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Quantitative Types for Intuitionistic Calculi

Delia Kesner! and Daniel Ventura?

1 Univ. Paris-Diderot, SPC, PPS, CNRS, France
2 Univ. Federal de Goiés, INF, Brasil

Abstract. We define quantitative type systems for two intuitionistic term languages. While the first
language in natural deduction style is already known in the literature, the second one is one of the
contributions of the paper, and turns out to be a natural computational interpretation of sequent
calculus style by means of a non-idempotent type discipline. The type systems are able to characterize
linear-head, weak and strong normalization sets of terms. All such characterizations are given by means
of combinatorial arguments, i.e. there is a measure based on type derivations which is decreasing with
respect to the different reduction relations considered in the paper.

It is quite difficult to reason about programs in general by only taking into account their syntax,
so that many different semantic approaches were proposed to analyze them in a more abstract
way. One typical tool to analyze relevant aspects of programs is the use of type systems. In par-
ticular, intersection types allow to characterize head/weakly/strongly normalizing terms, i.e. a term
t is typable in an intersection type system iff ¢ is head/weakly/strongly normalizing; quantitative
information about the behaviour of programs can also be obtained if they enjoy non-idempotence.

Intersection Types (IT): Simply typed terms are strongly normalizing (cf. [6]) but the converse
does not hold, e.g. the term ¢ := Ax.zx. Intersection Types [15] extend the simply typed discipline
with a finitary notion of polymorphism, listing type usage, that exactly captures the set of strongly
normalizing terms. This is done by introducing a new construct ¢ A7 in the syntax of types together
with a corresponding set of typing rules. Thus for example, the previous term ¢ is typable with
((c = o) No) — o so that the first occurrence of the variable x is typed with ¢ — o while
the second one is just typed with o. Typically, intersection types are idempotent, i.e. o Ao = o.
Moreover, the intersection constructor is usually commutative and associative. Intersection types in
their full generality provide a characterization of various properties of terms: models of A-calculus
[7], characterization of head [17] as well as weakly [13,17] and strongly normalizing terms [33].

Non-Idempotent Intersection Types: The use of non-idempotent types [11] gives rise to
resource aware semantics, which is relevant for computational complexity because it gives tools to
extract quantitative information about reduction sequences. Indeed, the inequality o A o # o can
be read as the fact that two different uses of the variable x are not isomorphic to a single use. The
relationship with Linear Logic [25] and Relevant Logic [18], gives an insight on the information
refinement aspects of non-idempotent intersection types. In the framework of the A-calculus, the
relationship between the size of a non-idempotent intersection typing derivation and the head/weak-
normalization execution time of A-terms by means of abstract machines was established by D. de
Carvalho [21]. Non-idempotent types for different calculi based on linear logic are explored in [35].
They are also used in [8,9,20] to reason about the longest derivations of strongly S-normalizing
terms in the A-calculus by means of combinatorial arguments.

Calculi with Explicit Substitutions (ES) and Intersection Types: Calculi with ES refine
the A-calculus by decomposing S-reduction into small steps in order to specify different evaluation
strategies by means of abstract machines. In traditional calculi with ES [27,1], the operational
semantics specifies the propagation of ES through the term’s structure until they reach variable
occurrences, on which they finally substitute or get garbage collected. But calculi with ES can also



be interpreted in Linear Logic [22, 30,28, 5] by implementing another kind of operational semantics:
their dynamics is defined using contexts (i.e. terms with holes) that allows the ES to act directly at
a distance on single variable occurrences, with no need to commute with any other constructor in
between. In other words, the propagation of substitutions is not performed by structural induction
on terms, since they are only consumed according to the multiplicity of the variables.

Idempotent intersection type systems were used to characterize [34,29] strongly normalizing
terms of calculi with ES in natural deduction style. Similar results [24, 23] exist for intuitionistic
sequent calculus style. Non-idempotence is used in [10] to prove the exact relationship between typ-
ing derivations and the number of steps of the longest reduction sequences of strongly-normalizing
terms in the As-calculus [28] and in the Alxr-calculus [30]. These systems are not syntax-directed
(i.e. they need generation lemmas) and only deal with strong normalization.

This paper focuses on functional programs specified — via the Curry-Howard isomorphism — by
intuitionistic logic, in both natural deduction and sequent calculus style. The operational semantics
for both languages/styles implements resource control by means of reduction rules describing the
behaviour of explicit operators for erasure and duplication. The term language in natural deduction
style is the linear substitution calculus [3], called here M-calculus, and obtained from Milner’s cal-
culus [37] and the structural A-calculus [5]. For the computational interpretation of intuitionistic
sequent calculus style we propose a new term language called J-calculus, whose syntax comes from
Herbelin [27] and whose semantics is inspired by the linear substitution calculus. In fact, the oper-
ational rules of [27] allow the useless duplication of empty resources, which is inefficient and fails to
be interpreted by a quantitative approach. We then propose an alternative semantics for Herbelin’s
syntax, which, in particular, only allows duplication of resources that are useful, i.e. those that are
non empty. This is achieved by the partial substitution operation of the linear substitution calculus.

Partial substitution naturally allows to express linear-head reduction [19,36], a notion of eval-
uation of proof nets that is strongly related to significant aspects of computer science [33,2,4].
Linear-head reduction cannot be expressed as a simple strategy of the A-calculus, where substitu-
tion acts on all free occurrences of a variable at once; this is probably one of the reasons why there
are so few works investigating it. In this paper we use logical systems to reason about different
notions of normalization of terms, including those obtained with linear-head reduction.

More precisely, the quantitative semantics of programs used in this paper is given by two kind
of non-idempotent intersection type system. The first one, based on [21], allows a characterization
of linear-head and weakly normalizing terms. While full logical characterizations of head /weakly (-
normalizing A\-terms were already given in the literature, the use of a logical/type system to directly
characterize linear-head normalization in calculi with ES is new. The second kind of system, another
main contributions of this paper, gives a characterization of strongly normalizing terms.

Main contributions: they can be summarized as follows.

- We define two type systems for the linear substitution calculus. The first system characterizes
linear-head and weak normalization while the second one characterizes strong normalization. No
previous logical characterization of linear-head normalization for ES was known in the literature.
- We propose a new term language with resources in sequent calculus style which naturally admits
a quantitative type semantics. As for the linear substitution calculus, we characterize linear-head,
weak and strong normalization sets of terms.

- The type systems use multiset notation and are syntax directed so that no generation lemmas
are needed. Moreover, the type systems for strong normalization make use of a special notion of
witness derivation for the arguments of applications and explicit substitutions which makes them
particular natural and simple.



- Similar proof schemes can be applied to both calculi, thus obtaining an homogenous technical
development for natural deduction and sequent calculus.
- All the characterizations are given by means of simple combinatorial arguments, .e. there is a
measure that can be associated to each typing derivation which is decreasing with respect to the
different reduction relations considered in the paper.

Structure of the paper: We recall some general notions of rewriting in Section 1 and we
conclude in Section 8. The rest of the paper is organized as follows:

Syntax and Semantics|Linear-Head and Weak-Normalization|Strong-Normalization
M-calculus Section 2 Section 3 Section 4
J-calculus Section 5 Section 6 Section 7

All the detailed proofs of our results are contained in the Appendix.

1 Some General Notions of Rewriting

We use the following general notions of rewriting.

Let - and —s be two reduction relations on a set O. The concatenation (resp. union) of
—r and —g is written —g.s or =g - —s (resp. =rus). The reflexive-transitive (resp. transitive)
closure of —x is written —% (resp. —>7Jg); they both denote finite R-reduction sequences.
Moreover, —% denotes a reduction sequence of length n (n > 0).

Given o € O, o0 is in R-normal form, written o € R-nf, if there is no o' such that o — o,
and o has an R-normal form iff there exists o’ € R-nf such that o =% o'. Moreover, o is weakly
R-normalizing, written o € WAN(R), iff 0 has an R-normal form, o is strongly R-normalizing
or R-terminating, written o € SA(R), if there is no infinite R-reduction sequence starting at o,
and o is R-finitely branching if the set {0’ | 0 =5 0’} is finite. If 0 € O is R-strongly normalizing
and R-finitely branching then the depth of o, written 7z (0), is the maximal length of R-reduction
sequences starting at o.

2 An Intuitionistic Term Calculus in Natural Deduction Style

We first describe the syntax and the operational semantics of the M-calculus, including some partic-
ular notions of rewriting such as linear-head reduction. We then introduce a notion of type together
with two different type systems that play a central role in the first part the paper.

Syntax: Given a countable infinite set of symbols x, ¥, z, . . ., three different syntactic categories
for terms (7u) and contexts (Cy) are defined by the following grammars:

(terms) t,u,v =z |tt]| \x.t | t[z/t]
(term contexts) C =0 x.C|Ct|tC]|Clz/t]]|t[x/C]
(list contexts) L =0 L[x/t]

A term z is called a variable, tu an application, Az.t an abstraction and ¢[z/u]| a closure
where [z/u] is an explicit substitution (ES). We write tt;...¢, for (...(tt1)...t,) and |[¢|
for the size of t. The notions of free and bound variables are defined as usual, in particular,
fv(tlz/u]) = £fv(t) \ {z} U fv(u), fv(Ax.t) := £v(t) \ {z}, bv(t[z/u]) := bv(t) U {z} Ubv(u) and
bv(Az.t) := bv(t) U{z}. We work with the standard notion of a-conversion i.e. renaming of bound
variables for abstractions and substitutions. We write C[t] (resp. L[t]) for the term obtained by re-
placing the hole of C (resp. L) by the term t. We write C[u] or L]u] when the free variables of u are



not captured by the context, i.e. there are no abstractions or explicit substitutions in the context
that bind the free variables of u. The set of positions of ¢, written pos(t), is the finite language
over {0,1} inductively defined as follows: € € pos(t) for every ¢; Op € pos(Az.t) if p € pos(t);
Op € pos(tu) (resp. pos(t[z/u])) if p € pos(t); 1p € pos(tu) (resp. pos(t[z/u])) if p € pos(u). The
subterm of t at position p is written ¢|, and defined as expected. The term u has an occur-
rence in ¢ iff there is p € pos(t) such that t|, = u. We write [t|; to denote the number of free
occurrences of the variable x in the term ¢. All these notions are extended to contexts as expected.

Operational Semantics: The M-calculus is given by the set of terms 7y and the reduction
relation —y on 7y defined as the union of —4p, —¢, and —, which are, respectively, the closure
by term contexts C of the following rewriting rules:

L[Az.tju g L[t[x/u]]
Cla][z/u] = Clu][z/u]
tlx/u] oyt if |t|z =0

The names dB, ¢ and w stand for distant Beta, contraction and weakening, respectively. Rule —4p
(resp. —>¢) comes from the structural A-calculus [5] (resp. Milner’s calculus [37]), while — belongs to
both calculi. Rule dB could also be written as (Ax.t)[y1/v1] ... [yn/vn]u —ap tfz/ully1/v1] ... [yn/vn].
Notice that the use of a list (resp. term) context L (resp. C) in rule dB (resp. c) makes the reduction
at a distance. By a-conversion we can assume in the rule dB that x may only be free in ¢ and no
variable in the domain of L, defined as expected, has free occurrences in the term u. The pushed
out list context L in rule dB corresponds to Regnier’s o-equivalence [40]: L[ Ax.tJu ~, L[(Az.t)u] —4p
L[t[z/u]]. We will come back on this equivalence in Section 4.

The notion of redex occurrence in this calculus is more subtle than the one in standard rewriting
because one unique term may give rise to different reduction steps at the root, as the following
example shows: (zu)[z/u] c+ (zx)[z/u] —¢ (uz)[x/u]. Thus, a position p € pos(t) is said to be
a dB (resp. w and c) redex occurrence of ¢ if t|, = L{A\z.tju (resp. t|, = v[z/u] with |v|, = 0,
and p = pipe with t[,, = C[z][z/u] and C|,, = O). For example 000 and 001 are both c-redex
occurrences of the term A\z.(zx)[z/u].

The M-calculus enjoys good properties required for calculi with ES (including simulation of
B-reduction, preservation of strong normalization, confluence on terms and metaterms and full
composition) [31]. It was recently used in investigations related to cost models [4], m-calculus [2],
and axiomatic standardization [3].

The reduction relation —y can be refined in different ways. The non-erasing reduction relation
—w 18 given by —4puc, and plays a key role in the characterization of strongly normalizing terms in
Section 4. Another key subrelation studied in this paper is linear-head reduction [19, 36], a strategy
related to abstract machines [19] and linear logic [25]. To introduce this notion, we first define the
set of linear-head contexts that are generated by the following grammar: Ly ::= O | Az.Ly | Lyt |
Ly[z/t]. Linear-head M-reduction, written —y, is the closure under linear-head contexts of the
rewriting rules {—qp, |, }, where ) is the following variation of the rewriting rule r—-:

La[e][z/u] ey, Lulu][z/u]

Indeed, the leftmost (i.e. head) occurrence of the variable x in Lg[x] is substituted by u and
this partial (i.e. linear) substitution is only performed on that head occurrence. The notion of c|,-
redex occurrence is defined as for the c-rule. A term t is linear-head M-normalizing, written
t € LyN (M), iff t has an LyM-nf. For example, if tg := Az.2zy and t; := z[y/2](11), where I := Aw.w,
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Fig. 1. The Type System HW for the M-Calculus

then tg € M-nf, and so also tg € LyM-nf, while t; ¢ M-nf but ¢; € LgM-nf.

Types: We denote finite multisets by brackets, so that [] denotes the empty multiset; [a, a, b]
denotes a multiset having two occurrences of the element a and one occurrence of b. We use +
for multiset union. Given a countable infinite set of base types «, 3,7, ... we consider types and
multiset types defined by the following grammars:

(types) T,o,pi=a | M—T (multiset types) M ::= [1;];e; where [ is a finite set

Observe that types are strict, i.e. the type on the right hand side of a functional type is never a
multiset [16]. They make use of usual notations for non-idempotent intersection types via multisets,
as in [21]. Thus for instance, an intersection type [0, o, 7] must be understood as o A o A 7, where
the intersection symbol A is defined to enjoy commutative and associative laws. When A verifies
the axiom o A ¢ = o, the underlying type system is called idempotent, otherwise, like in this
paper, the type system is called non-idempotent.

Type assignments, denoted by I, A, ... are (possibly empty) finite sets of assignments of the
form x: M, where x is a variable and M is a non-empty multiset type. The domain of a type as-
signment I" is given by dom(I") := {x | z: M € I'}. The type of a variable = at the assignment
I' is given by I'(x) := M if 2:M € I', and I'(x) := [] otherwise; so that I'(x) = [] iff ¢ dom(I").
The intersection of type assignments, written I'+ A, is defined by (I'+ A)(x) := I'(z) + A(x),
where the symbol 4+ denotes multiset union. As a consequence dom(I"+ A) = dom(I") Udom(A). We
write I +;e5 A; as an abbreviation of I'+ Ay +... 4+ A, where |I| = n. The disjoint union of an
assignment I" and x ¢ dom([") is defined by x:[]; I" := I" and x:M; I" := {x:M}U I if M # []. The
assignment I" deprived of x is defined by I' \\ x := I' \ {z:I'(z)}. The extension I \\ (z1,...,Z)
is defined as expected.

The Type Systems: Type judgments are triples of the form I' F ¢:7, where I is a type
assignment, ¢ is a term and 7 is a type. The two type systems HW and S for the M-calculus are
given respectively in Figure 1 and 2. A (typing) derivation in system X is a tree obtained by
applying the typing rules of system X. The notation I" Fx t:7 is used if there is a derivation of
the judgment I' F ¢:7 in system X. The term ¢ is typable in the type system X, or X-typable,
iff there is an assignment I" and a type 7 such that I' Fx t:7. We use the capital Greek letters
@ ¥, ... to name type derivations, e.g. we write @ I'Fx t:7 or @, > [ Fx t:7. The size of a type
derivation @ is a positive natural number written sz(®) and is defined as expected.

The rules (ax), (— i) and (— eg)y) in the type system HWW come from a relational seman-
tics for linear logic in [21]. Remark in particular the absence of weakened axioms and the use of
multiplicative rules for application and substitution. A particular case of rule (— eyyy) is when
I = (): the subterm wu occuring in the typed term tu turns out to be untyped. Thus for example,
from the derivation z:[o] by Ay.z:[] = o we can construct x:[o] by (Ay.z)$2:0, where 2 is the
non-terminating term (Az.zz)(Az.zz). This is precisely the reason why rules (— es) and (cutgs) in
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Fig. 2. The Type System S for the M-Calculus

Figure 2, the system which characterizes strongly-normalizing terms, always asks a witness typing
derivation for the arguments of applications and substitutions. Indeed, if I = (), then the argument
u will be typed with the witness derivation A, + wu:0,, whatever the type o, is. This witness
derivation for u is essential to guarantee strong-normalization of w (and thus of tu and t[x/ul).
When I # 0 the rules (— es) and (cuts) also require a witness derivation for w, whose use is
necessary in order to deal with the c-rule when |C[z]|, = 1 (see discussion after Lemma 4).

Given a derivation @> I 4y t:0, not every free variable of ¢ necessarily appears in the domain
of I', this is for example the case in x:[o] Fay (Ay.x)z:0. More precisely, the systems enjoy the
following (weak/strong) relevance properties, that can be easily shown by induction on derivations.

