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Abstract

Multi types — aka non-idempotent intersection types — have been used. to obtain quantitative bounds
on higher-order programs, as pioneered by de Carvalho. Notably, they bound at the same time the
number of evaluation steps and the size of the result. Recent results show that the number of steps
can be taken as a reasonable time complexity measure. At the same time, however, these results
suggest that multi types provide quite lax complexity bounds, because the size of the result can be
exponentially bigger than the number of steps. Starting from this observation, we refine and gener-
alise a technique introduced by Bernadet and Graham-Lengrand to provide exact bounds. Our typing
judgements carry counters, one measuring evaluation lengths and the other measuring result sizes.
In order to emphasise the modularity of the approach, we provide exact bounds for four evaluation
strategies, both in the A-calculus (head, leftmost-outermost, and maximal evaluation) and in the lin-
ear substitution calculus (linear head evaluation). Our work aims at both capturing the results in the
literature and extending them with new outcomes. Concerning the literature, it unifies de Carvalho
and Bernadet & Graham-Lengrand via a uniform technique and a complexity-based perspective. The
two main novelties are exact split bounds for the leftmost strategy — the only known strategy that
evaluates terms to full normal forms and provides a reasonable complexity measure — and the obser-
vation that the computing device hidden behind multi types is the notion of substitution at a distance,
as implemented by the linear substitution calculus.

1 Introduction

Type systems enforce properties of programs, such as termination, deadlock-freedom, or
productivity. This paper studies a class of type systems for the A-calculus that refines
termination by providing exact bounds for evaluation lengths and normal forms.

Intersection types and multi types. One of the cornerstones of the theory of A-calculus
is that intersection types characterise termination: not only typed programs terminate,
but all terminating programs are typable as well (Coppo & Dezani-Ciancaglini, 1978,
1980; Pottinger, 1980; Krivine, 1993). In fact, the A-calculus comes with different notions
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2 B. Accattoli et al.

of evaluation (e.g. call-by-name, call-by-value, and call-by-need) to different notions of
normal forms (head/weak/full, etc.) and, accordingly, with different systems of intersection
types.

Intersection types are a flexible tool and, even when one fixes a particular notion of eval-
uation and normal form, the type system can be formulated in various ways. A flavour that
became quite convenient in the last 10 years is that of non-idempotent intersection types,
where the intersection 4 N A is not equivalent to 4. They first appeared in Gardner (1994),
Kfoury (2000), and Neergaard & Mairson (2004) but it is the seminal work of de Carvalho
(2007, 2018),! who found fundamental uses of non-idempotency to characterise quanti-
tative properties of A-calculus, stressing their importance. Roughly, distinguishing 4 N A4
from A allows counting resource consumption. A survey can be found in Bucciarelli ef al.
(2017).

Non-idempotent intersections can be seen as multi-sets, which is why, to ease the lan-
guage, we prefer to call them multi types rather than non-idempotent intersection types.
Multi types have two main features:

1. Bounds on evaluation lengths. They go beyond simply qualitative characterisations
of termination, as typing derivations provide quantitative bounds on the length
of evaluation (i.e. on the number of S-steps) and on the size of normal forms.
Therefore, they give intentional insights on programs, and seem to provide a tool
to reason about the complexity of programs.

2. Linear logic interpretation. Multi types are deeply linked to linear logic. The rela-
tional model (Girard, 1988; Bucciarelli & Ehrhard, 2001) of linear logic (often
considered as a sort of canonical model of linear logic) is based on multi-sets, and
multi types can be seen as a syntactic presentation of the relational model of the
A-calculus induced by the interpretation into linear logic.

These two facts together have a potential, fascinating consequence: they suggest that
denotational semantics may provide abstract tools for complexity analyses, that are
theoretically solid, being grounded on linear logic.

Various works in the literature explore the bounding power of multi types. Often,
the bounding power is used qualitatively, i.e. without explicitly counting the number of
steps to characterise termination and/or the properties of the induced relational model.
Indeed, multi types provide combinatorial proofs of termination that are simpler than
those developed for (idempotent) intersection types (e.g. reducibility technique). Several
papers explore this approach under the call-by-name (Bucciarelli et al., 2012; Kesner &
Ventura, 2015; Kesner & Vial, 2017; Ong, 2017; Paolini et al., 2017) or the call-by-value
(Ehrhard, 2012; Diaz-Caro et al., 2013; Carraro & Guerrieri, 2014) operational semantics,
or both (Ehrhard & Guerrieri, 2016). Sometimes, precise quantitative bounds are provided
instead, as in de Carvalho (2018) and Bernadet & Graham-Lengrand (2013b). Multi types
can also be used to provide characterisation of complexity classes (Benedetti & Ronchi
Della Rocca, 2016). Other qualitative (de Carvalho, 2016; Guerrieri ef al., 2016) and quan-
titative (de Carvalho et al., 2011; de Carvalho & Tortora de Falco, 2016) studies are also
sometimes done in the more general context of linear logic, rather than in the A-calculus.

! de Carvalho’s work published in 2018 is based on the well diffused technical report (de Carvalho, 2009).
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Reasonable cost models. Usually, the quantitative studies define a measure for typing
derivations and show that the measure provides a bound on the length of evaluation
sequences for typed terms. A criticism that could be raised against these results is, or rather
was, that the number of B-steps of the bounded evaluation strategies might not be a reason-
able cost model, that is, it might not be a reliable complexity measure. This is because no
reasonable cost models for the A-calculus were known at the time. But the understanding
of cost models for the A-calculus made significant progress in the last few years. Since
the nineties, it is known that the number of steps for weak strategies (i.e. not reducing
under abstraction) is a reasonable cost model (Blelloch & Greiner, 1995), where reason-
able means polynomially related to the cost model of Turing machines. It is only in 2014,
that a solution for the general case has been obtained: the length of leftmost-outermost
evaluation to normal form was shown to be a reasonable cost model in Accattoli & Dal
Lago (2016). In this work, we essentially update the study of the bounding power of multi
types with the insights coming from the study of reasonable cost models. In particular, we
provide new answers to the question of whether denotational semantics can really be used
as an accurate tool for complexity analyses.

