type derived for ®©:
(p = p)N(w — p) — p rather than (w — p) — p.

Example A.1  Take ® = Axy.y(xxy), then ®O is typeable in -, without covering
aredexbyw. Lett = ((¢ >  — y)Na) - (y — §) N B) — 4, and take the
derivations D; : F ®:tand Dy :: - ®:t — (w — p) — p of Example 3.4. From
these two, by applying (M), we getD3 :: - O: (7 — (0w = p) = p) N 1T:

FAxy.y(xxy):t — (w — p) = p FAxy.y(xxy):t

(NI)
FO:(t—->(w—>p)—p Nt
Also, we can construct Dy (taking B’ = x:(t — (w — p) — p) N7,
yi(p = p)N(w— p)):
(Ax) (Ax)
B Fxit— (w—p)—p B Fx:t
(—E) — (Ax)
B'Fxx:i(w— p)—p B Fyw—p
(Ax) (—=E)
B'Fyip—p B'Fxxy:p
(—E)
B+ y(xxy):p
(=)

B'\ytay.y(xxy):(p = p) N (w— p) = p

(=D
FO:(t=>(w—>p)—=pNt—>(p—>p)N(w—p)—>p

Then, by applying (—E), we getDs :: - OO :(p — p) N (w — p) — p:

FO:(t—>(w—>p)—p)Nt—>(p—=>p)N(w—>p)—p FO:(t— (w—p)—p)NT

(—E)
FOO: (p—p)N(w—p)—p
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LetDg ::vi(p— p)N(w— p)Fv:i(p— p)N(w— p)be

(Ax) (Ax)
vi(p—> p)N(w—>p)Fvip—>p viljp > p)N(w—>p)Fviwo—p

(n1)
vi(p > p)N(@—>p)Fvi(p—>p)N(w—> p)

Then, adding a statement for v to the derivation D5, we get also D7:

vi(p = p)N(w—> p) OO (p—>p)N(w—>p)—>p  vi(p—>p)N(@—>p)Fv:i(p—>p)N(w—>p)

(—E)
vi(p—=p)N(w—p) - OBV:p

Notice that ®®v is not strongly normalizable since

OOV =5 V(OOV) =>4 V(V(OOV)) =>p - - .

Moreover, all these reducts are typeable in - such that no redex is typed with w: since
we can derive both v:(p — p) N(w — p) Fv:p — pandv:(p — p) N (w — p)
FOOv:p,wegetvi(p — p)N(w— p)Fv(OBV):p by rule (—FE), and so on.

We will now show that, in - , typeable terms need not be strongly normalizable.

Example A.2  As argued in Example 6.3, D| and D), the k-variants of the
derivations D and D, of Example A.l, now consider different terms, namely,
® and Axy.yLl. Notice that applying rule (N/) of I requires the terms to be
compatible, which these are, and then types the join, which is ®. So we get
D} = (D}, D}, (")) :: 1 O:(t = (@ — p) = p) NT.

Notice, moreover, that rule (N/) is not used to assign  in the derivations Dy,
Ds, D¢, and D7, so the | -variants of these derivations would be identical, and we
would obtain D} 1 vi(p — p) N (w — p) F1L OOv:p. The term OOw is not
strongly normalizable, as argued above.

The next example shows all the reduction sequences starting from the final derivation
given in Example A.1.

Example A.3 Take ®, Dy, ..., D7 as in Example A.1; then, using B = v:(p — p)
N (w — p) (to save space, we use @ for (1 — (w — p) = p)NT — (P = p)
N (w — p) — p), then the last derivation of the previous example, D7, looks like

Dy Dy

BEO:1T— (w—p)—p BFH®:t
o
BFO:« BFEO:(t > (w—>p)—>p) Nt
b

BFEOO:(p—p)N(w—p)—p BFuv:i(p— p)N(w— p)

(—E)
BEFOOv:p

This derivation has only one redex (D4, (D2, D1, NI), — E); note that D4 finishes
with an application of rule (— I) (where B’ = B, x:(t — (w — p) — p) N,

yi(p = p) N(w — p)):
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Brxit—>(—p) —p Brx:t

B Fxx:(w—p)—p BFyw—p
B Fyip—p B Faxxy:p
Dy :
B’\yFAy.y(xxy):(p—)p)ﬂ(w—»p)—>p BFEO®:1T— (w—p)—p BFO:t
(=)
BF Axy.y(xxy):a BFEFO: (1= (w—p) —p) Nt

(—E)
BEOO:(p—>p)N(w—p)—p

Contracting this redex makes D7 reduce to Dg (where B” = B, y:(p — p)N(w—> p)):

B'"FO:t1—>(w—>p)—>p B'FO:1

(—E) _—
B"FOO:(w— p)—p B//Fy:w—>p
B'Fyip—op B+ ©0y:p
B" - y(©0y):p
(—1)
B 2y.y(©0y):(p = p)N(w— p) = p Brv:i(p— p)N(w—p)

(—E)
B (Ay.y(©Oy)v:p

Now Dg has two redexes (notice that D, finishes with rule (— 7)); contracting the
outermost distributes (the two subderivations of) Dg and creates

D; Dy
BFEO:1T— (w—p)—p BFO:t
(=E) ———
D9: BFOO:(w—p)—p BFviw—p
BFuvip—p BF®Ov:p

B Fv(®Bv):p

As illustrated by Example 3.4, contracting the remaining redex of Dg creates

(Ax) (N1)
B.zw— pkz:wo—p B, zw— ptH00z:0
(—E)
B,z — pz2(00z2): p
Dio : =1 —— @y
BF Az.2(002): (w — p) = p BFviw—p
— (Ax) (—E)
Brvip—p B (rz.z(®02)v:p
(—E)

B Fv((Az.2(00B2))v) : p
This derivation has again one redex: contracting it will generate the derivation Dy;:

— (Ax) —— (NI)
Brviw—p BHOOv:w
Dy : (Ax) (—E)
" BlFuvip—>op B v(OOv):p
(—E)

B v(w(®Ov)):p
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This derivation now is in normal form; again, the term v(v(®®v)) is not. On the
other hand, contracting first the innermost redex of Dg creates Dj;:

B zw—ptziwo—p B’ .z — ptH00z:0

B .z — pF 2(00z):p

(—1)
B" b 32.2(00z2) : (w — p) = p B'Fyiw—p

(—E)
B'Fyip—p B" + (12.2(002)y : p

B" F y((12.2(002))y) : p
(=1

B = Ay.y((Az.2(©02))y): (p = p) N(w = p) = p BlFuv:(p— p)N(w— p)

(—E)
BF (Ay.y((Az.2(@O2)y))v: p

This derivation has again two redexes. Contracting the outermost creates D¢ which
in turn reduces to D1;. Alternatively, contracting the innermost redex creates D13:

B'Fyiw—p B+ 00y:w

B'Fyip—op B+ y(®0y):p

B"Fy(y(©®0y)):p
(=)

BE2y.y(y(©8y)):(p = p)N(w = p) = p BEv:i(p— p)N(w— p)

(—E)

B (Ay.y(y(®8y)v:p

This derivation has only one redex and reduces to Dy;.
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