Lemma 1. If v I by t:o then dom(I") C fv(t). If &> I ks t:o, then dom(I") = fv(t).

In contrast to many intersection type systems for explicit substitutions in the literature, the
typing rules of systems HW and S are syntax oriented, so that generation lemmas are not needed
to distinguish particular syntactical forms of derivations when proving the previous lemma.

3 Characterization of Linear-Head and Weak M-Normalization

In this section we show two main results. The first one (Section 3.1) characterizes linear-head M-
normalizing terms with ES by means of HWW-typability. This result generalizes to calculi with ES
the well-known characterization of head S-normalizing terms in the A-calculus [17,21], by giving in
particular a logical argument instead of the operational one in [4]. The HW-type system is known
to type also some non weakly M-normalizing terms: for instance, if {2 is a non-terminating term,
then x:[| = 0 by x2:0 but 22 is not weakly M-normalizing. We are then going to characterize the
set of weakly M-normalizing terms, our second result in Section 3.2, by restricting the HW-typing
derivations to some particular ones. But first, we develop some key technical tools.

In order to understand which are the redex occurrences actually constrained by the type system,
i.e. the reducible subterms that verify some particular type specification, let us consider a derivation
&1 oy t:7. A position p € pos(t) is a typed occurrence of @ if either p = ¢, orp=ip’ (i =0,1)
and p’ € pos(t];) is a typed occurrence of some of their corresponding subderivations of @. A redex
occurrence of ¢ which is also a typed occurrence of @ is a redex typed occurrence or redex
T-occurrence of ¢ in @. Thus for example, given the following derivations @ and @', we have that
€, 0, 1 and 10 are T-occurrences in @ and ¢, while 11 is a T-occurrence in @ but not in @'.

P>
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The notion of T-occurrence plays a key role in the Subject Reduction (SR) lemma, which is based
on a subtle partial substitution lemma, a refinement of the standard substitution lemmas used in
the A-calculus. See Appendix A for details.

Lemma 2 (SR I). Let @I by t:7. If t =yt reduces a (dB, c,w)-redex T-occurrence of t in @
then @' > I' Fapyy t':7 and sz(P) > sz(P').

Indeed, consider a derivation @” > y:[[]—=[]— 7] Fuw (zzz)[z/y]:7. Then the (typed) reduc-
tion step (zzx)[x/y] —¢ (yzz)[z/y] decreases the measure of @” but thereafter (yzz)[z/y] —.
(yyx)[z/y] =< (yyy)[x/y] are not decreasing reduction steps since they act on untyped occurrences.

As a corollary, termination holds for any strategy reducing only redexes in T-occurrences, this
is an important key point that will be used in Sections 3.1 an 3.2.

Corollary 1. If & > I' by t:7, then any M-reduction sequence contracting only (dB, c,w)-redex
T-occurrences is finite.

Types of terms can also be recovered by means of a Subject Expansion (SE) lemma, a property
which will be particular useful in Sections 3.1 and 3.2, and which reads as follows (see Appendix A
for details):

Lemma 3 (SE I). If I' by t':7 and t =y t' then I' by to7.

3.1 Linear-Head M-Normalization

Linear-head reduction [19, 36] comes from a fine notion of evaluation for proof nets [26]. It is a par-
ticular reduction strategy of the M-calculus although it is not a strategy of S-reduction. In contrast
to the standard deterministic notion of head-reduction, —,x is non-deterministic, and in particu-
lar, it can occur under A-abstractions, e.g. yly/w][x/z] e (Az.y[y/w])z —m (Az.w|y/w])z. This
behaviour is however safe since —,u has the diamond property [6].

Another remarkable property of linear-head reduction is that the hole of the head contexts
Ly cannot be duplicated nor erased. This is related to a recent result [3] stating that linear-head
reduction is standard for the M-calculus, as well as lefi-to-right reduction is standard for the A-
calculus. Other applications concern Abstract Machines [19], m-calculus [2] and cost models [4].

We now refine a known result in the A-calculus which characterizes head-normalizing terms by
means of intersection types, either idempotent [17,7]% or non-idempotent [21]. Indeed, the set of
linear-head M-normalizing terms coincides with the set of HW-typable terms.

Lemma 4. If &> 1 by t:7 and t has no (dB, ¢, )-redexes in T-occurrences in @, then t € LyM-nf.

It is worth noticing that Lemma 4 does not hold for head-nfs *. Indeed, the term (yxz)[z/y] in
the example just after Lemma 2 does not have any redex in a T-occurrence (the only two c-redexes
occurrences are untyped), and is not a head-nf. This emphasizes the fact that linear-head reduction
is more pertinent for calculi with ES than head reduction. We can conclude this section by

Theorem 1. Let t € Ty. Then t € LyN (M) iff t is HW-typable.

Proof. Let t € Ly N (M). We proceed by induction on the length of the linear-head M-normalizing
reduction using Lemma 3 (see Lemma 25 in the Appendix A for details).

Let t be HW-typable. By Corollary 1 the strategy consisting in the contraction of (dB, c|.,)-redex
T-occurrences terminates in a term ¢ without such redexes. The term ¢’ is typable by Lemma 2
and then ¢’ turns out to be a LgM-nf by Lemma 4. Thus, t € Ly N (M).

3 Although idempotency was not explicity mentioned in [17], a remark on pp. 55 points out the meaninglessness of
duplication of types in a sequence.
4 A head-nf is a A-term having the shape Axi ... Axn.yt1...tm, withn,m >0



3.2 Weak M-Normalization

In this section we use the type system HW to characterize weakly M-normalizing terms, a result
that extends the well-known characterization [17] of weakly S-normalizing in the A-calculus. As
in [17,13], HW-typability alone does not suffice to characterize weak M-normalizing terms (see an
example at the beginning of Section 3). The type [] plays a similar rdle the universal w type in
[17,13], although it is restricted to only occur in the type of the domain of a function that accepts
any kind of argument. We then restrict the allowed typing derivations in order to recover such a
characterization. Indeed, the set of positive (resp. negative) subtypes of a type is the smallest
set satisfying the following conditions (cf.[13]).

— AeP(A).

—AeP [Ui]ig[) if 3¢ AE'P(O'i); AEN([O’Z']Z'GI) if 3¢ AEN(UZ)

—AePM—-1)if Ae NM)or Ae P(r); Ae N(M—T1)if Ae P(M) or A e N(7).
—AeP()ifdyedon(l)st. Ac N(['(y)); Ae N(I') if 3y € dom(I") s.t. A€ P(I'(y)).
— AeP({I\m)ifAeP(I)or AcP(r); Ac N{I,1)) if Ae N(I') or A € N (7).

As an example, [] € P([]), so that [| e N([]—0), [] € P(z:[[] = 0o]) and [] € P((z:[[] = o], 0)).

P

Lemma 5. Let & I' by ti7 s.t. [| ¢ P((I,7)). If t has no (dB, c,w)-redex T-occurrences in P,
then t € M-nf.

Theorem 2. Lett € Ty. Then, t € WN (M) iff I' by t:7 and [] ¢ P((I, T)).

Proof. Ift € WN (M), we proceed by induction on the length of the M-normalizing reduction sequence
using Lemma 3 (see Lemma 28 in the Appendix A for details).

Suppose I' by t:7 and [] ¢ P((I,7)). By Corollary 1 the strategy of contracting only redex
T-occurrences terminates in a term ¢’ without such redexes. The term t’ is typable by Lemma 2
and then ¢’ turns out to be a M-nf by Lemma 5. Thus, t € WA (M).

4 Characterization of Strong M-Normalization

In this section we show the third main result concerning the M-calculus that is a characterization of
the set of strongly M-normalizing terms by means of S-typability. The proof is done in several steps.
The first key point is the characterization of the set of strongly M\w-normalizing terms (instead
of M-normalizing terms). For that, SR and SE lemmas for the S-type system are needed, and an
inductive characterization of the set SN (M\w), based on Regnier’s o-equivalence [40], turns out to
be helpful to obtain them. The second key point is the equivalence between strongly M and M\ w-
normalizing terms. While the inclusion SN (M) C SN (M\w) is straightforward, the fact that every
w-reduction step can be postponed w.r.t. any M\w-step (Lemma 10) turns out to be crucial to show
SN M\w) C SN (M).

We first introduce the head graphical equivalence ~ on M-terms, given by the contextual,
transitive, symmetric and reflexive closure of the axiom (tv)[z/u| ~ t[x/u]v, where z ¢ fv(v).
This equivalence, which comes from Regnier’s o-equivalence [40] on A-terms (resp. o-equivalence
on terms with ES [5]), preserves types, a property used to perform some safe transformations of
terms in order to inductively define the set SN/ (M\w) (c¢f. clause (E)). We also need lemmas for SE
and SR (their proofs can be found in Appendix B).

Lemma 6 (Invariance for ~). Let t,t' € Ty such that t ~t'. Then, 1) muw,(t) = ().
2) @1 ks tr iff @' > I s t':r. Moreover, sz(®) = sz(?').
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In contrast to system HW, whose typing measure sz() is only decreasing w.r.t. reduction of
redex typed occurrences, the system S enjoys a stronger subject reduction property which guarantees
that every reduction decreases the measure sz() of terms (whose redexes are now all typed).

Lemma 7 (SR II). Let &> I' s t:7. If t =y, t' then @' > I 5 t":7 and sz(P) > sz(P').

The “witnesses derivation everywhere” in the typing rules (— egs) and (cutg) is justified by the
proofs of the Lemma above. Indeed, let &>1" - z[x/u]:7 and z[z/u] —¢ u[z/u] thus @'>I" F u[z/u]:T.
In a type system without “witness everywhere”, one would have sz(®) = sz(®,)+2 < 2sz(P,)+1 =
sz(®'). Therefore, in order to decrease the measure sz(_), a witness derivation of u must also be
required in the typing derivation of z[z/u] so that one gets sz(®) = 2-sz(Py)+2 > 2-52(P,) +1 =
sz(?'). An alternative approach would be to change the operational semantics of the calculus,
spliting the c-rule in two cases: |t|, = 1 would be handled by the dereliction rule t[z/u] —4 t{z/u}
and [t|, > 1 by our c-rule. The witness derivation would then be required only when I = ().

Notice that —y-reduction also decreases the measure sz(_) but the type assignment I may
change, i.e. decrease.

Lemma 8 (SE II). Let I' ks t':1. If t —yy t' then I' ks t:7.

Notice that expansion does not hold for —y-reduction. Thus for example x : [o] Fs z:0 and
z[y/ 2] =y x, but z : [o] Fs x[y/2]:0 does not hold.

These technical tools are now used to prove that SN (M\w) coincides exactly with the set of S-
typable terms. To close the picture, i.e. to show that also SN (M) coincides with the set of S-typable
terms, we establish an equivalence between SN/ (M) and SN (M\w). This is done constructively thanks
to the use of an inductive definition for SN (M\w). Indeed, the inductive set of M\w-strongly-
normalizing terms, written ZSN (M\w), is the smallest subset of Ty that satisfies the following
properties:

V) If tq,...,t, € ZSN(M\w), then xt; ...t, € ZSN (M\w).
L) If t € ZSN (M\w), then \x.t € ZSN (M\w).
) Ift,s € ZSN (M\w) and |t|, = 0, then t[z/s] € ZSN (M\w).
B) If ulx/v]t1,. .., tn € ZSN (M\w), then (Az.u)vty, ..., t, € ZSN (M\w).
C) If Clu][z/u] € ZSN (M\w), then C[x][z/u] € ZSN (M\w).
E) If (tu)[x/s] € ZSN (M\w) and |u|, = 0, then t[z/s]u € ZSN (M\w).
Notice that use of the ~-equivalence in the last clause. It is not surprising that ZSA (M\w) turns
out to be equivalent to SA/(M\w) (see Lemma 32 in Appendix B for details). We then have:

Lemma 9. Lett € Ty. If t € SN (M\w) then t is S-typable.

Proof. We use the equality SN (M\w) = ZSN (M\w) to reason by induction on t € ZSN (M\w). The
proof also uses Lemma 8. See Appendix B for details.

In order to infer SN (M\w) C SN/ (M), the following postponement property is crucial.
Lemma 10 (Postponement). Let v € Ty. If v = =y ' then v —y,—F v'.

Proof. We first show by cases v —ry—ryy v’ implies v —>M\w—>:{ v'. Then, the statement holds by
induction on the number of w-steps from wv.

Lemma 11 (From M\w to M). Let t € Ty. If t € SN (M\w), then t € SN (M).



Proof. We show that any reduction sequence p : t —y ... is finite by induction on the pair (t,n),
where n is the maximal number such that p can be decomposed as p : t =y t' =y, t” — ... (this
is well-defined since — is trivially terminating). We compare the pair (t,n) using —y, for the
first component (this is well-founded since t € SA/(M\w) by hypothesis) and the standard order on
natural numbers for the second one. When the reduction sequence starts with at least one w-step
we conclude by Lemma 10. All the other cases are straightforward.

We conclude this section with the third main theorem for M-calculus:
Theorem 3. Let t € Ty. Then t is S-typable iff t € SN (M).

Proof. Let @I b= t:7. Assume t ¢ SN (M\w) so that Joo sequence ¢ = to —my t1 —uy t2 —My -
By Lemma 7 &; > I' - t;:7 for very ¢, and Joo sequence sz(Pg) > sz(P1) > sz(P2) > ..., which
leads to a contradiction. Therefore, t € SN (M\W) CT ernma 11 SN (M).

For the converse, t € SN (M) C SN (M\w) because —y, C—yu. We conclude by Lemma 9.

5 An Intuitionistic Term Calculus in Gentzen Sequent Style

In this second part of the paper we develop linear-head, weak and strong normalization character-
izations for a term calculus based on the intuitionistic sequent calculus. We first give the syntax
and the operational semantics of the J-calculus (including the notion of linear-head reduction). We
then introduce the two type systems, called again respectively HW and S.

Syntax: We use Herbelin’s syntax [27]. We consider a countable infinite set of symbols z, y, z, . . ..
Three different syntactic categories for objects (Oj), terms (7;) and lists (L) are defined by the
following grammars:

(objects) o,p =1t |1 (terms) t,u =zl | tl | Ax.t | t[x/t] (lists) I,m ::=nil | ;1

The term zl is a headed list, t/ is an application, Az.t an abstraction, t[z/u] a closure
affected by an explicit substitution [z/u], nil the empty list and ¢;/ a nonempty list. We
write tly...l, for (...(tl1)...l,) and zni1 for x nil. The size of the object o is denoted by |o|.
Remark that the symbol x alone is not an object of the calculus. In contrast to [27] we do not
consider a concatenation symbol for lists inside the syntax, but we define a meta-operation of
concatenation of lists by induction as follows: nil@l := [ and (u;m)Ql := u; (m@I). Moreover,
explicit substitutions do not apply to lists, but only to terms, i.e. [[x/u] is not in the grammar.

Free and bound symbols of objects are defined as expected, written resp. £s(o) and bs(o),
and |o|, denotes the number of free occurrences of the symbol z in o. As before, we work
with the standard notion of a-conversion. Positions, subterms and term occurrences are defined as
expected, in particular, 0 € pos(zl) and (xl)|p = [ since the symbol x is not a subterm of i (it is
not even a term). We also consider two notions of contexts given by the following grammars:

(list contexts) L ::= 0O | L[z/{] (object contexts) 0,P::=C |V
C,D:=0|xV|Cl| A\y.C|Cly/u]|ty/C] |tV
V,Uu=Cjl | t;V

Operational Semantics: The J-calculus is given by the set of objects Oj and the reduction
relation —; on O; defined as the closure by contexts 0 of the following rewriting rules:
LI\z.t|lnil +>g4p,,, L[Ax.t] tlz/u] —y T if [t|z =0

L[Az.t](u; 1) —aBeon, L[t[2/u]l] Lizllm —a,,, Llz(l@m)]
Clel][z/u] —c  Clul][z/u] Litllm —a,, LIt(1Qm)]



The reader will notice some differences from the reduction rules in [27]. First of all, the use
of the meta-operation for concatenating lists in the rules —a,, and —q,, replaces the explicit
concatenation rules in [27]. This is particularly convenient since we only reduce objects that are
terms (even if these terms occur inside lists) and so the proofs are simpler/shorter because there
are less rules and only of one kind. Another difference from [27] is the use of rules at a distance,
specified by means of list contexts L, as we did in the M-calculus. Moreover, the rule . is not exactly
the same as that of M-calculus (even if denoted by the same name); the reason being that C[z] is
meaningless in the J-calculus because the symbol z does not belong to the set O;. Last, but not
least, the operational semantics of the J-calculus prevents the useless duplication of empty resources
which does happens in [27], e.g. the reduction step (tl)[x/u] — t[x/u]l[z/u], where |tl|; = 0.

The notion of redex occurrence follows the same idea used for the M-calculus. Thus, we define
a position p € pos(t) to be a X-redex (for X € {dBni1, dBcons, W, Quar, Qapp}) if [, has the form of
the left-hand side of the rule —x, and p € pos(t) is a c-redex if p = p1ps, where t|,, = C[z!][z/u]
and C|,, = O. For example 00 and 01 are both c-redex occurrences of the term zni1[y/Zni1][2/2ni1]-

The reduction relation —j can also be refined. We write — x for the closure by contexts 0 of
the rewriting rule —x for every X. We define BQ := {dBpi1 U dBcons U Qyar U Q,pp} and —pai=
UXEB@ — x. The non-erasing reduction relation —jw 18 given by —pauc, t-€- =3 \ —u, and
plays a key role in the characterization of strongly normalizing terms in Section 7.