Size explosion and lax bounds. The study of cost models made clear that evaluation
lengths are independent from the size of their results. The scepticism about taking the num-
ber of B-steps as a reliable complexity measure comes from the size explosion problem,
that is, the fact that the size of terms can grow exponentially with respect to the number of
B-steps. When A-terms are used to encode decision procedures, the normal forms (encod-
ing true or false) are of constant size, and therefore, there is no size explosion issue.” But
when A-terms are used to compute other normal forms than Boolean values, there are fam-
ilies of terms {#, },cn, Where ¢, has size linear in #, it evaluates to normal form in n 8-steps,
and produces a result p, of size 2(2"), i.e. exponential in n. Moreover, the size explosion
problem is extremely robust, as there are families for which the size explosion is indepen-
dent of the evaluation strategy. The difficulty in proving that the length of a given strategy
provides a reasonable cost model lies precisely in the fact that one needs a compact rep-
resentation of normal forms, to avoid to fully compute them (because they can be huge
and it would be too expensive). A gentle introduction to reasonable cost models and size
explosion is Accattoli (2018a).

Now, multi typings do bound the number of B-steps of reasonable strategies, but these
bounds are sometimes too generous since they bound at the same time the length of evalu-
ations and the size of the normal forms. Therefore, even a notion of minimal typing (in the
sense of being the smallest derivation) provides a bound that in some cases is exponentially
worse than the number of S-steps.

Our observation is that the typings themselves are in fact much bigger than evaluation
lengths, and so the widespread point of view for which multi types — and so the relational
model of linear logic — faithfully capture evaluation lengths, or even the complexity, is
misleading.

2 To be precise, size explosion may happen also when the normal form is a Boolean: a term may make arguments
grow exponentially in size and then erase them. Such a form of size explosion is an issue for implementations,
but not for the topic of this paper.
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More precisely, multi typings do measure part of the size of the normal form, namely,
the part concerned by the notion of evaluation that the typings are meant to measure. In
the case of head evaluation, for instance, they measure the size of the spine, that is, the left
branch of the term syntax tree, because head evaluation never enters arguments and so their
size is not taken into account. Notably, the size of the spine never explodes, even on fam-
ilies of terms whose size explodes via head evaluation. In the case of leftmost evaluation,
however, multi typings measure the whole size of the term, which does explode. Therefore,
the inaccuracy of the measurement depends on the notion of evaluation under study.

1.1 Contributions

The tightening technique. Our starting point is a technique introduced in a technical report
by Bernadet & Graham-Lengrand (2013a). They study the case of maximal evaluation and
present a multi-type system where typing derivations of terms provide an upper bound on
the number of B-steps to normal form. More interestingly, they show that every strongly
normalising term admits a typing derivation that is sufficiently tight, where the obtained
bound is exactly the length of the longest S-reduction path. This improved on previous
results, e.g. Bernadet & Lengrand (2011) and Bernadet & Graham-Lengrand (2013b),
where multi types provided the exact measure of longest evaluation paths plus the size
of the normal forms which, as discussed above, can be exponentially bigger. Finally, they
enrich the structure of base types so that, for those typing derivations providing the exact
lengths, the type of a term gives the structure (and hence the size) of its normal form. This
paper embraces this tightening technique, simplifying it with the use of tight constants for
base types, and generalising it to a range of other evaluation strategies, described next.

Modular approach. We develop all our results by using a unique schema that modularly
applies to different evaluation strategies. Our approach isolates the key concepts for the
correctness and completeness of multi types, providing a powerful and modular technique,
having at least two by-products. First, it reveals the relevance of neutral terms and of their
properties with respect to types. Second, the concrete instantiations of the schema on four
different cases always require subtle definitions, stressing the key conceptual properties of
each case study.

Head and lefimost-outermost evaluation. The first application of the tightening technique
is to the head and leftmost evaluation strategies (we often say simply lefimost instead of
leftmost-outermost). The head case is the simplest possible one. The leftmost case is the
natural iteration of the head one, and the only known strong strategy whose number of steps
provides a reasonable cost model (Accattoli & Dal Lago, 2016). Multi types bounding the
lengths of leftmost normalising terms have been also studied in Bucciarelli ef al. (2017)
and Kesner & Ventura (2014), but the exact number of steps taken by the leftmost strategy
has not been measured via multi types before — therefore, this is a new result, as we now
explain.

The study of the head and the leftmost strategies, at first sight, seems to be a minor refor-
mulation of de Carvalho’s results about measuring via multi types the length of executions
of the Krivine abstract machine (shortened KAM) — implementing weak head evaluation —
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and of the iterated KAM — that implements leftmost evaluation (de Carvalho, 2018). The
study of cost models is here enlightening: de Carvalho’s iterated KAM does implement
leftmost evaluation, but the overhead of the machine (that is counted by de Carvalho’s
measure) is exponential in the number of B-steps, while here we only measure the num-
ber of B-steps, thus providing a much more parsimonious — and yet reasonable — measure.
The machine overhead is actually reflected by the size of the normal form, that can be
exponential, but it is measured separately.