To define linear-head J-reduction we first introduce the set of linear-head contexts that are
generated by the grammar: Ly ::= O | A\z.Ly | Lyl | Ly[z/t], obtained by adapting the one for
the M-calculus given in Section 2. Linear-head J-reduction, written —,s, is the closure under
linear-head contexts of the relation generated by the rules BQ U {c|.,}, where Hrely, 1S given by:

Lulal][z/u] ey, Lalul] [/

As for the rule —. introduced in Section 2, the hole of the context Ly contains the term z! instead of
the symbol x, which is not an object of this calculus. An object o is linear-head J-normalizing,
written t € Ly N (J), iff ¢ has an LyJ-normal form.

As expected the postponement property also holds in this calculus:

Lemma 12 (Postponement). Let o € Oy. If 0 = =3, 0 then o —y,—F 0.

The Type Systems: The set of types is the same that we considered in Section 2. The
symbol _ is called the empty stoup. A stoup X' is either a type o or the empty stoup. Type
environments are pairs of the form I' | X, where I" is a type assignment and X' is a stoup. Type
judgments are triples of the form I' | X' o:7, where o is an object, I' | X' a type environment and
7 a type. The two type systems for the J-calculus, called again H)V and S, and given respectively in
Figure 3 and 4, are used to derive type judgments of the form I" | _+ t:7 and I' | o - I:7, where t is a
term and [ is a list. Remark the absence of weakened axioms and the multiplicative presentation of
the rules, resulting in a logical system which can be shown to be equivalent to the original one [27].
As before I' | X By 0:7 (resp. I' | X Fg 0:7) denotes derivability in system HW (resp. S). The
hlist-size of the type derivation @ is a positive natural number written sz2(®) which denotes the
size of @ where every node hlist counts 2 and the other ones count 1.

The two systems are syntax oriented so we do not need generation lemmas. The following
(weak /strong) relevance properties can easily be shown by induction on derivations.

Lemma 13. If I' | X by o:7, then dom(I') C £s(0). If I' | X ks o:1, then dom(I") = £s(0).
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Fig. 3. The Type System HW for the J-Calculus

Typing Rules {(ax), (hlist), (app), (— r)} plus
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Fig. 4. The Type System S for the J-Calculus

6 Characterization of Linear-Head and Weak J-Normalization

In this section we show the characterizations of linear-head and weakly normalizing terms by means
of HW-typability. We use the same notion of (redex) T-occurrence introduced in Section 3 for the
M-calculus. The proof of the SR lemma can be found in Appendix C, and makes use of a subtle
partial substitution lemma as well as the measure sz2() introduced in Section 5.

Lemma 14 (SR III). Let &I | X by 0:7. If 0 —5 0 reduces a (BQ, c,w)-redex T-occurrence
of o in ® then &' > 1T Fapy o':7 and sz2(P) > sz2(P).

To illustrate the need of the measure sz2() instead of the size sz() used in Section 2 con-
sider the derivation @ > y:0 | - Fay Tni1[x/yni1]:0 and the reduction step ¢ = xpii[z/yni1] —c
Yni1nil[x/ynia] = t'. Let &' be the typing derivation obtained from @ for the term ¢'. Then it is not
difficult to see that the size of the derivation @ is not strictly bigger than that of @ if we only count
1 for the (hlist) rules (indeed, the size is 5 for both terms). However, 7 = sz2(®) > sz2(P') = 6.

Corollary 2. If I | X oy o:7, then any J-reduction sequence contracting only (BQ, ¢, w)-redex
T-occurrences is finite.

As expected, subject expansion also holds in this framework:
Lemma 15 (SE III). If I' | ¥ by o:7 and 0 —;5 0 then I' | X by 0:7.

We first use HWW-typability to characterize linear-head normalization for the J-calculus, which
can be seen as a particular reduction strategy of the relation — 3, even if it induces non-deterministic
behaviours. This is however safe since —1,; has the diamond property. The characterization of
linear-head normalizing terms follows from the lemma below.

Lemma 16. If &I | by w:T and u has no (BQ, c|y,)-redex T-occurrences in @ then u € LyJ-nf.
Theorem 4. Let u € T3. Then u € LyN(J3) iff u is HW-typable.

Proof. Exactly as the proof of Theorem 1, but using Corollary 2, Lemmas 14, 15 and 16 and
Lemma 37 in Appendix C in place of Corollary 1, Lemmas 2, 3 and 4, and Lemma 25 in the
Appendix A respectively.



Typing derivations in the HW-system must be restricted in order to characterize weak J-
normalizing terms, as we did for the M-calculus, so that positive/negative types need to be extended
to type environments. Therefore, the set of positive (resp. negative) subtypes of a type is the
smallest set satisfying the conditions in Section 3.2 extended with the following cases.

— AeP(I'|X) if AeP(I') or ¥ =0 & AeN(0); AeN(I'|Y) if AeN (') or ¥ =0 & A€P(o).
— AeP((I'| X,71)) if Ae P(I'|X) or A€ P(r); AeN((I'| X, 7)) if AeN(I'|X) or AeN (7).

Lemma 17. Let &I | X by o7 s.t. [ ¢ P((L | X, 7)). If o has no (BQ, ¢, w)-redex T-occurrences
in @, then o € J-nf.

Proof. By induction on @ (see Appendix C for details).
Theorem 5. Let o € Oj. Then, 0 € WN(J) iff I' | X by 0:7 and [| ¢ P((L | X, 7)).

Proof. If o € WN(J), we proceed by induction on the length of the J-normalizing sequence using
Lemma 15 (see Lemma 39 in the Appendix C for details).

Suppose I' | X by o7 and [| ¢ P((I" | X, 7)). By Corollary 2 the strategy of contracting only
redex T-occurrences terminates in a object o/ without such redexes. The object o' is typable by
Lemma 14 and then o' turns out to be a J-nf by Lemma 17. Thus, o is weakly J-normalizing.

7 Characterization of Strong J-Normalization

This section is devoted to the characterization of J-strong normalization. Since the techniques
already presented in Section 4 were developed to be applied to both calculi M and J, the schemes
of the proofs in this section are the same we used for the M-calculus.

The head graphical equivalence ~ on J-terms is given by the contextual, transitive, sym-
metric and reflexive closure of the axiom (tl)[z/u] = t[x/u]l, where |l|, = 0. Notice that (zl)[x/u]
cannot be ~-converted into x[z/u|l when x ¢ fv(l), since x alone is not a term of the calculus.

The main properties of system S follow (see Appendix D for details).

Lemma 18 (Invariance for ~). Let 0,0' € O; s.t. 0 ~ 0'. Then 1) nyy(0) = nyu(0’).
2) @1 ks ot iff &' > I bg oir. Moreover, sz2(®) = sz2(P').

Lemma 19 (SR IV). Let @ I'| X ks or. If 0 =y o, then &' > I'| X ks o'ir and s22(P) >
sz2(P').

Lemma 20 (SE IV). Let I' | ¥ b5 0":7. If 0 =3, O, then I' | ¥ ks o:7.

We now use the previous technical tools to characterize strongly J-terms by means of the type
system S. We start by giving an inductive definition for the set of strongly-normalizing terms w.r.t.
the non-erasing reduction relation J\w such that the resulting set ZSN (J\w) coincides with SN (J\w).
Indeed, the inductive set of J\w-strongly-normalizing objects is the smallest subset of O;
that satisfies the following properties:

(EL) nil € ZSN (J\w).
(NEL) If t,l € ZSN(J\w), then t;1 € ZSN (I\w),
(L) If t € ZSN(J\w), then \x.t € ZSN (I\w).
(HL) If | € ZSN (J\w), then xl € ZSN (I\w).
(W) Ift,s € ZSN(J\w) and |t|, = 0, then t[x/s] € ZSN (I\w).
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i1) If Azt)ly...l, (n>0) € ZSN(I\w), then (A\z.t)nilly...l, € ZSN(J\w).

) If tlx/ulmly ... 1, (n > 0) € ZSN(I\w), then (Ax.t)(u;m)ly ... 1, € ZSN (I\w).
ar) If z(n@Qm)ly ... 1, (n >0) € ZSN(I\w), then (zn)mly ...l, € ZSN(I\w).

) I t(n@m)ly ... 1, (n>0) € ZSN(I\w), then (tn)mly ...l, € ZSN(I\w).

) If Clul][z/u] € ZSN (I\w), then Clz {][z/u] € ZSN(I\w).

) If (¢)[z/s] € ZSN(I\w) and |l|, = 0, then t[x/s]l € ZSN (I\w).

P
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The sets SN (J\w) and ZSN (J\w) coincide (see Lemma 47 in the Appendix D for details) so
that we can show the following result:

Lemma 21. Let o € Oy. If o € SN (J\w) then o is S-typable.

Proof. Using the equality SA(J\w) = ZSN (J\w) to reason by induction on o € ZSN (J\w). The
proof also uses Lemma 20. See Appendix D for details.

Lemma 22 (From J\w to J). Let o € O3. If o € SN(J\w), then o € SN(J).

Proof. The proof proceeds as the one for Lemma 11, but uses Lemma 12 instead to achieve the
postponement of w-steps.

We can now conclude with the main result of this section.
Theorem 6. Let o € O;. Then o is S-typable iff o € SN(J).

Proof. Same scheme used in the proof of Theorem 3, but using Lemmas 19, 21 and 22 in place of
Lemmas 7,9 and 11 respectively.

8 Conclusion

This paper studies quantitative types for two intuitionistic term languages specified by natural
deduction and sequent calculus. We characterize linear-head, weak and strongly normalizing sets
of terms in each language. In particular, the correspondence between head [-normalization for
A-terms and linear-head M-normalization for terms with ES can now be obtained by means of an
indirect logical reasoning (i.e. the H)W-system), in contrast to the operational result in [4].

The type systems are given by simple formalisms: 1) intersection is represented by multisets so
that no axioms for commutative and associative laws are needed, 2) the typing rules are syntax-
oriented so that no generation lemmas are used, 3) the type systems used to characterize strongly
normalizing terms are just based on a notion of witness sequent, no subtyping relation is used [10],
and 4) the type systems are specified in an homogeneous way, so that the schemes of the proofs for
the HW-systems can be reused in the development of the proofs for the S-systems. Similarly, the
proofs for the J-calculus follow the same schemes than those for the M-calculus.

One current investigation line is the use of quantitative type systems to directly characterize
head M-normalization (instead of linear-head) for terms with ES, as already done with head (-
normalization for A-terms. This could be done by redefining the notion of redex typed occurrence
and/or by considering some equivalence on terms with ES.

The relation between our type systems and the bounds for linear-head and head-reduction
obtained in [4] should be studied. Recovering the bounds on the longest reduction sequences defined
in [10] is another further interesting question. Last but not least, we would like to derive from each
type system a notion of relational model [21] for the corresponding term calculus.



Although type inference is undecidable for any system characterizing termination properties,
semi-decidable restrictions are expected to hold. Principal typing is a necessary property (cf. [21])
to obtain partial typing inference algorithms [42,41, 32]. Moreover, relevance in the sense of [18] is
a key property to obtain principal typings. Therefore semi-decidable typing inference algorithms
are also expected to hold for our four non-idempotent type systems.

Neergard et al. [38] proved that type inference and execution of typed programs are in different
classes of complexity in the idempotent case but in the same class in the the non-idempotent case.
However, as noted there, the system introduced by Carlier et al. [14] allows to relax the notion of
type linearity. An interesting challenge would be to understand how to use this relaxed notion of
linear types in order to gain expressivity while staying in a different class.

Last but not least, the inhabitation problem for idempotent intersection types typing the A-
calculus is known to be undecidable [43], while the problem was recently shown to be decidable in
the non-idempotent case [12]. An interesting question concerns the inhabitation problems for our
non-idempotent type systems.
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A Appendix: Characterization of Linear-Head and Weak M-Normalization

Lemma 23 (Partial Substitution I). If Scp>x:[oilicr; I Fyw Clz]:r and (BL>A; By w:04)ier
then Depyp>a:loilicr i I +rer Ak Faw Clul:7, for some K C I where sz(Pepy) = s2(Pefa]) trek
sz(P%) — |K|. Moreover, if C|, = O and p € pos(C[z]) is a T-occurrence of C[z] in Pcp,y, then
K #10.

Proof. By induction on the type derivation @¢[,j.

— If C = 0O, then by construction I' = 0, I = {1}, p1 = 7 and @, has the following form:

Dy > — (ax)

z:[T] b
Thus, for K = {1} C I we have C[s] = s and &; = ®.. Moreover, sz(d;) = sz(P!) =
1+ sz(®l) — 1 =s52(®,) + sz(®.) — 1. Thus the statement holds.

— If C = A\y.D, then the property is straightforward by the i.h.
— If C = Dt, then by construction x:[p]icr; I" = A +jes I'j and Pep,g is of the following form

p Vv sio YV
D[[x]]DAl—D[[x]]:[aj]jeJ%T tDFjl—t:aj

Defa] > € (= eqmw)

x:[pilier; I b D]x]t:7
Moreover, sz(®P¢[,]) = s2(Pp[4]) +jes sz(@i) + 1.

We necessarily have A = x:[p;]icr; A, where L C I. The i.h. then holds for &pp, so that
we get Pppg) > :[pilier~k; A +iek Ai - D[s]:[oj]jes — 7, for some K C L where sz(&pp,)) =
sz(Pp[y]) +ick sz(P,) — |K|. Then we construct the following derivation

v o ¥

fC:[Pi]iGL\KQA, +ick 4; FD[[S]]:[UJ']]‘EJ—H' I+ toj

@D[s]] >

Deps) > € (= epw)

(w:]pilier~x; A" +iex Ai) +jes Iy FD[s]t:r
We thus have z:[pilicr; " = A +jes I implies x:[pilier; I” = x:[pilier; A’ +jes I'j implies
z:(pilier; I' = :[pilici\k + 2:[prlker; A +jes Iy implies x:[pilien x; I = :[pilicryi; A +jes Ty
implies z:[pJier~ ki ' tiex Ai = (2:[pilicL i A tiex Ai) +jes L and sz(Pefs)) = s2(Pofs)) +jes
s2(P]) + 1 =in. 82(Ppfay) +ick 52(P}) — |K| +jes 52(P)) + 1 = s2(Pefy]) +ick s2(P) — |K|.
We conclude the first part of the statement since K C L C I. Finally, if the position p = 0p’ €
pos(C[x]) is a T-occurrence of C[z] Pcp,, then p' is a T-occurrence of D[z] Ppp,y so that K #
by the i.h.

— If C =tD, then by construction x:[p;]icr; I" = A +jey I'j, and P¢[y is of the form

Vv V

Al—t:[aj]jeJ—W I}-I—D[[x}]:aj

b, > ¢%ﬂxﬂ >
Defa > &L

— enw)
x:[pilier; I b D[z]:7

Moreover, sz(®P¢[,)) = s2(Pt) +jes SZ(QSJD[[:U]]) + 1.



We necessarily have I'; = z:[p;licr,; I}, where Lj C I. The i.h. then holds for sﬁj Dx:[pi}ieLj ; I = D[z]:0;

VARV
so that SPD[[S]] > w:[pilier; K, Fj +iek; Qi = D[s]:0; for K; C L; and sz(@éM) = sz(@]D[[xﬂ) +iek;
sz(®%) — | K;|. We then construct the following derivation:

oV | v

> @ >
Al tojlijcs—T Pls] iUI[Pi]z‘eL]-\KﬁFJ{ +iek; Ai b D[s]:0;

@C[[s]] > = (_> e’HW)

A +jeg (@:lpiier,x;; T +iek; Ai) F tD[s]:7
We have A +je; (v:lpilicr;~r;; I} Tier; Ai) = ipilierv;e k3 I +jes +iek;Ai so that let
K = UjesK; C UjesLj C I. If the position p = 1p’ € pos(C[z]) is a T-occurrence of C[z] in
D[], then p’ is a T-occurrence of D[z] in some Q%[[ ] SO that K; # () by the i.h. We thus have
0 # K; C K which concludes the first part of the statement.

Finally, sz(@c[[s]]) = sz(P;) +jcssz(P D[[s]])—i—l =i.h 82(P) +jc (sz(P DHIH)—i—ZeK sz (L) — |K;|)+
1 =sz(P) +jeg sz(@J[[ }]> +ick 52(PL) — |K|+1 = s2(Pcly]) +iek sz(dL) — |K|.
— If C = D[z /u] or C = t[x/D] we proceed similarly to the previous case.

Using Lemma 1 (Weak) and Lemma 23 we can show the Subject Reduction property.

Lemma 2 (SR I) Let &> ' by ti7. If t —y t' reduces a redex T-occurrence of ¢ in @ then
&' > I by 7 and sz(P) > sz(P).
Proof. By induction on the reduction relation —y.