Another work that is closely related to ours is de Carvalho et al. (2011), where the
relational model of linear logic is used to measure evaluation lengths in proof nets. They
do not however split the bounds, that is, they do not have a way to measure separately the
number of steps and the size of the normal form. Moreover, their notion of cut-elimination
by levels does not correspond to leftmost evaluation.

Shrinking. The study of leftmost evaluation via tight typings is then compared with tradi-
tional multi types for leftmost evaluation without tight constants. Traditional type systems
characterise leftmost termination using a shrinking constraint: no negative occurrences of
the empty multi-set in the final judgement of the type derivation (Krivine, 1993; Kesner &
Ventura, 2014; Bucciarelli ef al., 2017; de Carvalho, 2018). The comparison is instructive.
First, it shows that tightness and being shrinking are predicates formulated following simi-
lar principles. Second, it allows us to provide a new proof technique for the shrinking case,
by adapting the one for the tight case. Third, we provide a detailed study producing exact
bounds starting from traditional derivations, revisiting the study in de Carvalho (2018).

Maximal evaluation. We also apply the technique to the maximal strategy, which takes
the maximum number of steps to normal form, if any, and diverges otherwise. The
maximal strategy has been bounded in Bernadet & Lengrand (2011), and exactly mea-
sured in Bernadet & Graham-Lengrand (2013a) via the idea of tightening, as described
above. The differences with respect to Bernadet & Graham-Lengrand (2013a) are the
following:

1. Uniformity with other strategies. The typing system in Bernadet & Graham-
Lengrand (2013a) uses a form of sub-typing to deal with erasing A-abstractions.
Here, we align the type grammar with the one used for all the other evaluation
strategies, which in turn allows the typing rules for A-abstractions to be the same
as for head and leftmost evaluation. This makes the whole approach more uniform
across the different strategies that we treat in the paper. Moreover, our completeness
theorem for the maximal strategy bears quantitative information (about evaluation
lengths and size of normal forms), in contrast with Bernadet & Graham-Lengrand
(2013a).

2. Quantitative aspects of normal forms. While Bernadet and Graham-Lengrand
encode the shape of normal forms into base types, we only use two (tight) constant
base types. We measure typing derivations with two indices: the first one matches
the maximal evaluation length of the typed term, and the second one matches the
size of its normal form together with the size of all terms that are erased by the
evaluation process.
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3. Neutral terms: we emphasise the key role of neutral terms in the technical develop-
ment by describing their specificities with respect to typing. This is not explicitly
broached in Bernadet & Graham-Lengrand (2013a).

Linear head evaluation. Last, we apply the tightening technique to /inear head evaluation
(Mascari & Pedicini, 1994; Danos & Regnier, 2004) (/hd for short), formulated in the linear
substitution calculus (LSC), a A-calculus with explicit substitutions introduced by Accattoli
& Kesner (Accattoli, 2012; Accattoli et al., 2014) that is strongly related to linear logic
proof nets (Accattoli, 2018b), and can also be seen as a minor variation over a calculus by
Milner (2007). The literature contains a characterisation of /4d-normalisable terms (Kesner
& Ventura, 2014). Moreover, de Carvalho (2018) measures the executions of the KAM, a
result that can also be interpreted as a measure of /hd-evaluation. What we show however
is stronger, and somewhat unexpected.

To bound /hd-evaluation, in fact, we can strongly stand on the bounds obtained for
head evaluation. More precisely, the result for the exact bounds for iead evaluation takes
only into account the number of abstraction and application typing rules. For linear head
evaluation, instead, we simply need to count also the axioms, i.e. the rules typing variable
occurrences, nothing else. It turns out that the length of a linear head evaluation plus the
size of the linear head normal form is exactly the size of the tight typing.

Said differently, multi typings simply encode evaluations in the LSC. In particular, we
do not have to adapt multi types to the LSC, as for instance de Carvalho does to deal with
the KAM. It actually is the other way around. As they are, multi typings naturally measure
evaluations in the LSC. To measure evaluations in the A-calculus, instead, one has to forget
the role of the axioms. The best way to stress it, probably, is that the LSC is the computing
device behind multi types.

Journal versus conference version. This paper is the journal version of Accattoli et al.
(2018). In the conference paper, the head and leftmost cases were presented at the same
time, while here we present them sequentially: first the simple head case, to introduce
the main concepts in an easy setting, and then the leftmost case, stressing its subtleties.
Moreover, the study of shrinking derivations has been considerably extended, adding in
particular exact bounds via the study of unitary shrinking derivations.

In this paper, we include the key cases of the proofs of the important properties, which
were not included in the conference version proofs. We also revisited the whole technical
development, correcting a number of minor bugs in some statements and proofs. Some key
notions have slightly changed, without any technical impact but only for a presentation
purposes: the index counting the number of B-steps (in the conference version the index
was twice the number, while we now make them equal, as suggested by Pierre Vial), for
instance, or the definition of size of a derivation (before it was parametric, now it is unique
for all the systems).

Proofs. For the sake of readability, the details of many proofs are in the Appendices. [
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1.2 Other related works

Apart from the papers already cited, let us mention some other related works. A recent,
general categorical framework to define intersection- and multi-type systems appears
in Mazza et al. (2018).

While the inhabitation problem is undecidable for idempotent intersection
types (Urzyczyn, 1999), the quantitative aspects provided by multi types make it
decidable (Bucciarelli ez al., 2014). Intersection types are also used in Dudenhefner &
Rehof (2017) to give a bounded dimensional description of A-terms via a notion of norm,
which is resource-aware and orthogonal to that of rank. It is proved that inhabitation in
bounded dimension is decidable (EXPSPACE-complete) and subsumes decidability in
rank 2 (Urzyczyn, 2009).

The quantitative approach yielding upper bounds for evaluation lengths has also been
extended to classical logic (Kesner & Vial, 2019), which does not only capture pure
functional programming, but also control operators.

Bounds for evaluation lengths are also studied by Dal Lago & Gaboardi (2011) and Dal
Lago & Petit (2013, 2014) using linear dependent types rather than intersection types.

Other works propose a more practical perspective on resource-aware analyses for func-
tional programs. In particular, type-based techniques for automatically inferring bounds
on higher-order functions have been developed, based on sized types (Hughes ef al., 1996;
Portillo et al., 2002; Vasconcelos & Hammond, 2004; Avanzini & Dal Lago, 2017) or
amortised analysis (Hofmann & Jost, 2003; Hoffmann & Hofmann, 2010; Jost et al., 2017).
This led to practical cost analysis tools like Resource-Aware ML (Hoffmann et al., 2012)
(see raml.co). Intersection types have been used (Simoes et al., 2007) to address the size
aliasing problem of sized types, whereby cost analysis sometimes over-approximates cost
to the point of losing all cost information (Portillo ez al., 2002). How our multi types could
further refine the integration of intersection types with sized types is a direction for future
work.

Finally, in between the publication of the conference paper and the submission of this
journal extension, the main ideas of our work were adapted to obtain exact bounds for
open call-by-value (Accattoli & Guerrieri, 2018), call-by-need (Accattoli ef al., 2019), and
pattern-matching calculi (Alves et al., 2019).

2 A bird’s-eye view

Our study is based on a schema that is repeated for different evaluation strategies, mak-
ing most notions parametric in the strategy — ¢ under study. The following concepts
constitute the main ingredients of our technique:

1. Strategy, together with the normal, neutral, and abs predicates. There is a deter-
ministic evaluation strategy — ¢ whose normal forms are characterised via two
related predicates, normalg(¢) and neutralg(?), the intended meaning of the sec-
ond one is that 7 is S-normal and can never behave as an abstraction (that is, it
does not create a redex when applied to an argument). We further parametrise
also this last notion by using a predicate absg(f) identifying abstractions, because
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the definition of deterministic strategies requires some subterms to not be
abstractions.’

2. Typing derivations. Derivations, denoted by &, are trees constructed by means of
different typing rules. The following features deserve to be highlighted:

e Tight constants. There are two new type constants, neutral and abs, and new
rules introducing them. As their name suggests, the constants neutral and abs
are used to type terms whose normal form is a neutral term or an abstraction,
respectively.

e Tight derivations. There is a notion of tight derivation that requires a special use
of the constants.

e Indices. Typing judgements have the shape I' "¢ : 4, where b and r are indices
meant to count, when the derivation is tight, the number of steps to normal form
and the size of the normal form, respectively.

3. Sizes of normal forms. The notion of normal forms depends on the strategy, and
so do their notions of size, noted |f|s. A fact that may seem counter-intuitive is that
these sizes do not count all the constructors in a term, but only some of them — often
variables are ignored — and only those appearing in some specific positions, typi-
cally the head sizes do not count the size of arguments but only their presence. The
reasons are explained precisely where the sizes are defined. Different type system
inspect different aspects of (different notions of) normal forms and thus account for
different quantitative aspects. The basic idea is that our notions of size measure the
cost of checking that a term is normal, with respect to the given strategy.

Additionally, there is a notion of size of typing derivations |®| that gives an
upper bound to the sum of the indices associated to the last judgement of ®.

4. Characterisation. We prove that I’ It disa tight typing relatively to — if
and only if there exists an S normal term p such that  — f’g pand |p|ls=r.

5. Proof technique. The characterisation is obtained always through the same
sequence of intermediate results. Correctness follows from the fact that all tight
typings of normal forms precisely measure their size, a substitution lemma for typ-
ing derivations and subject reduction. Completeness follows from the fact that
every normal form admits a tight typing, an anti-substitution lemma for typing
derivations, and subject expansion.

6. Neutral terms. We stress the relevance of neutral terms in normalisation proofs from
a typing perspective. In particular, correctness theorems always rely on a lemma
about them. Neutral terms are a common concept in the study of A-calculus, playing
a key role in, for instance, the reducibility candidate technique (Girard et al., 1989).

The proof schema is illustrated in the next sections on two standard reduction strategies,
namely head and lefimost(-outermost) evaluation. 1t is then slightly adapted to deal with
maximal evaluation in Section 7 and linear head evaluation in Section 8. A similar schema

3 For the head, leftmost, and maximal systems, the absg(f) predicate is trivial; it simply holds when ¢ is an
abstraction. In the linear head system of Section 8, however, we use another predicate, which is why, for the
sake of uniformity, we prefer to also make our approach parametric with respect to a absg(#) predicate.
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is also followed in Section 5, where we study leftmost evaluation once again, this time with
respect to multi types that are not necessarily tight.

Evaluation systems. Each case study treated in the paper relies on the same properties of
the strategy — ¢ and the related predicates normalg(?), neutralg(t), and absg(t), that we
collect under the notion of evaluation system.

Definition 2.1 (Evaluation system). Let Tg be a set of terms, —, be an evaluation strat-
egy and normalg, neutralg, and absg be predicates on Ts. All together they form an
evaluation system S if for all t, p, p1, p2 € Ts:

1. Determinism of — - If t — ¢ p1 and t — ¢ p then p1 = p».

2. Characterisation of S-normal terms: ¢ is — ¢ -normal if and only if normalg(?).

3. Characterisation of S-neutral terms.: neutralg(?) if and only if normalg(t) and
—absg(?).

Given a strategy — ¢ we use —>§ for its kth iteration and — % for its reflexive-transitive
closure.