— If t = L[\z.w]s — L[v[z/s]] = t/, then we proceed by induction on L and we show that in this
case sz(®) > sz(?'). Let L = O. By construction the derivation @ is of the form:

V

x: [pilier; I Fvio

b, >

P! > V

II F Az.v:lpilier— o T osip;
@D el
I +ic; I F (Azw)sit

Moreover, sz(®) = sz(®P,) +ics s2(P%) + 2. Hence,

Y so_V
x : [pilier; IT F vio I Fosip;
P > el
II +ic; I B ofx/s|:o
We have sz(®') = sz(®,) +ics s2(P2) + 1 < sz(P).
Let L = L'[y/u]. By construction the derivation has the following form:

V %

Iosy : [pjljes b U[Axv]:[oilier = m v
jeJ vV
Io +je Hj F LI[[)\Jf'U]] [y/u]3[0i}ief—>7' A; b sio;

I'o +jeg I +icr Ai - L'[Ax.v][y/u]s:T

b, >

el




We can then construct the following derivation:

V %

Iy : [pjljes L'[Mz.v]:[oi)icr — T A; - si0

il

(o >
L' [Az.v]s 1—,0; Y [pj]jEJ tier Az [ L,[)\gj,’u]]sﬂ'

By the i.h. there is a derivation ending with @[y, /415103 : [pjljes +ier Ai = L'[v[z/s]]:7 such
that sz(Pp/[rg.v]s) > S2(Pu[u[z/s]])- We thus conclude with the following derivation.

Vv Vv

Tosy : [pjlijes +ier Ai F L [vlz/s]]:r I Fwpj | E
JjE

Io +jes 1 +ier A = Loz /s]][y/ul:

We have sz(Py/[u[z/s]][y/u]) = SZ@L/[[U[I/S]]J)JrjeJSZ(@%)+1 <ih. 82(Prrga)s) Hicssz(PL) +1 =

Sz(éL’[[)\x.v]]) +iel SZ(@;) +jed SZ(@{L) +2= Sz(éL’[[)\a:.v]][y/u]s)‘
— If o = C[z][x/u] — Clu][z/u] = o', where |C[z]|, > 1, then by construction @ is of the form

v oV
v:[pilier; 11 F Cla]:r A = uzp;

P> i€l
I +ic7 Ay F C[x]][x/u]n'

QSC[[:E]] >

Moreover, sz(®) = SZ((ﬁcﬂx]])—‘riejSZ(diz)—‘rl. By Lemma 23 we have @cp,>x:[pi]icri; [T +iex Ai - Clu]:T,
for some K C I where sz(Pc[,)) = s2(Pc[y]) +iek sz(®!) — |K|. Hence

v (pl > L
z:(pilierx; I +iex Ai b Clu]:r YA Ewp
P > i€INK
IT +icx Ai +ierx Ai - Clu][x/ul:m

¢C|Iu]] >

We have sz(P') = SZ(QSC[[U]])—Fie[\KSZ(@Z)—‘-l = s2(Pepy)) Fick sz(PL) — | K| +icr ksz(P))+1 =
s2(Pcly]) +ier 52(P;,) + 1 — |K| = s2(P) — | K| < s2(®).
By hypothesis, the hole of C is a T-occurrence in @, so that Lemma 23 guarantees K # () and
thus sz(?') < sz(P).

— If o = t[z/u] — t = o' with ||, = 0, then by construction and Lemma 1 (Weak) @ is of the form

x[; I+ tr
I tlx/u):T
where sz(®) = sz(®P;) + 1. The result then holds for @' := &,.
— All the inductive cases are straightforward.

@tl>

D>

The following Lemma is used in the Subject Expansion property for system HW.

Lemma 24. Let C[z], s beM-terms s.t. x ¢ £v(s) and I" by C[s]:7. Then 3y, 31,3(1;)ier, 3(0i)ier
such that I' = Iy 441 Iy, To+ {x : [oilicr} Faow Cla]:r, and (I By s:04)ier-



Proof. By induction on the structure of C[s].

— If C = O then C[s] = s and the result holds, for Iy =0, |I| =1 and 0; = 7.

— If C = A\y.D then the property is straightforward by the i.h. (since y ¢ fv(s) by a-conversion).

— If C = D then C[s] = D[s] r and by construction I" = IT+jeI; and @pp> 11 = D[s]:[p)]jes —T
and (@15 I - 1:p;)jes. By the i.h. IT = Il +icr Iy where x:[04)ics + Ilo F D[z]:[p;]jes — 7 and
(I F s:04)icr- Then, by the rule (— exw), (@:[oilicr + o) +jes Ij F D[x] r:7. The result then
holds for Iy := Il +ijeJ Fj.

— If C = r D then C[s] = rD[s] and by construction I' = IT +;c; I'; and @, > II F r:pjlijcs—T
and (&} > Ty b Ds]:p;)jes. By the i.h. for each j € J, I = I +icr, Ti where @:loilicr, + I F
D[z]:pj and (I5 &= s:0)ic1,- Let I := Uje ;. Then, by the rule (— ey ), II +jes (z:[0ilicr; + FJQ) F
rD[z]:7. Note that IT +je; (w:[oilicr; + I}) = x:[o3]lier + IT +jes I'}. The result then holds for
Io:=1II +jey F]O.

— All the remaining cases are similar to the previous ones.

Lemma 3 (SE I). If I" by t':7 and t —y t/ then I' By 7.

Proof. Let I' b4y t':7. The proof is by induction on t —sy t'.

— If ¢ = L[\x.p]s — L[p[z/s]] = ¢/, then we proceed by induction on L. Let L = O, then by
construction I' = A 4,7 I; and we have the following derivation:

Vv Vv

x:log)icr; AF pir I - s:o
i€l

I'tplz/s]:T

We then construct the following derivation

V

x:[oilier; A piT (1) v
A Xe.ploilier—T I F sy
i€l
%
I'- (\z.p) st (= enw)

Let L = L'[y/u] so that L'[y/u][p[z/s]] = L'[plx/s]]ly/u]. Then by construction there is a
derivation of the following form:

V %

oy : [pjlies +ier Ai E L [plz/s]]:m II; - up;

jeJ
Lo +jes I +ier A; = L'[plz/s]][y/u]:

By the i.h. there is a derivation ending with @y, p1s > L0 : [pj]jes +ier Ai = L'[Az.p]s:T so
that by construction there is a derivation of the following form:

V Vv

Tosy: [pj]je] [ LI[[)\x.p]]i[O'i]ie[—)T A; F sio;

el

oy : [pjljes +ier Ai L[ Az.p]s:T



We can then conclude by the following derivation:

V Vv

Tosy: [pj]jeJ H LI[[Aw.p]]i[Ui]ie[—)T II; = u:pj v
jcJ VvV
Iy +jes I B L plly/ul-loilier =7 Ak si0y

i€l

Iy +jes I +ier Ai = L'[Az.p][y/u]s:T
— t = plxz/s] — p, where |p|, = 0. Since x ¢ fv(p) one has I' = z:[]; I'. Therefore, one can
construct the following derivation
;' pr
—  (cut
I't+plz/s]:T (cutzow)

— If t = C[x][z/s] — C[s][z/s] =, then by construction I' = A +;¢; I; and the type derivation
of t' has the following form:

% %

x:[oilier; AFC[s] : 7 ILiks:o;
i€l (

t
A ticr T F Cls][e/s] < 7 cutw)

By Lemma 24 z:{0;]icr; A = Iy +jeg I s.t. w:[oj]jes + Io F Clz]:m and (I + s:04)jes. Note
that « ¢ fv(s) hence Iy = z:[0y]ier; [ where I +jes [ = A.
Let K := IUJ. Then x:[0]jes+10 = x:[ok]kek; I} and we can construct the following derivation

Vv %

xifoplker; o F Clx] = 7 Ivks:og

keK (

cutywy
I +rer T b Clz][z/s] : 7 )

We conclude since I +rex [y = Iy +jes I +ier I'i = A +ier I = I' as expected.
— All the inductive cases are straightforward.

Lemma 4. If &> I" b4y t:7 and ¢ has no (dB, c|,)-redex T-occurrences in @ then ¢ € LyM-nf.

Proof. Suppose t is not a LyM-nf. Then it is not difficult to show that ¢ € B U C, where B and C
are defined as follows :

— L[\z.u]v € B.

If u € B, then uv € B, u[z/v] € B, Av.u € B.

—y €A

— If u e Ay, then wv € Ay, A\z.u € Ay, u[z/v] € A, for z # y.
— If u € Ay, then ufy/v] € C.

If w e C, then uwv € C, Az.u € C, ulz/v] € C.

We show that ¢ € B U C implies that ¢ has a redex T-occurrence in @, which leads to a
contradiction. We proceed by induction on the definitions of B and C'. But first of all we show that
t € A, implies y has a T-occurrence in @.



Ift =y € Ay, then the property is straightforward. If ¢t = wv € Ay or t = Azv.u € A, or
t =ulz/v] € Ay for x # y, where u € Ay, then by the i.h. the variable y has a T-occurrence in the
corresponding subderivation of @ so that y has a T-occurrence in ®.

If t = L[Az.u]v € B, then € is a redex T-occurrence in ¢. If t = wv € B or t = u[z/v] € B
ort = Ax.u € B, where u € B, then by the ¢.h. the subterm v has a redex T-occurrence in the
corresponding subderivation of @ so that also ¢ has a redex T-occurrence in ¢. Exactly the same
reasoning applies for t = wv, or t = u[z/v] or t = Azx.u belonging to C' where u € C. Finally,
if t = uly/v], where u € Ay, then by the first property shown before we know that y has a T-
occurrence in the corresponding subderivation of @ so that the redex u[y/v] has a T-occurrence in
@. This concludes the proof.

Lemma 25. Ift is linear-head M-normalizing then t is HWVW-typable.

Proof. By induction on the length of the linear-head M-normalizing reduction. Let ¢ %IEHM t', where
t' € LyM-nf. If K = 0 (i.e. t = ¢'), then it is not difficult to prove that ¢t € A(n,y, m), for some variable
y and some n, m > 0, where A(n,y, m) is defined as follows:

— If t € B(n,y,m), then ¢t € A(n,y,m).

— If t € A(n,y,m), then A\z.t € A(n,y,m).

If t € A(n,y,m), then t[x/u] € A(n,y, m) for any M-term w and = # y.
— y € B(n,y,n) for any n > 0.

If t € B(n,y,m) and m > 0, then tu € B(n,y,m — 1) for any M-term wu.
— If t € B(n,y,m), then t[z/u] € B(n,y,m) for any M-term u and z # y.

Let 7" = My — -+ = M, —7 (n > 0) such that M; =[] (1 < i < n). We first prove by
induction on B(n,y, m) that t € B(n,y, m) implies y:[7"]| by t:7™.

— If y € B(n,y,n), then y:[7"] Fay y:7™ by the typing rule (ax).

— If tu € B(n,y,m) comes from t € B(n,y,m + 1), then y:[7"] Fapy t:7™+! holds by the 4.h. so
that y:[7"] Faw tu:t™ holds by application of the typing rule (— eyy).

— If t{z/u] € B(n,y,m) comes from ¢t € B(n,y,m), then y:[7"] 4y t:7" by holds the i.h. so that
y:[T"] Fyw tlx/u]:7™ holds by application of the typing rule (cutyyy).

Now, we prove by induction on A(n,y,m) that ¢ € A(n,y, m) implies I" Fyyy t:o where the
domain of I" has at most the variable y.

— If t € A(n,y,m), where t € B(n,y, m), then the property follows by the previous point.

— If Ax.t € A(n,y,m), where t € A(n,y,m), then I' b3y t:0 by the i.h. so that I'\\ x by
Azx.t:I'(x) — o by application of the typing rule (— 1i). If I" has at most y, then also does I"\| z.

— If tfz/u] € A(n,y,m), where t € A(n,y, m), then I" Fyyy t:o by the i.h. so that I" by tlx/u):o
by application of the typing rule (cutyyy). Since I" has at most y, then we are done.

Otherwise, let ¢ = u —>’IfHM t'. By the i.h. the term u is HW-typable and thus by Lemma 3
the same holds for t.

Lemma 26. Let P>1 oy t:7, wheret = Ly[... Li[Lolyl t1] -« - tn], theny:N1—--- = Ny, =1 €T,
ie. I=1"+{yNr—- = N, —7}.

Proof. By induction on n.

Let &> I' - t:7. We define the predicate A(t,®) := t has no (dB, ¢, w)-redex T-occurrences in &.



Lemma 27. Let @ I by t:7 such that A(t, D).

1. If [1¢P(I"), and t = Ly,[... Li[Loly]t1] - - tn], then t has no substitution and x€fv(t) implies x
has some T-occurrence in .
2. If [|¢P((I',T)), then t has no substitution and x€fv(t) implies x has some T-occurrence in .

Proof. We proceed by induction on .

— t = y. Then ¢ has no substitution. We have that = € fv(¢) implies z = y so that z trivially has
some T-occurrence in @.
— t = u[z/v]. We have I' = I'y +ie7 A; and @ has necessarily the following form:

V %

D, > P —
Io; z:[og)ier B wir A; F oo
D> icl
Iy +ier Ai b ulz/v]:r

Moreover, A(t,®) implies A(u,®,,). We consider two cases.

e z ¢ fv(u). Then ¢t has a w-redex T-occurrence which contradicts A(t, ®).

o z € fv(u). If z has some T-occurrence in &, then t has a c-redex T-occurrence which
contradicts A(t,®@). Therefore, z only has untyped occurrences of @, and thus I = (). We
have I'y; z:[0;)icr = L0; 2:[] = I'v. We consider again two cases:

1. If t is of the form of item 1, the hyp [] ¢ P(I") implies [] ¢ P(Ip). Therefore, the i.h. on
(1) (from right to left) allows to conclude that z ¢ fv(u) which leads to a contradiction.
2. Otherwise, the hyp [] ¢ P((I', 7)) implies [] ¢ P({I,7)). Therefore the i.h. on (2) (from
right to left) then allows to conclude that z ¢ fv(u) which leads to a contradiction.
We then conclude that ¢ cannot be a substitution.
— t = wv. Then t (and u) is necessarily of the form of item 1, otherwise there is a dB-redex
T-occurrence which contradicts the hyp. Then I' = Iy +;c7 4A; and @ has the following form

V V

D, > @ibi
FO F 'LLZ[O'Z‘]iE]—>T Ai H V.0;
P> i€l
Iy +ier A Fuvir

By Lemma 26 we have that I' = I" + {y : M; — ... = My_1 — [0i];e; — 7} for some y being

the head of the term u. Moreover A(t, @) implies A(u,Dy,).

Let us suppose [] € P(Ip), then [| € P(I"), which leads to a contradiction. Therefore [] ¢ P(Ip).

By the i.h. on (1) u has no substitution and x € fv(u) implies 2 has some T-occurrence in @,,

which also means some T-occurrence in ¢. Now we consider two cases:

1. If I =0, then [] € N([] — 7) implies [] e N(M; — ... = My_1 — [] = 7), which in turn
implies [ € P(y: M; — ... = My_1 — [] = 7) and [] € P(I"). This contradicts the hyp.

2. If I # 0, suppose [] € P(4;) for some i € I. Then [] € P(Iy +ier A;) which contradicts the
hyp. Therefore, ([] ¢ P(A;))icr- Moreover, if [] € P(0;), then [| € P([oi]icr), which implies
[] € N([oiliecr = 7), which implies [] € N(M1 — ... 5 Myu_1 — [0i]icr — 7) and thus
[] € P(I'). This leads to a contradiction with the hyp. Therefore ([] ¢ P(0;))icsr and thus
([] € P({Ai,0:)))icr- Since A(t,®) implies A(v,®!), then we can now apply the i.h. on (2)
so that we obtain that v has no substitution. Therefore ¢ has no substitution.
If x € £v(v), the 4.h. on (2) also gives that x has a T-occurrence in &, thus a T-occurrence
in @. If x € fv(u), then x has a T-occurrence in @, as explained, thus a T-occurrence in @.



— t = Ay.u. Then A(t, @) implies A(u, P, ) and we are necessarily in case 2. By construction we have
7 =M—=0and &, y:M by uio. If [| € P((I';y:M, o)) then either [| € P(I), [] € N(M)
or [] € P(o), which leads to a contradiction with the hyp. Hence, [| ¢ P((I;y:M, o)) and the
property is straightforward by the i.h.

— There is no other possible case.

Lemma 5. Let &> I' oy t:7 s.t. [| ¢ P((I,7)). If t has no (dB, c,w)-redex T-occurrences in @,
then ¢ is in M-nf.

Proof. We proceed by induction on .

— If t =y, the two statements are trivial.

— Let t = Az.u. By construction we have 7 = M — o and @, > [';o:M by wio. If ] €
P((I';x:M, o)) then either [] € P(I'), [|] € N(M) or [] € P(o), leading to a contradiction
with the hyp. Hence, [| ¢ P((I';x:M, o)) and the property is straightforward by the i.h.

— Let t = u[z/v]. Since [] ¢ P((I, 7)) and A(t,P), then ¢t has no substitution by Lemma 27, thus
t cannot be of this form.

— If t is an application, then ¢ = Ly[... Li[Lo[y]t1]--- tn], for n > 0, otherwise ¢ would have a
dB-redex T-occurrence in @. Moreover, A(t,®?) and [] ¢ P({I',7)) hold by hypothesis, so that ¢
has no substitution, thus (L; = O)p<i<pn, by Lemma 27. Therefore t = yti ... t,.

By construction (Iy/ ™ = I +icr, I )1<jen, (05 = Nj = 0(1))1<j<n and (N = [pilier,)1<jn,
where @ = @6‘“, I = Fg‘“ and 7 = 0p,41. Moreover, each d%“ has the following form

I yty - tgony:lpilier; = 041 Tty

o>

] i€l
A 2 (

- - — eq.[w)
Fg +7je]j Flj F ytl . 'thO'(j+1)
Suppose [] € P(I}) for some j € {1...n}. Then [] € P(I") which leads to a contradiction.
Therefore, ([] ¢ P(I{))1<j<n-

Suppose [] € P(I7}) for some i € I; and some 1 < j < n. Then [] € P(I') which leads to a
contradiction. Therefore, ([] ¢ P(I7))ier;,1<j<n-

In particular &} > I3 Fyw yio1 = Nj— -+ — Ny, — 7 thus, by construction, I'} = {y : [N —
o= Ny —ol} Since [] ¢ P(Iy) then (Ij # 0)1<j<n and ([] & P(pi))icr;1<j<n-

Therefore (&}, l>‘FiJ = t:p; and [] & P((I7, pi)))ie1; 1<j<n- Note also that, any redex T-occurrence
of t; in some @%J,, for some i € I;, would also be a redex T-occurrence of ¢ in in @. Since A(t, P),
the? also A(tjaéij)ielj,lﬁjﬁn- Finally, (tj)1<j<n is a M-nf by the i.h. so that t = yt;...t, is a
M-nt too.

Lemma 28. Lett € Ty. If t € WN' (M) then I' by t:7 and [] ¢ P((L,T)).

Proof. Let t —§ ', where t' € M-nf. We proceed by induction on k. If k = 0 (i.e. t = t'), then
t = Ax1...\Tmyt1 ... t,, where m,n > 0 and ¢; € M-nf for 1 < ¢ < n. We then proceed by
induction on M-nf.

The i.h. gives I F t;:04, s.t. [| € P((L},04)) for 1 <i <n.Let 7 =[o1] =+ — [on] —a, for
a base type, and let I = {y:[7]} +1<i<n I;. Note that [| ¢ N (7) thus [] ¢ P(I") and [] ¢ P(([}, a)).
By the typing rule (ax) and n applications of (— eyyy) we obtain I' Fyywy yti...th:a where
[] ¢ P((I',c)). Therefore, by m applications of the rule (— i) we obtain I" \\ (%, ...,21) Faw



t:I'(x1) =+ — I'(xy,) — . We have in particular [| ¢ N (I'(z;)) since [] ¢ P(I') and [] ¢ N([]).
Therefore we conclude [] € P((I"\ (Tm, ..., x1), (1) = = '(Tm) = a)).

Otherwise, let ¢t —y u —f /. By the i.h. we have I" gy w:r and [] ¢ P((I, 7). Thus by
Lemma 3 the same holds form ¢.

B Appendix: Characterization of Strong M-Normalization

As for the HWV typing system, the S system verifies the following partial substitution lemma.

Lemma 29 (Partial Substitution II). If Dela] > x:[0i)ier; I s Clz]:m and (D%, > A; bs uioy)ier
then ey >a:[o)icri; I +rer Ak Fs Clul:T, for some ) # K C I where sz(Pcpy)) = s2(Pefa)) trek
sz(PF) — |K]|.

Proof. By induction on the type derivation @¢[,j. We only show here the two application cases, the
cases with explicit substitutions follow the same scheme of this one, and all the other ones are very
similar to those in the proof of Lemma 23.

— If C = Dt, then by construction x:[p;]icr; I' = A +jcjufw) Ij and Ppy) is of the following form

v o ¥

o > r—
P A Dla]:[oj] e — 7 I+ to;

jeJu{w} (

QC[[x]] > — eg)

x:[pilier; I F D]x]t:7

and sz(Qc[y)) = s2(Ppla)) +jesufw) 52(97) + 1.

By Lemma 1 we necessarily have A = z:[p;|;cr; A’, where ) # L C I. The i.h. then holds for
QD[[ac]] >x:[pilicr; A F D[[:L’]]:[O'j]jej—)T so that QSD[[s]] >z:[pilicr i A +rerx Ax b D[[S]]:[O'j]jej—)T,
for some () # K C L where sz(®p,)) = sz(Pp[y]) +rek sz(PF) — |K|. Then we construct the
following derivation

v o ¥

1) > _—
Pl z:pilicr~i; A +rerx Ar FD[s]:[ojljes =T I' - toj

jeJUu{w} (

GPCM > — eg)

(z:[pilicr~i; A +rer Ar) +jesuqwy 1 F DIs]t:T

We thus have :[pilicr; I' = A+jcjuqw) I implies z:[pilicr; I' = @:[pilier; A +jecjuqw) I implies

z:(pilier; I' = :piliciyk +o:[prlrers A'+je juqwy Ly implies z:[pilien i I = 2:pilicy ks A+ jesugw)

Iy implies 2:[pilicrsc; I +iex Ai = (w:]pilier~x; A +ierx Qi) +jesuqwy 1 and sz(Peq) =
sz(Pp[s)) +jesufw} SZ(P])+1 =41, S2(Pp)) +rek SZ(PE) = | K |+ jejufuwy 52(P))+1 = s2(Pepy)) +rek
sz(F) — |K]|.
We conclude since K C L C 1.

— If C = 1D, then by construction x:[p;]icr; I' = A +jcjufw} Ij, and P¢py is of the form

V Vv

D -
Al—t:[aj]jej—)T Fj}_D[[.ZL‘]]ZJj

@t @JD [«] >

Pela] > S (= es)

x:[pilicr; I' F D[x]:r



and sz(@c[[z]]) = sz(Py) +jesufw} sz(d%[[gg]]) + 1.
By Lemma 1 we necessarily have I'; = z:[p;]ier;; I}, where 0 # L; C I. The i.h. then holds for
@%ﬂxﬂbx:[pi]ieLj; F]{ - D[x]:0; so that @]D[Sﬂbx:[pi]ieLj\Kj;ly +ick; Qi = D[s]:0; for § # K; C L;

and sz(@jD[[s]]) = sz((PJD[[?]]) +ick; sz (L) — | K.
We then construct the following derivation:

V

AR t:[O'j]jEJ—H'

V

pilicL;~k;; 1} +ick; Ai - D[s]:0;

J
D> éD[[S]] > oy

jeJU{w} (_)

Deps)> es)

A+ jegoqwy @:lpilicr;~x;; T 4iek; Ai) FD[s]:T

We have A+j€JU{w} (!T:[pi]ieLj\Kj; F;"‘ieKj Az) = !T:[pi]iEI\UjeJKj ; F+j€JU{w} +i€Kj A; so that
we can conclude with K = Uje juqw) K-

Finally, sz(®¢[s)) = SZ(@t)+j€JU{w}SZ(¢%[[S]])+1 =ih. SZ(¢t)+j€Ju{w}(SZ(QS%[[;E])‘HEKj s2(®P;) —
K1) +1 = s2(P1) +jesuqu) 52(Phpy) Hick s2(P,) — |K| +1 = s2(Popy)) +iek s2(PL) — | K]
We conclude since K = Ujc i Kj € Ujeguqwyly € 1. Finally, K; # 0 by the i.h. so that
0 # K; C K as required.

Using Lemma 1 (Strong) and Lemmas 29 we can show the Subject Reduction property.

Lemma 7 (SR II). Let &> I" ks t:7. If t =y, t' then &' > I' bs t':7 and sz(®) > sz(P').

Proof. By induction on the reduction relation —y,. We only show here the most interesting case
as the other ones are similar to the those of the proof of Lemma 2. Remark that the case — is not
treated since the statement only concerns the non-erasing reduction —ry.

Let t = C[z][xz/u] — Clu][x/u] = t', where |C[z]|, > 1, then by construction @ is of the form

v LV

z:[pilier; I + Clz]:7 YA wps

QSC[[x]] >

P> ielU{w}

IT +ieruquwy Qi - Cla][z/ul:r

where sz(®) = Sz(écﬂ$ﬂ)"’ie[u{w}sz(éé)—‘—l. By Lemma 29, ¢y )>:[pilicr i ; I +rer Ax - Cluf:r,
for some () # K C I where sz(®Pc[,)) = sz(@c[[xﬂ)—l—keKsz(@ﬁ)—]KL Hence IU{w}\ K = (I\K)U{w}
and

v LV

z:pilierx; 1 +icr Ai = Clu]:r YA F up;

QSC[[u]] >

P> elU{wiNK

II +ici Ai +icroquwi-kx 4j F Clu][x/u]:7

where sz(®') = s2(Pefu)) *icrufwyk 52(P),) +1 = 52(Pefa)) Frer 52(P}) = | K| +ic tuguw) ik 52(P}) +
1 = s2(Pcpa) tierufw} 52(Py,) + 1 — |K| = 52(®) — |K| < s2(P).
Since K # (), then sz(?') < sz(®).

The following Lemma is used in the Subject Expansion property for system S.



Lemma 30. If I' ks C[s]:7 and x ¢ £v(s) then 3A,3I,3(I1;)ier,3(0)ier s.t. I' = A+ II; and
{z:[oi)ier} + A ks Clz]:r and (II; Fs $:04)icr-

Proof. By induction on the structure of C[s]. The proof is very similar to that of Lemma 24.
Lemma 8 (SE II). Let I' kg t":7. If t —yg t' then I' -5 t:7.

Proof. The proof is by induction on the reduction relation and proceeds similarly to that of
Lemma 3. We only show here the two most interesting cases.

— If ¢t = L[(A\x.p)]s — L[p[z/s]] = t, then we proceed by induction on L. If L = O, then by
construction I' = A +;c gy I and we have the following derivation:

Vv %

x:[oilier; A F pir I b s:o41j
telu{w}
I'Fplz/s]:T (cuts)
We then construct the following derivation
x:[oilier; AF pir (1) v
AF dx.p:loicr—T I+ s:o
iefU{w}
%
' (Az.p) st (= es)

If L = L'[y/u], then we proceed exactly as in Lemma 3.
— Ift = Cx][x/s] — C[s][z/s] =t', where |C[x]| > 1, then by construction I" = A +;c g,y i
and the typing derivation of ¢’ has the following form:

v v
x:[o)icr; AFC[s] : 7 I, - s: 0

telu{w}

(cuts)

A+icroquy i = Cls][z/s] = 7
By Lemma 30 z:[0;]icr; A = A +jep II] and 3(oy)ier, s.t. {x:[oy)ier} + A F Clz]:r and (II]
s:01)ier- Note that x ¢ fv(s) by a-conversion hence by Lemma 1 A = x:[0;];er; A’ where
A +iep II] = A. Let K :=ITU L. Then x:[0)jer, + A = x:[o)]rer; A’ and we can construct the
following derivation

V oV

: 7 —
x:loglkex; A Clz] : 7 I - s: o0

ke KU{w}

cutgs
A +rexuqwy Ui = Cla][z/s] = 7 ( )

We conclude since A’ +je gy ke = A" +ier Hi+iep I+ Iy = Aticpupwy I = I as expected.
Let t € Ty such that [t|, = n. If y ¢ £v(¢), then we write t[,/, to denote an arbitrary nonde-

terministic replacement of ¢ (0 < ¢ < n) occurrences of x by the variable y. Thus for example if
t = xx, then ¢, ,,) may denote one of the terms zz, yz, Ty or yy.



Lemma 31. Lett€Ty s.t. ygfv(t). Ift —wy ', thentyy ) —uy t{x/y] and tig,{y/v} —>;,I"\w tfm/y] {y/v}.

A consequence of the previous lemma is that ¢ — ¢/ implies t{z/v} —>;{\w t'"{xz/v}.

Corollary 3. Let t,u € Ty s.t. y ¢ £v(t). If tpyy{y/u} € SN(M\w) then t € SN (M\w).

A consequence of the previous corollary is that C[u] € SN (M\w) implies C[z] € SN (M\w).
Lemma 32. SN (M\w) = ZSN (M\w).

Proof. Ift € SN (Mw), then we show t € ZSN (Mw) by induction on (g (t), t) w.r.t. the lexicographic
order. We reason by cases. If t = x or t = A\x.u or t = u[x/v] with |u|, = 0, then the property is
straightforward. Otherwise,

— If t = u[z/v] with |u|, > 0, i.e. w = C[z], then every t s.t. t — t’ verifies t’ € SN (M\w) and in
particular ¢ = C[v][x/v]. Since nuy(t') < Nwu(t), then ¢ € ZSN (M\w), so that we can conclude
t € ZISN (M\w) by (C).
— If ¢ is an application, then we reason by cases.
o If t = wolw/ur]ty ... tn, with n > 1, then nyy(uo[z/uits ... t,) = mwe((uots ... tn)[z/u1]) by
Lemma 6. Therefore (uot1 . . . t,)[x/u1] € SN (Mw) and in particular my, (uot1 - . - tn), Ty (u1) <
i (o[ /u1]ts .. . tn). Thus uoty ... t,, u; € ZSN (M\w) holds by the i.h. If |ugty . .. ty]. = 0,
then (ugty ... tn)[x/u1] € ZSN (M\w) by (W) and ug[x/u1lty ... t, € ZSN (M\w) by several ap-
plications of (E). If |ugty . ..tn|z > 0, then (ugty ... t,)[x/ui] = Clz][x/ui] —c Clui][z/u1]
and thus g, (Clui][z/u1]) < mwe(Clz][z/u1]). The i.h. gives Clui][z/ui] € ZSN (M\w) so
that (uoty ...tn)[z/ui] = Clz][z/ui] € ZSN M\ w) holds by (C) and uglz/uiltr...t, €
I8N (M\w) by several applications of (E).
o Ift = aty...t,, withn > 1, thent € SN (Mw) implies t; € SN (Mw). Moreover (1, (i), i) <iex
(T (t),t) so the i.h. gives t; € TSN (M\w) and thus xty ...t, € ZSN(M\w) by (V).
o If t = (Ax.ug)ty ...tn, with n > 1, then ugl[z/t1]ta...t, € SN (M\w). Moreover we ave that
(ww(wolx/ta]ta . . tn), uo[z/t1]ta . . . tn) <iew (mmw(t),t) so the ih. gives ug[z/ti]ta...tn €
ZSN (M\w) and thus (A\z.ug)ty ...t, € ZSN (M\w) by (B).

For the converse we reason by induction on the definition of ¢t € ZSN (M\w).

—Ift = aty...t, € ZSN(M\w), where t1,...,t, € ZSN(M\w), then the i.h. gives t1,...,t, €
SN (M\w) so that the term zt; ...t, is trivially in SN (M\w).

— If t = Az.v € ZSN (M\w), where v € ZSN (M\w), then the i.h. gives v € SN (M\w) so that the
term Az.v is trivially in SA/(M\w).

—Ift = (Azw)uty...t, € ZSNM\w), where v[z/ulty...t, € ZSN(M\w), then the i.h. gives
v[z/ulty ... t, € SN(M\w) so that in particular v, u,t;...t, € SN (M\w). We show that t €
SN (M\w) by a second induction on mu(v) + M (w) 4 = M (ti)-

Let us see how are all the reducts of t.

Ift - Az )uty...t, = t', where v — v or t - (Az.w)u'ty...t, = t', where u — ', or
t = (Azw)uty...t,...t, =t where t; — t, then ¢’ € SN (M\w) by the second i.h.

If t —» vx/ulty...t, =1, then t’ € SN (M\w) by the first i.h.

Since all reducts of ¢ are in SN (M\w), then t € SN (M\w).

— Ift = v[z/u] € ZSN (Mw), where |v]; = 0 and v,u € ZSN (Mw), then the i.h. gives u,v € SN (Mw)
so that the term v[z/u] € SN (M\w) is trivial.



— If Cx][x/u] € ZSN (Mw) where Cu][z/u] € ZSN (Mw), then the i.h. gives Cu][z/u] € SN (Mw)
so in particular Cfu],u € SN (M\w). By Corollary 3 we also have C[z],u € SN (M\w). We show
that ¢ € SN (M\w) by induction on 1y, (C[z]) + e (u).

Let us see how are all the reducts of ¢.

Ift — C'[x/u] = t', where Cz] — C" or t — C[z][z/u'] = ¢/, where u — o/, then ¢’ € SN (M\w)
by the second i.h.

If t » Clu][z/u] =¥, then t' € SN (M\w) by the first i.h.

Since all reducts of ¢ are in SN (M\w), then t € SN (M\w).

— If v[z/u]s € ZSN (M\w) where (vs)[z/s] € ZSN (M\w), then (vs)[z/u] € SN (M\w) by the i.h. so
that v[z/u]s € SN (M\w) since nuy(v[z/u]s) = mue((vs)[z/u]) by Lemma 6.

Lemma 9. Let ¢t be a M-term. If ¢ € SN/ (M\w) then ¢ is S-typable.

Proof. By induction on the structure of t € SN (M\w) =1, 30 ZSN (M\w).

—Ift=xty - t, € ZSN(Mw) withn > 0 and ¢1,...,t, € ZSN (M\w) then (I & t;:0;)i=1..n by the
i.h. Let 7 = [01] =+ - [on] = @, where « is a base type, and I' = z:[7]+ I1 + I + -+ I, + Ty.
Then, x:[7] F z:7 by the typing rule (ax) and, by n applications of the typing rule (— eg),
I'bxty---t,a.

— Ift = Ax.u € ZSN (M\w) with u € ZSN (M\w) then, by the ¢.h. I' b u:T thus, by the rule (— i),
I'\zF A ewl(z)—T.