Summary. The following table clearly indicates the figures defining the key concepts
needed to capture the essence of the evaluation strategies and the typing systems.
Correctness and completeness theorems for each evaluation strategy with respect to the
corresponding typing system are also indicated.

Head Leftmost Shrinking Maximal Linear head
Neutral/normal terms Figure 1 Figure 5 Figure 5 Figure 5 Figure 11
Size of terms Figure 3 Figure 7 Figure 7 Figure 7 Figure 13
Evaluation rules Figure 2 Figure 6 Figure 6 Figure 9 Figure 12
Typing rules Figure 4 Figure 8 Figure 8 Figure 10 Figure 14
Correctness Theorem 3.7  Theorem 4.7 Theorem 5.10 Theorem 7.8  Theorem 8.7
Completeness Theorem 3.11 Theorem 4.11 Theorem 5.13 Theorem 7.12 Theorem 8.11

3 Head evaluation

In this section, we consider the head evaluation system, which is the simplest one, and
gradually introduce the main concepts for multi types and for the tight technique.
The set of A-terms A is given by ordinary A-terms:

A-TERMS t,po=x|Axt|tp
Normal, neutral, and abs predicates. The predicate normaly, defining head normal terms
is in Figure 1, and it is based on an auxiliary predicate neutraly, defining neutral terms,
that are simply terms of the form xt; . . . #; with k > 0. The predicate abs;,(?) is true simply

when ¢ is an abstraction.

Small-step semantics. The head strategies —,,; is defined in Figure 2.
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neutraly;(f) neutraly;(f) normaly (t)

neutralyg(x) neutraly,(tp) normaly,(f) normalyg(Ay.f)

Fig. 1. Head neutral and head normal terms.

L= P —absp(t) =44 P

(Mx.u)g = g {x—q} AX.t = Axp twu —>p, pu

Fig. 2. Head strategy.

@xw =0 Popla =g+ 1 pulpg = pl + 1 }

Fig. 3. Head size of terms.

Proposition 3.1 (Head evaluation systems). (A, — ¢ ,neutralyy, normalyg, absyg) is an
evaluation system.

The proof is routine, and it is then omitted also from the Appendix.

Size of normal forms. The notions of head size |t|;4 of a (head normal) term ¢ is defined
in Figure 3 (for simplicity, we define it over the structure of terms and not of head normal
forms).

There are two unusual points:

1. Arguments. In the application case, the argument u does not contribute (1 accounts
for the application constructor itself, that is, just the existence of an argument).
Head evaluation does not enter arguments and so it is natural to not account for
them. Another point of view is considering |f|;; as measuring the part of ¢ that an
algorithm has to explore in order to check that it is head normal.

Note that head evaluation does suffer of size explosion, but only if the size of
arguments is also taken into account — see Grabmayer (2018) for details.

2. Variables. Variables may be counted for the size of normal forms, but we do not
count them for uniformity. In general, the first counter on typing judgements shall
measure the dynamic aspect (the number of steps) of the computation, while the
second counter is devoted to the static aspect (the size of normal forms). Counting
variables for normal forms correspond to counting axioms in the typing system,
which in turn accounts for the number of single (linear) variable replacements done
by the strategy — this shall be done in Section 8, where we deal with linear head
evaluation. But head evaluation is based on meta-level (non-linear) substitution and
thus does not account for single variable replacements — thus variables must not be
counted at the dynamic level. To be uniform, we do not count variables for the
static aspect either, thus excluding them from the size of normal forms. Note that
the same point applies for the leftmost and maximal strategies of the next sections,
whose size of normal forms shall not count variables either.
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Fig. 4. Type system for head evaluation.

Multi types. We define the following notions about types:

o Multi types are defined by the following grammar:

TIGHT CONSTANTS tight ::= neutral | abs
TYPES A,B:=tight | X|M — A4
MULTI-SETS M ::= [A;]ier (I a finite set)

where X ranges over a non-empty set of atomic types and [. . .] denotes the multi-set
constructor.

o Multi-sets. We use [ ] to denote the empty multi-set, & for multi-set union, T for
multi-set inclusion, and \ for multi-set difference. An example of multi-set is M =
[4, A, B], which contains two occurrences of 4 and one occurrence of B. Then for
example M W [A] =[4,4,A4, Bl and M \ [A] =[4, B].

e A typing context I' is a map from variables to finite multi-sets M of types such
that only finitely many variables are not mapped to the empty multi-set [ ]. The
empty typing context is written €. We write dom(I") for the domain of T, i.e. the set
CARNCIE NI

o Tightness. We use the notation Tight for a multi-set containing only tight constants.
Moreover, we write tight(4) if 4 is of the form tight, tight(M) if M is of the
form Tight, and tight(I") if tight(I"(x)) for all x, in which case we also say that
[ is tight.

e The multi-set union ¥ is extended to typing contexts point-wise, i.e. [' & A maps
each variable x to I'(x) W A(x). This notion is extended to several contexts as
expected so that W;;I"; denotes a finite union of contexts (when / =@ the nota-
tion is to be understood as the empty context). When dom(I") N dom(A) = @, then
' & IV may also be written I'; ['". We write x : M for the typing context assigning M
to x and [ ] to all the other variables. Then the notation I'; x : M' combines the two
previous ones.

e The restricted context I' with respect to the variable x, written I" \\ x is defined by

T\ :=[Tand "\ x)(y) :=T () if y #x.
Head typing system. The typing rules of the head system Ad are presented in Figure 4.