—If t = Azw)vty, ... t, € ZSENM\w) with u[z/v]t1,...,t, € ZSN(M\w) then, by the i.h.
I't-ulx/v]ty, ..., t,:7. We conclude by Lemma 8.

— If C[z][z/s] € ZSN (M\w) with C[s][z/s] € ZSN (M\w), we conclude by the i.h. and Lemma 8.

— If t[x/sjlu € ZSEN M\ w), with (tu)[z/s] € ZSN (M\w), then we conclude by the i.h. and the
Invariance Lemma 6.

— If t = u[z/v] where |u|, = 0 and u,v € ZSN (M\w) then, by the i.h. [y u:r and I F v:o thus,
by the rule (cuts), Io + I F ulx/v]:T.

C Appendix: Characterization of Linear-Head and Weak J-Normalization

Lemma 33 (Partial Substitution III). If @op>a:(pilicr; I' | £ Fao O[2l]:m and (P> A; | -y wips)ier

then ds‘Dﬂul]]Dx:[pi]iEI\K; I' +ier Ai | X by O[ul]:7, for some K C I where s22(Pgpu)) = s22(Po[p) +ick
s22(®,,) — |K|. Moreover, if 0|, = O and p € pos(0[zl]) is a T-occurrence of Q[zl] in Py, then

K #10.

Proof. By induction on the typing derivation @qpyy > 2:[pilicr; I | X Faw O[2l]:7.

— If 0 = O then, by construction, X = _, x:[p;icr; I" = I + {x:[0]} and ®,; is of the form:

Di
Ii|okF LT

>
I+ A{z:[o]} | - F zler

D

(hlist)

xl

Therefore, o = py and I} = x:[pil;er xy; [’ for some k € I. Moreover, sz2(®,;) = s22(9;) + 2.

Let K := {k}. Hence,
% V

P> — @l >
Ay | - sipg z:(pilierqry; L | px LT

v:lpilierqry; I | -1 sbr

stl >



Moreover, sz2(®4) = s22(Ps) + sz2(P;) + 1 = s22(P;) + s22(P,;) — 1. Thus the statement
holds.

— If 0 = yU, then by construction X' = _ and @ y[, is of the form

Dyren &
Ul] I'| o b Uxl]:r

P
A N T AR

where I +{y:[0]} = 2:[pilier; I" and s22(Pyyz1) = 522(Py[pyg) +2- W.lo.g. let y # 2. Then I =
z:[pilier; I'" where I'""+{y:[o]} = I'. By i.h. we have that @ypq>a:[pilicr ki 1" +iex Ai | o = U[sl]:T
for some K C I where s22(Py[q) = 522(Py[ui) +ick s22(P%) — | K. Note that if p € pos(yU[zl])

is a T-occurrence of yU[zl] in Pyypyy s-t- (yU)], = O then p = 0p’ where p’ € pos(U[xl]) is a
T-occurrence of U[zl] in @y[y. In this case, K # () by the i.h. Therefore,

V

l’:[pi]ie[\]{; " +ick Az ‘ ok U[[Sl]]iT
z:[pilierrs (I +iex Ai) + {y:lo]} | - F yU[sl]:7

QU[[SZ]] >

QyU[[sl]] >

where (I"+iex A;)Hy:[o]} = I'triex Ai and s22(Pyypap) = s22(Pya)) +2 =i.n. 822(Pypar) tick
s22(P5) — |K| + 2 = s22(Pyy[p1)) +iek s22(P5) — | K.

— 0=1U, 0 =Dm and 0 = A\z.D are similar.

— If 0 = D;m, then by construction X' = [0;]jc; — ¢ and @ppy),p, is of the form

Vv Vv

d > Py > ————
Pl#1” 1| _F D[al]:0; "I o mer
2
II +jcy I | [0j]ljes = ¢ F D[xl]; m:T

ng[[xl]];m >

where I +jeJ Fj = .%‘:[pi]ie];r thus II = x:[pi]iejm;ﬂl and (FJ = Hfi[pi]ie[j;[}{)jej s.t. I =
Im Ujey Ij and I' = II' +jey I'}. Moreover sz2(®pyp)m) = 522(Pm) +jes szQ(@JD[[xl]]) + 1L
By i.h. for each j € J, Q%[[sl]] > $:[pi]i€[j\Kj;F]{ +ier; Ai | - F D[sl]:o; for some K; C I; where
szQ(@%[Slﬂ) = sz2(q5%[[$lﬂ)+i€;(j sz2(P%) — |Kj|. If p € pos(D[xl];m) is a T—ogcurrence of D[zl]; m
s.t. (D;m)|, = O then p = 0p’ where p’ € pos(D[zl]) is a T-occurrence in @JD[[xl]] for some j € J.

In this case, K; # () by the i.h. Let K := UjcsK; so that K # ().
Therefore,

% %

D, >
w:[pilier;<x;; I} +ier; Ai | - F D[sl]:0; " wpilicr,; I o bt

@]D[[sl]] >
jeJ
w:pilicrx; ' +jes T +ier Ai | [oj]jes— @ b D[sl];mer

@D[[sl}];m[>
where SZ2(¢D|ISZ]];TTL) = 522(Pnm) +jes sz2(§?g[8lﬂ) + 1 =in s22(Pm) +jes (322(@%[[;51]]) +ick;
522(1) — |I]) + 1 = 522(B) +jes 522(Plpy) +ick 522(8) — | K] +1 = 522(@opaon) +icie
sz2(d%) — |K|.

— 0=+t;U, 0 =D[z/u| or 0 = t[z/D] are similar.



Lemma 34. If &> | § by Lo and @ > A | 0 by meT, then Pram > + A | 6 By (QmeT and
sz2(Piam) = s22(P;) + s22(P,) — 1.

Proof. By induction on the type derivation &;>1"| 0 F l:o.

If | = nil, then I' =), 6 = o and nil@m = m. Moreover, sz2(®;) = 1. We have ®jay, = P,
so that sz2(®,,) = 1 + sz2(®,,) — 1.

If Il =t;r, then § = [0y)ic; =", I' = Iy +iecr I and @y is of the form

v Oy
t r 7
Ii| _F to; Io|d' Fro

D> el ) (= 1)
Iy +ier I | [oilier — 0" F tyrio

and sz2(9;) = s22(P)+Y_,c; 522(P;)+1. By the i.h. Dram>Io + A | §' b r@m:t and s22(Pram) =
sz2(P,) + sz2(P,,) — 1. Hence,

so Y DoV
L | -k to; In+ A6 Fram:d
el
Iy + A+ier T | oi)ier =0 B t; (r@m):7

Pram >

We have sz2(Pjam) = 522(Pram )+ ;e 522(P})+1 =i 5. 522(Dy)+522(Drn) — 1+, ; 522(P))+
1 =s822(P) + sz2(P,,) — 1.

Lemma 14 (SR III). Let &1 | X F o:7. If 0 —3 0’ reduces a redex T-occurrence of o in ¢ then
&' >I'F o1 and sz2(P) > sz2(P').

Proof. By induction on the reduction relation —j.

— If o = L[Az.v]nil — L[Az.v] = ¢/, then by construction we have X' = _ and @ is of the form

V

P > Dpj1 > ————————
Lol ™ p | _FL[Az.o]:r ) | 7 Fnilir

I' | _F L[Az.v]nil:T

D>

We have &' = Oy, ) and s22(P) = s22(Pyaga]) + 522(Pai1) + 1 > s22(Pyppp.0) = 522(P).
— If o = L[Az.v](s;1) — L[v[z/s]l] = o, then we show sz2(P) > sz2(P') by induction on L. Let
L = 0. By construction we have that 2’ = _ and @ is of the form:

V @ibi v

@197

D, > . ’ — |

v x: [pilier; 1 | -F vio L | - sip s Aloklr
@SAlD

II'| - Azvilpiliecr—o ’ Atier I | [pilier— o &= s; I
II+ A+icr I | - F (Azov)(s;l):7

D>

Moreover, sz2(®) = sz2(P,) +ics s22(P%) + s22(P;) + 3. Hence,



v o
x: pilien; I | - F vio I | - F sip; V
i€l dle
I +icr I | - Fvlz/s|o Alok T

I+ A+ier I | - Fofx/s]liT

D, >

Pyfw/s) >
P >

We have sz2(®) = s22(Dy(,/5) + 522(P)) + 1 = 522(P,) +ics 522(P) + 522(P) + 2 < 522(P).
Let L = L'[y/u], so that L[t] = L'[t][y/u] for any ¢t. By construction @ is of the form:

v LV

D S —
oy : [pjljes b U [Awv]:]oi)ier — o YOI | Fwps | i
je
Iy +jes I b L[ Az ] [y/u):[o]icr — o
so_ V. ooV
I | -F sio; Aloklr
el
Atier Iy | [oilier = o F s3lim
Iy +jes I+ A +ier I - U Dxo][y/u](s; 17
We can then construct the following derivation
so_ V. ooV
v I | _F s Alok T
el
Io;y : [pjljes F UV Dav]ifoilier —o A+tier I | [oiliecr—o b s; li7

Pry z.0](s;:1)>
L’ [ha.v](s50) Tosy = lpjljes + A +ier I - L[ Azv] (s50):m

By the i.h. there is a derivation ending with @y/[, 551> 105 ¥ = [p5]jes + A +ier Ii = L'[v[z/s]l]:7
such that Szz(@L’[[)\x.v]](s;l)) > SZQ(QSL’[[v[z/s]l]])'
We thus conclude by the existence of the following derivation.

Vv oV

¢y —
Loz [pjlies + A+ier I F L'[v[z/s]l]:r YOI Fwpg | ;
JjE

Io +jes I + A +icp Ty = Lulz/s]l][y/u):m
We have sz2(Py/[ufu/s)ijly/u) = SZ2(Pr[ofe/st]) Tics s22(P)) + 1 <ip. 522(Puprgr)(s) Hics
SZQ(@{L) +1= SZQ(QL/[P\J}.U]]) +ieJ SZQ(@%) + SZQ(@S;Z) +2= SZ2(¢L’[[>\;U.v}][y/u}(s;l))-
— If o = C[zl][x/u] — Cul][z/u] = o then, by construction, X = _ and @ is of the form

v oV
x:|pilier; I | -+ Clzl]:T Ai | - Fwp;

P> icl
II +icr A | _F Cll][x/u]:T

Do) >




where s22(P) = sz2(Pcp,))+iersz2(P,)+1. By Lemma 33 Depupa:lpilierrc I +iex A | - Clul]:T
for some K C I where sz2(Pcpy)) = 522(Pc[a)) +ick s22(Py,) — |K|. Hence

v o
x:[pilier~x; I +ierx Ai | - F Clul]:r A; | _Fwp;

> iEINK
IT +icr A | - F Clul][x/u]:T

Defu) >

where sz2(%') = s22(Pcpu) +icrx 522(P),) + 1 =133 522(Peyy) +ier 522(P),) — [K|+1 <
sz2(P). By hypothesis, the hole of C is a T-occurrence in @, so that Lemma 33 guarantees K # ()
and thus sz(®') < sz(P).

— If o = t[x/u] — t = o’ where |t|; = 0, then by construction and Lemma 13 we have that X = _
and @ is of the form v

e[| _F ter
I'| _Ftlz/u]:T
where sz2(®) = sz2(P;) + 1. The result then holds for &' := &,.
— If o =L[zl] m — L[z(I@m)] = o/, then we proceed by induction on L by showing in particular

that sz2(®) > sz2(?'). If L = O, then by construction we have ¥’ = _and I' = I'y+{z : [7]}+ 11
and @ is of the form

Sptl>

D>

V
“TolwrFid V
Io+{z:[x]}| -+ al:d m>F1|(5|—m:7'
I+ Az [n|}+ 1 | - F (zl)mer
Moreover, sz2(®) = sz2(P;) + s22(P,) + 3.

By Lemma 34 we have ®ja, > o + I | 7 F 1Qm:7, where sz2(Pjap,) = s22(P;) + s22(Py,) — 1.
We construct the following derivation

Dy

D>

V

Ib—l—Fl‘ﬂ'l—l@miT
I+ I+ {x: 7]} | - F z(il@m):T

Pram >

@x(l@m) >

Hence, sz2(P,am)) = s22(Pram) + 2 = s22(P;) + 522(P) + 1 < 522(P).
Let L = L'[y/u] so that L[zl] = L'[«{][y/u]. By construction @ is of the following form:

% V

Pr/ ] > oy —
v Loyy:lpiier | -+ L[#1]:6 A | - Fup; il V
! Gy > ————————
D> Iy tier Ai | -+ L2l [y/u):0 I | 6 Fmer

Iy + It +ier Ai | - F LU[2l][y/ulm:T

Moreover, sz2(®) = sz2(Py/[y]) +ier §22(P!) + s22(®,,) + 2.
We can then construct the following derivation:



Losy:lpilier | - L'[2l]:0 " m
F0§y:[pi]ie] + I | _F L/[[xl]]m:T

By the i.h. there is a derivation @yipugam)) > To;¥:lpilier + 11 | - L'[z({@m)]:7 such that
522(Pr/[z1)m) > 522(Pr/[zam)])- We thus conclude with the following derivation:

v oV
Fo;y:[pi]iej—i—l] | J—L’[[x(l@m)]]n' A; | _Fup;

P > iel
To+ 1Y +ier A; | _F L[[l‘(l@m)]]T

QSL’ [=1] >

Dy [zi]m >

Pu/[z(1@m)] >

We have sz2(P) = s22(Pr[ay) + 522(Pr) + 1 +ier s22(P)) + 1 = s22(Py [yi)m) +icr s22(P},) +
1>;n SZ2(¢L’[[x(l@m)]]) +ier SZQ(@Z) +1= SZQ(@/).

— If o = L[tl]] m — L[t(I@m)] = o', then we proceed by induction on L as the previous case. We
only show here the base case where L = O. In that case, by construction, we have >’ = _ and
I'=1y+ 171+ I5 and @ is of the form

A
To|-Fto AETIR) V
To+ 1| _Ftld "6k mer
o+ I+ 1| - F (t)mer

Moreover, sz2(®) = sz2(P;) + s22(P;) + s22(Py,) + 2.
By Lemma 34 we have ®jap, > I + I | 0 F 1Qm:T, where sz2(Pjap,) = s22(P) + s2z2(Py,) — 1.
Then we can construct the following typing derivation:

V Vv

> ® >
Io|-Fto rom I+ 1y | ok l@Qm:T
Fo—i—Fl—i-FQ’,l—t(l@m):T

Hence, sz2(?') = s22(P;) + s22(Piam) + 1 = s22(P) + s22(P;) + s22(Py,) < 522(P).
— All the inductive cases are straightforward.

Dy

D>

b,
>

We need to prove a couple of technical results in order to prove the Subject Expansion property.
Lemma 35. IfI'|0 by 1QmeT then 31,315, 30 s.t. =11+ 1%, 1|0 by Lo and Ta|o By meT
Proof. By induction on the type derivation @ > I" | X b3y [@Qm:7, reasoning by cases on .

Lemma 36. Let0[zl] € Oj,u € T3 s.t. |uly =0 and I' | X by O[ul]:7. Then 310,31, 3(1})ier, 3(0:)icr
s.t. I'=10+ier I, Iy + {.’L’ : [Ui]ief} | X Euw O[[xl]]:r, and (Fz' ‘ _Faw U:Ui)iel-

Proof. By induction on the typing derivation @qp, > I | X' F O[ul]:7.
— If 0 = 0O, then by construction we know that X' = _, I" = I, + I} and @, is of the form:

Vv %

r,|-Fwo Ii|okF LT
r,+1;| _Fulr

qul >




Therefore, I} + {z:[o]} | - Faw xl:7 by the rule (hlist). We then conclude with I = I3,
I ={u} and 0, := 0.
— If 0 = yU, then by construction X' = _ and @ y[, is of the form

FU[[ul]] ’ ok U[[’U,l]]:’l'
Doy +{y:lo]} | - F yUlul]:r
By the i.h. FU[[ul]] = Fé +ier I s.t. F(/) + {z:[oi)ier} | - F Ulxl]:m and ([ | - F wioy)ier. We
have that I) + {z:[os]ier} + {y:[o]} | - F yU[zl]:7 by the rule (hlist) and we conclude with
Iy := I+ {y:lol} since Iy +ier I = Iy + {y:[o]} +ier Ii = Typu + {v:lo]}-
— 0=1U, 0 =Dm and 0 = A\z.D are similar.
— If 0 =D;m, then by construction X' = [p;];jes — ¢ and Pp[yp,, is of the form

Vv Vv

jeJ
L +jer 4y | [pjljes — ¢ F Dul]; m:T

@yU[[ul]] >

gzsD[[ul]];m >

By the i.h. for each j € J, A; = A% +ier; I and Ag—f—{x:[ai]ie[j} | - F2w D[xl]:p; and
(Fi | _Faw u:ai)igj. Let I := UjEJIj. Hence,

% %

A} + {z:[oi)ier; } | - F D[l]:p; o I | @ mir

I +jes A5 + {w:[oilier} | [pjljes — @ = Dlall;mar
We then conclude with Iy := I}y, +jes Ag since Iy +ier 15 = I +jes A? +icg (—h-teFi) =
Do +jes (A +ier, 1) = T +jeg A =T
— 0=1¢;U, 0 =D[z/u| and 0 = ¢[z/D] are similar.
Lemma 15 (SE III). If I | X b4y o7 and 0 —3 0 then I' | X by 0:7.
Proof. The proof is by induction on 0 —; o'

— If o = L[Az.v]nil — L[Az.w] = o, then ¥ = _and 0 | 7 F nil:7 and " | _ F L[Az.v]nil:7 by
the rules (ax) and (app).

— If o = L[Az.v](u;1) — L[v[z/u]l] = o, then we proceed by induction on L. Let L = O. In that
case, by construction, we have ) = _and I' = Iy +4c7 5 + A and @ is of the form

% V

I z:[pilier | - vio m V
el
Iy +ier I | -F v[z/u]:o AloF T

Io+ier I+ A | _F vz /u]lir

D>

Therefore, we can construct the derivation @ below:

I | - wp; Alok T
i€l
. Iy | - Mewilpliecr —o A+icr I | [pilier— o Fuyler
Iy +ier Ii + A | - F (Azw)(u; 1)

Io; :[pilier | - vio

gpl




Let L = L'[y/s] so that L[v[z/ul] = L'[v[x/u]l][y/s]. By construction we have a derivation of
the following form:

Vv %

o y:lpilier | - F U[vlx/u)l]:r I | - F sip;
P> el
Iy +ier I | -F Loz /u)l][y/s):T

By i.h. from Iy; y:[pilier | - F L'[v[z/u]l]:7 we have that I'y; y:[pilicr | - L'[Ax.v](w;1):7 and, by
construction, I; y:[pilicr = A1+ Az s.t. Ay | _F L'[Az.v]:0 and Ay | o = (u;1):7. We can assume
by a-conversion that |u;!|, = 0 thus, by Lemma 13, we necessarily have that Ay = A y:[p;ier
and Iy = A’ + A,. Therefore, we can construct the following derivation:

% %

AL yilpilier | - F UV [Azw]io Ii | _F s:p; v
i€l
A +ier I | - U av]ly/s):o Ay | ok ()

Iy +ier Iy | - F U Ax][y/s](us ):r

N

If o = Clzl][z/u] — Clul][x/u] = o, then by construction we have that X' = _ and @ is of the

form
% %

x:[pjljes; I | - F Clul]:m I | -Fup; |
D> i€t
II +jcy I | -F Clul][x/u):T
By Lemma 36, 310,31, 3(13)icr, Ipi)ier s-t. z:(psljes; I = Lo +ier Ti, To +{z:[pilier} | - F
Clxl]:7 and (I | - F u:p;)icr. By Lemma 13 and a-conversion we necessarily have that Iy =
x:[pj]jeJ;U’ s.t. IT = II' ~+ier I thus Iy + {l':[pi]iej} = x:[pk]kejuj;ﬂl. Let K :=1TU.J.

Hence v v

z:prlrer; ' | - Clzl]: Iy | - wipy
@/ > keK
g Frer Lk ’ _F C[[:UZM.’L'/U}T
Observe that IT' +ex Iy = ' i1 T} +ijes Iy = II +jeg I}.
If o = t[x/u] — t = o’ where |t|, =0, then by construction and Lemma 13 we have that X = _
and x ¢ dom(I"). Therefore,
%

;] -Ftr
I'| _F tlx/u]:r

esy)

If o = L[zl]Jm — L[z(l@m)] = o, then we proceed by induction on L. If L = O, then by
construction we have X' = _and I' = A + {z : [7]} and @ is of the form

V

A | 7w FlQm:T

D>
A+ {x:n]} | - F xz(l@m):T




By Lemma 35, 3A;, Ay, Jo s.t. A = Ay + Ay, Ay | 7wk lio and Ay | o = m:7. Therefore,

Vv
Ay |k lo v
Ay +A{z:x]} | - F zlio Ay | o m:T
Ay +A{z:[n]} + Az | - F (xl)meT

P >

Let L = L/[y/u] so that L[z(I@m)] = L'[x(I@m)][y/u]. By construction we have a derivation of
the following form:

V V

Io;y:lpilier | - F U[z(i@m)]:r Ai | JFup;
@ > el
Iy +ier Ai | -+ L'[z(1@m)][y/u]:T

By the 4.h. there is a derivation Iy;y:[p;licr | - F L'[xl]m:7 and, by construction we have that
To; y:lpilier = A1+ Ag st Ay | _F U[zl]:0 and Az | 0 - muT.

We can assume by a-conversion that |m|, = 0 thus, by Lemma 13, we necessarily have that
Ay = A yilpilier st. Ty = A"+ Ay. We can then construct the following derivation:

V Vv

A yilpilier | - F U[al]:0 Ap| - wp | v
iel
A +ier Ai | _F L[zl]:0 Ay | o m:T

A dicr A; + Ao | _F L[[.CCZ]]?TLIT

>

— If o = L[t!Jm — L[t(I@m)] = o, then we proceed by induction on L as the previous case. We
only show here the base case where L = O. In that case, by construction, we have > = _ and
I'=1y+ I7 and @ is of the form

Vv %

I | -Fto I | ot l@Qm:T
Iy + I Ft(l@m):7

S

By Lemma 35, 3A;,3A5,3 s.t. [1 = Ay + Ay, Ay | o F1:0 and Ay | 6 F m:7. Therefore,

V V

Iy | _Fto Ay o F1d v
F0+A1|,|—tl:(5 AQ‘(S'_TI?AT
F0+A1+A2‘,F(tl)m27

P >

— All the inductive cases are straightforward.
Lemma 16 If &> I" | _ 4y u:T and v has no (BQ, c|r, )-redex T-occurrences in ¢ then u € LyJ-nf.

Proof. Suppose that u is not a LyM-nf. Then it is not difficult to show that ©v € B U C, where B
and C are defined as follows :



— L[\z.u]nil € B.

— L[\z.u](v;1) € B.

— L[zl]m € B.

— L[tl]m € B.

— If u € B, then ul € B, u[z/v] € B, A\v.u € B.

—yl € Ayl-

— Ifue Ay, then ul € Ay, Ax.u € Ay, ulx/v] € Ay for x # y.
— If u € Ay, then ufy/v] € C.

— If we C, then ul € C, Az.u € C, ulz/v] € C.

Let 1" | _F u:t. We then show that w € BUC implies that u has a redex T-occurrence in @,
reasoning by induction on the definitions of B and C. First, we prove that for any u € A, yl has
a T-occurrence in .

If w =yl € Ay, then the property is straightforward. If u = vm € Ay or u = Az.v € Ay
or u = v[z/v] € Ay for x # y, where v € Ay, then by the i.h. yl has a T-occurrence in the
corresponding subderivation of @ so that yl has a T-occurrence in ®.

If w = L[Az.w]nil € B, u = L[Az.w/]|(v;m) € B, w = L[zlJm € B or u = L[vl]m € B then € is a
redex T-occurrence in @. If u =vm € B or u = v[z/v'] € B or u = Az.v € B, where v € B, then
by the i.h. the subterm v has a redex T-occurrence in the corresponding subderivation of @ so that
also u has a redex T-occurrence in @. Exactly the same reasoning applies for u = vm, or u = v[z/v’]
or u = Az.v belonging to C' where v € C. Finally, if u = v[y/v'], where v € Ay, then by the first
property shown before we know that yl has a T-occurrence in the corresponding subderivation of
& so that the redex v[y/v'] has a T-occurrence in @. This concludes the proof.

Lemma 37. If u is linear-head J-normalizing then u is HVV-typable.

Proof. By induction on the length of the linear-head J-normalizing reduction. Let u —>]fH 5 u', where
u' € LyJ-nf. If k =0 (i.e. u = '), then it is not difficult to prove that u € A}, for some symbol y,
where Aj is defined as follows:

— If u € By}, then u € A.

— If u € A}, then Az.u € A.

— If u € A}, then ufz/v] € A} for any J-term v and = # y.
— yl € By, where [l|, = n (the number of ;" in [).

— If u € By, then u[z/v] € By for any J-term v and z # y.

Let 7" = My — -+ = M, —7 (n > 0) such that M; =[] (1 < i < n). We first prove by
induction on |l|, = n that @ | 7" by 7. If n = 0 then [ = nil and ( | 7 Fyyy nil:7T by the
typing rule (ax). If I = v;m then 0 | 7" b3y m:7 by the i.h. and 0 | [|— 7" Fap v; m:T by the rule
(= Law).

Secondly, we prove by induction on By that u € By} implies y:[7"] | - Fay wiT:

— Ifyl € By then () | 7" 3y I:7 by the previous proof and y:[7"] | - by yl:7 by the rule (hlist).
— If u[z/v] € By comes from u € By then y:[7"] | -2y w:T holds by the i.h. thus y:[7"] | - Fa
u[z/v]:7 holds by the typing rule (esyw).

Now, we prove by induction on Ay that v € A} implies I” | - F3w wio where the domain of I
has at most the symbol .

— If u € A}, where u € By, then the property follows by the previous point.



— If Az.u € Aj, where u € A}, then I' | -ty wio by the i.h. so that I'\\z | -y Az.t:I'(x) — 0
by application of the typing rule (— r). If I" has at most y, then also does I"\\ x.

— If u[x/v] € A}, where u € A}, then I' | _ by wio by the i.h. so that I' | - ey ulz/v]:0 by

application of the typing rule (esyy).

Otherwise, let u —p,5 v —>’IfHJ u’. By the 7.h. the term v is HW-typable and thus by Lemma 15
the same holds for u.

Given @ I' | X' I o:7, we define A(o, @) := o has no (BQ, ¢, w)-redex T-occurrences in &.

Lemma 38. Let &I | _Fyy 07 s.t. Ao, D).

1. If[] ¢ P(I' | ) and o = L[yl] or o =1, then o has no substitutions and |o|, > 0 implies zl' has
a T-occurrence in @, for somel' € Lj.

2. If [|¢ P((I"| X, 7)), then o has no substitutions and |o|, > 0 implies xl has a T-occurrence in
D, for somel € Lj.

Proof. The proof is by induction on .

— o0 = yl. By construction @ is of the form:

.V
I'loklr

>
I'+A{y:lo]} | -F yl:7

P,
P

Moreover, A(o,®) implies A(l,®;) and |yl|, > 0 implies either x =y or |I|, > 0.
Suppose that [] € P(I" | o). Then either [] € P(I') or [] € N (o), leading to a contradiction
with the hyp in (1). Hence, [| ¢ P(I" | o) and [ has no substitution by the i.h. on (1). We reason
by cases.

e If x = y then we trivially have that zl has a T-occurrence in @.

e If |I|; > 0 then by the i.h. on (1) zl’ has some T-occurrence in @; thus in &.

We can then conclude since | without substitutions implies zl has no substitution.
— o =u[z/v]. Then I' = I'y +,c5 A; and @ has necessarily the following form:

Vv S
Iy; z:[oilier | - F wr A | - F vioy
P> i€l
Iy +ier Ai | -F ulz/v]:T

&, >

Moreover, A(o,®) implies A(u,®,). We consider two cases.

e Suppose |u|, = 0. Then o has a w-redex T-occurrence which contradicts A(o, D).

e Suppose |u|, > 0. If zI’ has some T-occurrence in @, then o has a c-redex T-occurrence
which contradicts A(o, ®). Therefore, zI’ only has untyped occurrences in @,,, for any I’ € Lj,
and thus I = (. We have I; z:[0]icr = L0; 2:[] = To.

We consider again two cases.

1. If o is of the form of item 1, the hypothesis [] ¢ P(I" | _) implies [] ¢ P(Ip | -).
Therefore, the i.h. on (1) (from right to left) allows to conclude that |u|, = 0 which leads
to a contradiction.



2. Otherwise, the hypothesis [| ¢ P((I"| -, 7)) implies [| ¢ P({Ip | -,7)). Therefore the
i.h. on (2) (from right to left) then allows to conclude that |u|, = 0 which leads to a
contradiction.

We conclude that o cannot be a substitution.

— 0 = Ay.u. Then we are necessarily in case (2). By construction ¥ = | 7 = M — ¢ and
@ is obtained applying the rule (— r) on @, > I';y:M | - by uio. Moreover A(o, @) implies
A(u,®,,). Suppose [] € P((I';y:M | _,0)). Then either [] € P(I'), [] € N(M) or [] € P(o),
leading to a contradiction with the hyp in (2). Therefore, [| ¢ P((I';y:M | _,0)) and the result
is straightforward by the i.h. on (2).

— If 0o = nil, the two statements are trivial.

— o = u;l. Then, by construction we have X = [0;];e; — 0, and @ has the following form.

@ZDV QZDL
| - Fwo; Iy |obk Ll
P> i€l
Iy +ier I | [o3)ier — o = u; o7

Moreover A(o, ®) implies (A(u, ®:));cr and A(l, P;).

Suppose that [] € P(Ip | o). Then either [] € P(Ip) or [] € N(o), which implies [| € P(Iy +ier
I | [oilier — o), contradicting the hyp in (2), and thus also in (1). Hence, [] ¢ P(Iy | o). Thus,
by the 4.h. on (1) [ has no substitution and if |I|; > 0 then 2!’ has some T-occurrence in @;
thus z!’ has some T-occurrence in @.

We now consider two cases.

1. I =0. Then [] € N([]—=0), leading to a contradiction with the hyp in (1) and (2).

2. I # (). Suppose that [| € P((I; | _,0;)) for some i € I. Then either [| € P(I;) or [] € P(o;),
which implies [| € P(Io +icr i | [0ilict = 0), contradicting the hyp in (2), and thus also in
(1). Hence, ([] ¢ P((L; | -, 0i)))ier so by the i.h. on (2) u has no substitution and if |u|, > 0
then 2!’ has some T-occurrence in @!, for each i, thus zl’ has some T-occurrence in ®.

Therefore, o has no substitution and if |o|, > 0 then z!’ has some T-occurrence of o in &.
— There is no other possible case.

Lemma 17. Let 1" | X by o7 s.t. [ € P((I" | X, 7)). If 0 has no (BQ, ¢, w)-redex T-occurrence
in @, then o € J-nf.

Proof. We proceed by induction on @.

— o =nil. Then the statement is trivial.

— o0 = yl. By construction ¥ = _, I' = I'y + {y:[o]} and @ is obtained by applying the rule (hlist)
on ;> 1y | o+ I:7. Moreover, A(yl, @) implies A(l, P;). Suppose [] € P((Iy | o,7)). Then either
[] € P(Iy) or [] € P(r) or [|] € N(o), which leads to a contradiction with the hyp. Hence,
[] ¢ P((Iv|o,7)). By the i.h. I is a J-nf thus yl is a J-nf.

— 0 = Az.u. By construction ¥ = | 7 = M — ¢ and @ is obtained applying the rule (— r)
on @, > I';x:M | _F w:o. Moreover, A(o,®) implies A(u,®,,). Suppose [] € P((I';x:M | _, 0)).
Then either [] € P(I") or [] € N(M) or [] € P(0), which leads to a contradiction with the hyp.
Therefore [| ¢ P((I';z:M | _,0)) and the result is straightforward by the i.h.

— 0 = uf[z/v]. By Lemma 38 o has no susbtitutions. We then conclude that o cannot be of the
form [z /v].



— o is an application. Then o = L[yl], otherwise o would have a B@Q-redex T-occurrence in @.
Moreover, o has no substitution by Lemma 38 so that o = yl and the result is already proved
to hold in the first point.

— 0 = u;l. By construction we have X' = [0;];c1 — 0, and @ has the following form.

@va @ZDL
I | _Fwo; Iy okl

@D icl

Iy +ier Iy | [odier — o Fus o7

Moreover A(o, ®) implies (A(u, ®:));e; and A(l, B;).

Suppose that [] € P((Iy | o,7)). Then either [] € P([p) or [] € N(o) or [] € P(r), which
implies [] € P({I'y +ier L | [0i)icr — 0, 7)), contradicting the hyp. Hence, [| ¢ P((Iy | o, T)).
Thus, by i.h. [ € J-nf.

We now consider two cases.

1. I =0. Then [] € N([]—=0), leading to a contradiction with the hyp.

2. I # (. Suppose that [] € P(([; |-, 0i)) for some i € I. Then either [] € P(I3) or [] €
P(oi), which implies [| € P((Lo +ier I3 | [0iliecr — 0, T)), contradicting the hyp. Hence, ([] ¢
P | - 0i)))ier so that by the i.h. u € J-nf.

Therefore, o = u;l € J-nf.
Lemma 39. Let o € Oy. If o € WN(J) then I' | X by o:7 and [ ¢ P | X, 7)).

Proof. By induction on the length of the J-normalizing reduction. Let o —% o/, where o’ € J-nf. If
k=0 (i.e. o =0'). Then we proceed by induction on the structure of J-nfs (cf. [27]):

— If o = nil then §) | @ - nil:a by the rule (ax), where « is a base type, so that [| ¢ P((0 | «, «)).

— If o = zl, where [ is a J-nf, then by the i.h. I' | o F l:7, where [] ¢ P((I" | o,7)). Hence, by the
rule (hlist) we have I + {x:[o]} | - xl:7 so that [| € P((I" + {z:[o]} | -, 7)).

— If o = Az.t, where t is a J-nf, then by the i.h. I' | _ F t:7, where [] ¢ P((I" | _,7)). Hence, by
the rule (— 1), I'\z | - \z.t:I'(x) — 7. Note that, since [| ¢ P(I"), [] ¢ N(I'(z)). Therefore,
(] ¢ PL(x) ) thus [] ¢ PUT N\ | - D) 7).