Roughly, the intuitions behind the typing rules are (please ignore the indices b and r for
the time being):
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e Rules ax, funy, and app,. These rules are essentially the traditional rules for multi
types for head and LO evaluation (see, e.g., Bucciarelli ef al., 2017), modulo the
presence of the indices.

e Rule many. This is a structural rule allowing typing terms with a multi-set of types.
In some presentations of multi types many is hardcoded in the right premiss of the
app, rule (that requires a multi-set). For technical reasons, it is preferable to separate
it from app,. Morally, it corresponds to the !-promotion rule in linear logic.

e Rule fun,. t has already been tightly typed, and all the types associated to x are also
tight constants, i.e. the typing context contains a pair of the form x: Tight. Then
Ax.t receives the tight constant abs for abstractions. The consequence is that this
abstraction can no longer be applied, because there are no rules to apply terms of
type abs. Therefore, the abstraction constructor cannot be consumed by evaluation
and it ends up in the (head) normal form of the term, that has the form Ax.¢', where
¢ is the (head) normal form of ¢.

e Rule app™. t has already been tightly typed with neutral and so morally it head
normalises to a term ¢ having neutral form xu; . . . u;. The rule adds a further argu-
ment p that cannot be consumed by evaluation, because ¢ shall never become an
abstraction. Therefore, p ends up in the head normal form #p of #p, that is still neu-
tral — correctly, so that #p is also typed with neutral. Note that there is no need to
type p because head evaluation never enters into arguments.

o Tight constants and predicates. There is of course a correlation between the tight
constants neutral and abs and the predicates neutraly,; and abs;,. Namely, a
term ¢ is hd-typable with neutral if and only if the Ad-normal form of ¢ verifies the
predicate neutral;,, as we shall prove. For the tight constant abs and the predicate
absy,, the situation is similar but weaker: if the Ad-normal form of ¢ verifies absy,
then ¢ is typable with abs, but not the other way around — variables are typable with
abs without being abstractions.

e Presentation of abstraction rules. The presentation of the abstraction rules may
seem unusual. We explain the relationship with the usual presentation in the vacuous
abstractions paragraph given next.

e The type systems is not syntax-directed, e.g. given an abstraction (resp. an appli-
cation), it can be typed with rule fun, or fun, (resp. appﬁ’d or app,), depending on
whether the constructor typed by the rule ends up in the normal form or not. Thus,
for example, given the term II, where I is the identity function Az.z, the second
occurrence of I can be typed with abs using rule fun,, while the first one can be
typed with [abs] — abs using rule funy,.

We write @ 4y ' F®¢ 1 4, to stress that @ is a head typing derivation ending in the

judgement I' "¢ : 4 when, in the next sections, we discuss also other type systems.

Indices. The roles of b and r can be described as follows:

e b and B-steps. b counts the abstraction rules of the derivation that may be used
to form (head) B-redexes, i.e. the number of fun, rules, because it is the only rule
introducing an arrow type. The index b is at least the number of S-steps to normal
form because typing a B-redex requires a fun, rule. It may be greater than such a
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number if some of the abstractions typed with fun, are never applied, and therefore
end up in the normal form. For tight typing derivations (introduced next), we are
going to prove that b is exactly the length of the head evaluation of the typed term
to normal form. Essentially, tightness shall force abstractions typed with fun, to be
applied.

e 7 and size of the result. r counts the rules typing constructors that cannot be con-
sumed by B-reduction according to the head evaluation strategy, and that therefore
shall end up in contributing to the normal form. It counts the number of fun, and
app”. These rules type the result of the evaluation, according to the head strategy,
and measure the size of the result. Note that the type abs given by rule fun, is not
an arrow type and cannot therefore be composed. Essentially, tightness shall force
all abstractions ending in the normal form to be typed with fun,..

For system hd, the indices on typing judgements are not really needed, as b can be recov-
ered as the number of fun,, rules, and r as the number of fun, and appf’d rules. We prefer to
make them explicit because (1) we want to stress the separate counting, and (2) for linear
head evaluation in Section 8 the counting shall be more involved, and the indices shall not
be recoverable.

Note that only some rules contribute to the indices b and r. The fact that ax is not counted
shall change in Section 8, where we show that counting ax rules corresponds to measure
evaluations in the linear substitution calculus. The fact that many is not counted, instead,
is due to the fact that it does not correspond to any constructor on terms. A further reason
is that the rule may be eliminated by absorbing it in the app,, rule, that is the only rule that
uses multi-sets — it is however technically convenient to separate the two. The fact that
app, is not counted is because we already count fun, for B-redexes, and counting app,
would provide a number twice the measure we are interested in.*

Typing size. We define the size |®| of a typing derivation & as the number of rules in ®,
not counting the occurrences of rule many. The size of a derivation gives an upper bound
to the sum of the indices (b, 7) on its final judgement: whenever ® >, I’ Oy A, we
have b +r < |D]|.

Subtleties and easy facts. Let us overview some peculiarities and consequences of the
definition of our type systems.

1. Relevance. No weakening is allowed in axioms. An easy induction on typing
derivations shows that a variable declaration x: M # [ ] appears explicitly in the
typing context I' of a type derivation for ¢ only if x occurs free and #yped in ¢. In
system hd, arguments of applications might not be typed (because of rule app/?),
and so there may be x € £v(¢) but not appearing in T,

2. Vacuous abstractions. Our presentation of abstraction rules in Figure 1 precisely
accounts for the case in which the abstraction binds a variable x not appearing in
the type context I'. Indeed, in the fun, rule, if x ¢ dom(I"), then I" \\ x is equal to

4 In the conference version of this paper, we actually counted appy, rules and then obtained that b counted twice
the number of B-steps. We believe that it is cleaner not to count app,, rules, as suggested by P. Vial.
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I' and I'(x) is [], while in the fun, rule, if x ¢ dom(I"), then I'(x) is [] and thus
tight([ ]) holds. The alternative and equivalent presentation of these rules is

ix: M1 4 [;x:Tight F®¢ : tight
bt u bt
Ot M — 4 I D)yt abs

In the proofs, we rather use this alternative formulation (that requires that x does
appear in the type context, and implicitly assumes that I'; x: [ ] =I") but we prefer
to adopt the precise presentation in the formal definition, to avoid ambiguities.