— If o = t;1, where t and [ are J-nf, then, by the i.h. I'| _ F t:p and A |o F I:7 where [] ¢
P |-, p)) and [] ¢ P({A | o,7)). Hence, by the rule (— 1yw), A+ ' | [p] =0 F t;1:7. Note
that [] ¢ P(A + I'). Moreover, since [| ¢ P(p) and [] ¢ N (o), then [] ¢ N ([p] = o). Therefore,
1 ¢ PUA+ T [[p]=0,7)).

Otherwise, let 0 —3 p —% o’. By the 4.h. the term p is HW-typable and thus by Lemma 15 the
same holds for o.

D Appendix: Characterization of Strong J-Normalization

Lemma 40 (Partial Substitution IV). If $qpbx:[pilicr; I | X Fs O[zl]:m and (PLpA; | _Fs s:pi)ier
then Popey > @:[pilicr ;s I +iex Ai | X'hs O[sl]:7, for some 0 # K C I where sz2(Pqpy)) =
SZQ(@O[[I”]) +ick SZQ(@Z) — |K‘



Proof. By induction on the typing derivation @g,y > 2:[pilicr; I' | £ =5 0[xl]:7. We only show here
the case 0 = D; m, the cases with explicit substitutions follow the same scheme of this one, and all
the other ones are very similar to those in the proof of Lemma 33.

So let 0 = D;m. By construction X' = [0]jc; — ¢ and P[]y, is of the form

V V

S >
l#1° 1 | _F D[al]:0; II|etFmr

jeJu{w}
1T +jejugwy Iy | loj]jes — ¢ b Dlxl]; mer

QSD[[zl]];m >

where IT +jc juqwy Iy = z:[pilier; I' thus II = z:[p;licr,,; II" and (I'; = z:[pilicr;; 1) jesufw) Where
I = Im Ujesuqw} I and I' = I +jc 10w} Fj’».'Moreover s22(Pofai)sm) = 522(Pm) +jecsufw)
322(4%[[xl}]) + 1. By i.h. for each jeJu {w}, QS]D[[SZ]] > x:[pilicr;~k;3 1) +iek; Ai | - D[sl]:o; for
some () # K; C I; where szQ(@JD[[Sl]]) = szQ(QVD[[ml]]) +ick; s22(P}) — |Kj|. Let K := Ujc juqu K s0
that K # (). Therefore,

V V

D, >
pilicr;~k;; Tj +iek; Ai | - D[sl]:0; " wilpilien; T o - mer
jeJu{w}

w:piliersc; ' +je juguy T +iex Ai | [04]jes— ¢ b D[sl];m:T

&
D[sl] 1,:[

QSD[[sl]];m[>
where s22(Pp[gpm) = 522(Pm) +jcsUfw) szz(qsgﬂsl]]) +1 =i 522(Bn) +jesuq) (522(Phpy) +ick;
SZQ(@@) — ’KJD +1= SZQ(@m) +j€JU{w} SZQ(SPJD[[M]]) +ick SZQ(@@) — ’K‘ +1= SZQ(@D[[:C”];m) +ick
sz2(P%) — |K|.

Lemma 41. If &> I' |6 Fsl:io and @, > A | 0 bs mut, then $iapm > '+ A |6 Fs l@QmiT and
sz2(Piam) = s22(P;) + s22(P,) — 1.

Proof. By induction on the type derivation @;>I" | § g l:0. The proof is similar to that of Lemma 34.

Lemma 19 (SR IV). Let &> 1| Y ks or. If 0 =3, o, then &' > T" | ¥ks o':7 and s22(®) >
sz2(P').

Proof. By induction on the reduction relation — ;. We only show the most interesting case as the
other ones are similar to the those of the proof of Lemma 14. Remark that the case — is not
treated since the statement only concerns the non-erasing reduction — y.

Let o = C[zl][x/u] — Clul][z/u] = o/, so that, by construction, X' = _and @ is of the form

v LV

Dol > e —
x:pilier; I | _F Clxl]:T A; | _Fwp;

P> ielU{w}

I7 +i€1u{w} A; | _F C[[l’l]] [l‘/u]iT

where s22(®P) = s22(P[p)) +ie1ufw} 522(P,)+1. By Lemma 40 Geppa: [pilier s I +iex Ai | - F Clul]:T
for some () # K C I s.t. s22(Pcpuy) = s22(Pey) +ick s22(PL,) — |K|. Hence

v LV

/U/D A
x:[pilier~x; I +ierx Ai | -F Clul]:r Ap | - wip;

Defu) >

45/ > ’iGI\KU{’UJ}

I +ieruquwy Qi | - F Clul][z/u]:T



where s22(%') = 822(Pcfur)) +ier kufw) $22(P},) + 1 =140 822(Peu) +icrugw) 522(P),) — | K|+ 1.
Since K # (), then sz(®) > sz(?').

We need to prove a couple of technical results in order to prove the Subject Expansion property.
Lemma 42. If I'|6 b5 1Qm:T then 31,315, 30 s.t. ' =14 + I, 1[0 Fs l:0 and [s|o By meT

Proof. The proof is by induction on the type derivation ®>I" | X' g {@m:7, and is similar to that
of Lemma 35.

Lemma 43. Let0[zl] € Oj,u € T3 s.t. |ul, =0 and I' | ¥ bs Oful]:7. Then 3Ty, 31,3(13)icr, I(04)icr
s.t. I' =Ty +ier I, To + {x : [oilicr} | ¥ bs O[xl]:7, and (I | - Fs wioy)ier.

Proof. The proof is by induction on the typing derivation I" | X' 0Jul]:7 and is similar to that of
Lemma 36. We only show here the most interesting case.
Let 0 = D;m, so that X' = [p;]je;s— ¢ and the type derivation is of the following form

Vv Vv

A; = Dlul]:p; Lo | o et
jeJu{w}

L +jegutwy 45 | pjlies — ¢ b Dul]; m:r

By the i.h. for each j € J U {w}, A; = A% +ier; I; and Aé+{$i[0i]ielj} | - F D[xl]:p; and
(Fz ’ _F u:ai)igj. Let I := UjEJU{w}Ij' Hence,

Vv Vv

A Hoilier, Y | - F D[xl]:p; I Fmer
o T {z:loilier; } | [=]:p; JeTuw) K

D +iesopwy A+ {@:(odier} | [pj)jes — ¢ F D[]y mer

We then conclude with Iy = I, +jeju{w} A% since Iy +icr I = Iy +j€Ju{w} A% +j€Ju{w}
(tier; Ii) = Im +jeguquw (A +ier; Ii) = Iim +jesuqwy 45 = T

Lemma 20 (SE IV). Let I' | ¥ ks o':7. If 0 =3, o, then I' | Y5 o:7.

Proof. The proof is by induction on 0 — y, o' and proceeds similarly to that of Lemma 15. We only
show here the two most interesting cases.

— If o = L[Az.w](u;l) — L[v[z/u]l] = o, then we proceed by induction on L. Let L = O. By
construction, we have X = _and I"' = Iy +iecr I3 + A and & is of the form

V V

I'o; z:[pilicr | - F vio I | _Fwp; V
ieIU{w}

Iy +ieropwy i | - F ol /ul:o Alotlr
Iy +ieropwy Ii + A | - vlx/u]l:r




Therefore, we can construct the derivation @' below:

y v v

I | o up; Alok LT
Io; x:[pilier | -F vio | P i€ IU{w) |

. Io | -F Azwvilpilier —o A +icroqwy Li | [pilier —o = w bt
Iy +icroqwy Li + A | - F (Azv)(u; )7

@l

Let L = L'[y/s] so that L]v[z/u]l] = L'[v[z/u]l][y/s]. By construction we have a derivation of
the following form:

% Vv

Lo y:lpilier | - F LU v[x/ull]:m I | - F sip;
Io +ieroquwy Ii | - F L[z /ull]y/s]:T

By i.h. from Iy; y:[pilier | - F L' [v[z/u)l]:7 we have that Iy; y:[pilier | - F L'[Ax.v](u;1):7 and, by
construction, Io; y:[pilicr = A1+ Az s.t. Ay | _F L'[Az.v]:0 and Ay | o = (u;1):7. We can assume
by a-conversion that |u;l|, = 0 thus, by Lemma 13, we necessarily have that Ay = A’ y:[p;lier
and Iy = A’ + Ay, Therefore, we can construct the following derivation:

% %

A yipilier | - F U[Azo]:o I | -F sip; v
elu{w}

A +icruguy Ti | - F U [Az0][y/s]:o Ay | ok (u;l):T
Iy +icroquy Ii | - FLDao][y/s](u; 1)1

A ieTU{w}

>

— If o = Cll][z/u] — Clul][x/u] = o, then by construction we have that X' = _ and @ is of the

form
V V

x:[psljers I | - F Clul]:m I | - F up;

S jeJu{w}

I +je juquwy 1 | - F Clul][x/u]:T

By Lemma 43, Hfo,ﬂf,ﬂ(ri)ieh El(pi)ie[ s.t. Jf:[pj]jej; II = Iy +ier I, Io+ {Hf:[pi]ie[} ‘ _F
Clxl]:m and (I3 | - F w:p;)icr. By Lemma 13 and a-conversion we necessarily have that Iy =
z:(pjlies; I’ st. IT = II' +i¢er I; thus Iy + {z:[pilicr} = x:[prlrerus; ' Let K :==1TUJ.

Hence v v

z:[prleer; ' | -+ Clxl]:T Iy | - F wipg
ke KU{w}

N

I +peguqwy T | - Clal][z/u]:T
Observe that IT" +pcgupwy Te = ' +ier i +jesuqw) I = I +iegofwy Ti-
Lemma 44. Let n,l € L3. Then n,l € SN (I\w) iff nQl € SN (I\w).
Proof. By induction on n using the fact that n = t;m € SN'(J\w) iff t, m € SN'(J\w).

Lemma 45. Let M be a list context, t € Ty and m,l € Lj.



1. M[tl] € SN (3\w) implies M[t] € SN (I\w).
2. M[t(m@l)] € SN (I\w) implies M[tm] € SN (I\w).

Proof. The proof of the first point is by induction on 7;(M[t/]) and the proof of the second one is
by induction on n3(M[t(m@I)]) and uses the first point.

Let o € Oy s.t. |o] = n. If |o|, = 0, then we write o[/, to denote an arbitrary nondeterministic
replacement of ¢ (0 < i < n) occurrences of x by the fresh symbol y. Thus for example, if 0o =
Zpi1[2/%pi1], then 0z/y) May denote one of the terms Tpi1[2/%ni1], Yni1]2/Tni1], Tni1l2z/Yni1], or
Yni1[2/Yni1]-

Lemma 46. Let 0ocOj andveT;. Ifo =y, 0, then oy — 3y Ol[x/y} and o5 1, {y/v} —>RW ofz/y]{y/v}.
A consequence of the previous lemma is that o — 3, o' implies o{x/v} —>j\w o'{z/v}.
Corollary 4. Let o € Oy and v € T;. If oy {y/v} € SN(I\w) then o € SN(I\w).
A consequence of the previous Corollary is that Cvl] € SN(J\w) implies C[xl] € SN (I\w).
Lemma 47. SN (J\w) = ZSN (J\w).

Proof. If 0 € SN'(J\w), then we show o € ZSN(J\w) by induction on (ny,(0),o]). We reason
by cases. If o = nil, o = ;1, 0 = A\x.t, 0 = zl or o = t[z/u| with |t|; = 0, then the property is
straightforward. Otherwise,

— If 0o = t[z/v] with [t|, > 0, i.e. t = C[zl], then every o’ s.t. 0 — o verifies o/ € SN (J\w) and in
particular o' = C[vl][x/v]. Since 13, (0") < Nyu(0), then o' € ZSN'(J\w), so that we can conclude
0 € ZSN(J\w) by rule (C).

— If o = vl is an application, then we reason by cases on v.

o If o = wg[z/ui]ly . ..ln, with n > 0, then nyy(uolx/uillo ... In) = nau((wolo - .- In)[x/u1]) by
Lemma 18. Therefore o' € SN(J\w) and in particular ny,(uolo - .- In), 3w (u1) < n3u(0)-
Thus, since |ugly - . - Iy, [u1| < |o|, wolo - - . ln,u1 € ZSN (J\w) holds by the i.h.

If |ugply - - - ln]e = 0, then (uglp . . . 1) [z /u1] € ZSN(I\w) by rule (W) and thus o € ZSN (J\w)
by several applications of rule (FE).

If Juglp . . . In|e > 0, then (uply ... 1) [z/u1] = Clzl][x/u1] —¢ Cuil][z/u1] and thus we have
that 7y, (Clurl][z/u1]) < Nape(Clol][x/u1]). The i.h. gives Cluil][x/u1] € ZSN (I\w) so that
(uoly . . . In)[x/u1] = Clzl][z/u1] € ZSN(I\w) holds by (C) and o € ZSN(J\w) holds by
several applications of rule (E).

o If 0 = zlply ... 1y, with n > 1, then 0 —a,,, x(lo@l1)...1, = o'. Moreover 1y,(0") < n3u(0)
so that the i.h. gives o’ € ZSN(J\w). We conclude by rule (Qy,y).

o If o =tly...l,, with n > 0, we reason similarly to the previous case but we conclude with
rule (Qgpp).

o If o= (A\z.t)ly...l,, with n > 0, then we reason by cases on ly. In every case we can conclude
as before but using rules (dBpi1) and (dBeons)-

For the converse we reason by induction on the definition of 0 € ZSN (J\w). If 0 = nil, 0 = t;1,
o= Ax.t, o= zl, or o = t[x/v] with |t|, = 0, then the property is straightforward by using the i.h.
The remaining cases are:



— If o = (A\x.t)(uslo)ly ... 1, € ZSN(I\w) where o' = t[z/ullply...l, € ZSN(J\w), then the i.h.
gives o/ € SN(J\w) so that in particular ¢, u,l; € SN'(J\w).

To prove o € SN (J\w) it is is sufficient to prove that all its immediate reducts are in SN (J\w).
This can be done by another induction on 7y, (t) + nsu(u) + > 13w (ls)-

e If 0 — o, then the property holds by the first i.h. as already mentioned.

e If 0 reduces some subterm t,u or [;, then we conclude by the second i.h.

— If o = (A\z.t)nilly .. .1, € ZSN(J\w) where o' = (A\z.t)ly...l, € ZSN(J\w), then the i.h. gives
o' € ISN(J\w) and we proceed similarly to the previous case.

— Ifo = (zm)loly ... 1, € ZSN (I\w) where o' = x(m@Qly)l; .. .1, € ZSN (I\w), then o' € SN (I\w) by
the i.h. so that in particular m@Qly, ly,...,l, € SN'(J\w). Lemma 44 also gives m,ly € SN (J\w).
To prove o € SN(J\w) it is is sufficient to prove that all its immediate reducts are in SN (J\w).
This can be done by second induction on 9y, (m) + >y (l:)-

e If 0 — o/, then the property holds by the first 4.h. as already mentioned.
e If o0 reduces some subterm m, [;, then we conclude by the second i.h.

— If o= (tm)lply .. .1, € ZSN(J\w) where o' = (t(mQlg))ly ...l, € ZSN(J\w), then o’ € SN (I\w)
by the i.h. so that in particular ¢(m@Qly),l; € SN (J\w). Lemma 45 also gives tm,ly € SN (J\w).
To prove o € SN (J\w) it is sufficient to prove that all its immediate reducts are in SN/ (J\w).
This can be done by a second induction on 9y, (tm) + > nau(li)-

e If 0 — 0/, then the property holds by the first i.h. as already mentioned.
e If 0 reduces some subterm tm or [;, then we conclude by the second i.h.
— If o = C[zl][z/v] € ZSN (I\w) where o' = Cvl][z/v] € ZSN(I\w), then o' € SN(J\w) by the
i.h. so that in particular v, Cvl] € SN (J\w). By Corollary 4, C[zl] € SN(J\w). To prove that
o € SN (J\w) it is sufficient to prove that all its immediate reducts are in SN/ (J\w). This can
be done by induction on 1y, (v) 4+ 1. (CI]).
e If 0 — o', then we conclude by the first i.h. as already mentioned.
e If 0 reduces some subterm C[zl] or v, then we conclude by the second i.h.
— If v[z/u)l € ZSN(I\w) where (vl)[z/u] € ZSN (I\w), then (vl)[z/u] € SN (I\w) by the i.h. so
that v[z/u]l € SN(I\w) since ny,(v[z/u)l) =L. 18 N3 (V1) [2/u]).

Lemma 21. Let o € O;. If 0o € SN(J\w) then o is S-typable.

Proof. By induction on the structure of o € SN (J\w) =1 47 ZSN (J\w).

— If o =nil, 0 =t;1l, 0 = Ax.t, 0 = zl, or 0o = u[x/v] with |ul|, = 0, then the proof is straightfor-
ward by using the i.h.

— If 0 € ZSN(J\w) comes from one of the rules (dBni1), (dBcons), (C'), (Quar) or (Qapp), then the
property holds by the 4.h. and the Subject Expansion Lemma 20.

— If t[x/s|l € ZSN(J\w) comes from the rule (E), then (¢l)[x/s] € ZSN (I\w), so that (¢l)[x/s] is
S-typable by the i.h. and the property holds by Lemma 18.