3. Head typings and applications: note the app” rule types an application zp without
typing the right subterm p. This matches the fact that #p is a head normal form when
t is, independently of the status of p.

un,

Tight derivations. A given term ¢ may have many different typing derivations, indexed
by different pairs (b, r). They always provide upper bounds on head evaluation lengths
and lower bounds on the size of head normal forms. The interesting aspect of our type
systems, however, is that there is a simple description of a class of typing derivations that
provide exact bounds for these quantities, as we shall show. Their definition relies on tight
constants.

Definition 3.2 (Tight head derivations).
A derivation ® spq T "t : B is tight if tight(B) and tight(I).

Remarkably, tightness is expressed as a property of the last judgement only. This is
however not unusual: characterisations of weakly normalising terms via intersection/multi
types also rely on properties of the last judgement only, as discussed in Section 5.

In Section 5, in particular, we show the size of a tight derivation for a normal term ¢
is minimal among derivations for z. Moreover, it is also of the same size of the minimal
derivations making no use of tight constants nor rules using them. Therefore, tight deriva-
tions may be thought as a characterisation of minimal derivations for normal terms — for
non-normal terms the question is subtle and it is discussed at the end of Section 5.

Let us also refine the intuitions about tightness of the paragraph indices above, where we
explain in particular how tightness forces the partitioning of abstractions. Dually, tightness
also forces a partitioning of application rules. At some point of the evaluation, the left sub-
term of every application typed with app, shall turn into an abstraction, forming a redex
whose firing shall consume the app, rule. Therefore, all applications in the normal form
are typed with app/?.

Example. Let 7y = (Ax;.(Axg.xox)x1)I, where I is the identity function Az.z. The head
evaluation of ¢y to Ad normal-form is

(Axy.(Axg.xox1)x)I = (AxoxI)I =, IT —,, T

The evaluation sequence has length 3. The head normal form has size 1. To give a tight
typing for the term #, let us write abs®™® for [abs] — abs. Then,
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x1 :[abs] I—(O‘O)x| : abs

x0 : [abs?PST 00y, - abs?®S ) :[abs] FO0y, : [abs]

x0 : [abs?P5], x| : [abs] I—(O’O)xoxl : abs x1 : [abs@PS] 00y, apgabs

x1 : [abs] F0)xg xx; : [abs?P5] — abs x1 : [abs2PS] 00y, : [abs?P5]

x| : [abs, abs33] I—(I’O)(Axo.xoxl)xl : abs

205, (g xgx) )x; : [abs, abs?PS] — abs D1 : [abs, abs??®]

I—(3’1)(Aﬂx14(kx04x0x1)x1)I : abs

Indeed, the pair (3, 1) represents three evaluation steps to #d normal-form and a head
normal form of size 1.

3.1 Tight head correctness

Correctness of tight typings for head evaluation is the fact that whenever a term is tightly
typable with indices (b, r), then b is exactly the number of head evaluation steps to head
normal form while » is exactly the head size of the head normal form. The correctness
theorem is always obtained via three intermediate steps.

First step: tight typings of normal forms. The first step is to show that, when a tightly
typed term is a head normal form, then the first index b of its type derivation is 0, so that
it correctly captures the number of steps, and the second index r coincides exactly with
its head size. An interesting auxiliary lemma relating 4d-neutral terms and tight typings is
required.

Lemma 3.3 (Tight spreading on neutral terms). Let t be such that neutral,(f) and @ >y
I =%t A be a typing derivation such that tight(T"). Then tight(4) and the last rule of
® is not appy,.

Proof By induction on neutral;,(?). Cases:

e Variable,i.e.t =x. Then I =x: [A4], and 4 is tight because I is tight by hypothesis.
e Application, i.e. t = pu and neutral,,(f) because neutraly,(p). The last rule of
® can only be app, or appfd . In both cases the left subterm p is typed by a sub-
derivation ' > T, U )p : B such that all types in ", appear in I', and so they are
all tight by hypothesis. Since neutral;,(p), we can apply the i.A. and obtain that B
is tight. The only possible case is then B =neutral and the last rule of & is then
app”@. Then A = B = neutral. O

The lemma expresses the fact that tightness of neutral terms only depends on their
contexts. Morally, this fact is what makes tightness expressible as a property of the final
judgement only. We shall see in Section 5 that a similar property is hidden in more
traditional approaches to weak normalisation (see Lemma 5.6). Such a spreading property

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

16 B. Accattoli et al.

appears repeatedly in our study, and we believe that its isolation is one of the contributions
of our work, induced by the modular and comparative study of various strategies.

Proposition 3.4 (Properties of hd typings for normal forms). Let ¢ be such that
normaly(f), and ® v,y T HPt: 4 be a typing derivation.

1. Size bound: |t|s < |D].
2. Tight indices: If @ is tight then b= 0 and r = |t| 4.
3. Neutrality: If A =neutral then neutral; (7).

Proof By induction on ¢. Note that neutral,; implies normal,; and so we can apply
the i.s. when neutralj,; holds on some subterm of ¢. The proof is mostly straightfor-
ward, there is only one interesting case, the one using the tight spreading on neutral terms
(Lemma 3.3). The case is when normal; (¢) because neutral,,(¢) and ¢ = pu, that in turn
implies neutral,(p). If the last rule of ® is app, then @ has the form

popg T, EPp M — A4 @yopg Ty Oy M
T, T, bty . 4

appy

withb=>b, + by, r=r, +ry,andI' =0, W T,.

1. Size bound. By i.h., |plpa < |®pl|, from which it follows |¢|nq = |plpa + 1 <ip |Pp] +
1 <|P].

2. Tight size bound: we show that the pre-condition for this case is impossible. If @ is
tight then I' =T, W I, is a tight typing context, and so is I',. Since neutral,q(?),
the tight spreading on neutral terms (Lemma 3.3) implies that the type of p in &,
has to be tight, while it is M — 4 — absurd.

3. Neutrality. neutraly,(t) holds by hypothesis.

If the last rule of ® is app/? the statement follows easily from the i.A. d

Note that Proposition 3.4.2 indirectly shows that all tight derivations of a same term
carry the same indices, and essentially have the same size (it can be easily shown that they
all have the same number of axioms). The only way in which two tight derivations can
differ, in fact, is whether the variables in the type context are typed with neutral or abs,
but the structure of different derivations is necessarily the same, which is also the structure
of the head normal form itself.

Second step: substitution lemma. Then one has to show that types, typings, and indices
behave well with respect to substitution, which is essential, given that S-reduction is based
on it.

Lemma 3.5 (Substitution and typings for id). Let ®; >4y A;x: M FO¢ - A and b, g

r I—(b/”/)p : M. Then there exists a derivation @y ope TWA |‘(b+b/’r+r/)f{x‘—l7} 4,
where | Dy py| = D] + |Pp| — |M].
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Note that the lemma also holds for M =[], in which case I" is necessarily empty.
As already pointed out, in system hd it can be that M =[] and yet x € fv(¢) and

Hxep} £t
Proof Easy induction on the derivation of A;x: M F®"¢: 4, see Appendix A.1. (]

Third step: quantitative subject reduction. Finally, one needs to shows a quantitative
form of type preservation along evaluation. When the typing is tight, every evaluation
step decreases the first index & by exactly 1, accounting for the abstraction constructor
consumed by the firing of the redex.

Proposition 3.6 (Quantitative subject reduction for hd). If @4y TFt: dandt —,, p
then b > 1 and there exists a typing ' such that ®' vy THO"Yp: 4 and |®| > |D/).

Proof By induction on ¢t —,, p. The only case not following immediately from the i.4.
is the one of reduction at the root of the term, that is when t = (Ax.u)g —,,; u{x<q} =p.
Assume @y T l—“””(kx.u)q : A. The derivation ® must end with rule app,, and the
derivation of its premiss for (Ax.x) must end with fun,. Hence, there are two deriva-
tions ®, >4y Tyyx: M ECoy - 4 and O, Ty I—(b‘i”'q)q : M, with (b,r)= (b, + b, +
l,7,+7r, and I'=T,WI,. Applying the substitution lemma (Lemma 3.5), we obtain
O pyg T FOFPerctyixe g} © 4 such that || = |®,| + D, — M| < |D,] + || +
2=|9|. O

Summing up. The tight correctness theorem is proved by a straightforward induction on
the evaluation length relying on quantitative subject reduction (Proposition 3.6) for the
inductive case, and the properties of tight typings for normal forms (Proposition 3.4) for
the base case.

Theorem 3.7 (Tight correctness for hd). Let ® >4y I'F"t: A be a derivation. Then there
exists p and k such that t —>’,§d p, k <b, normal,(p), and |p|ps + k < |®|. Moreover, if ®
is tight, then b=k, |p|sq =r and (A = neutral implies neutral,(p)).

Proof By induction on |®|. Iftisa —,, normal form —that covers the base case |®| =1,
for which ¢ is necessarily a variable — then by taking p:=1¢ and k:=0 the first state-
ment follows from Proposition 3.4.1, the tight statement follows from the tight indices
and neutrality properties of tight typings of normal forms (Proposition 3.4:2-3).

Otherwise, t —,, u and, by quantitative subject reduction (Proposition 3.6), there is
a derivation ® >4y T F®'y 1 4 such that |®'| < |D|. By i.h., there exists p and &’
such that normal,,(p) and u —>’,§’d p and k' <b—1 and |plss + &' <|D'[44. Just note
that t —,, u _>Z,d p, that is, ¢ —>];;,+1 p, where £ +1<(b— 1)+ 1=5. Therefore
plha + K +1 <[P+ 1=<]|D|.

For the tight statement, we know by the i.A. that &’ =b — 1 so that k:=k"+ 1 veri-
fies k =b. The i.h. also gives |p|sqs =r and (4 =neutral implies neutral,,(p)), which
concludes the proof. O
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3.2 Tight head completeness

Completeness of tight head typings expresses the fact that every head normalising term
has a tight derivation in system Ad. As for correctness, the completeness theorem is always
obtained via three intermediate steps, dual to those for correctness. Essentially, one shows
that every head normal form has a tight derivation and then extends the result to head
normalising terms by pulling typability back through evaluation, using a subject expansion

property.

First step: normal forms are tightly typable. A simple induction on the structure of normal
forms proves the following proposition.

Proposition 3.8 (Normal forms are tightly typable for hd). Let t be such that normaly,(t).
Then

1. Existence: there exists a tight derivation ® op; T’ O lnady - 4.
2. Structure: moreover, if neutral,(t) then A =neutral, and if absy,(t) then A =
abs.

In contrast to the proposition for normal forms of the correctness part (Proposition 3.4),
here there are no auxiliary lemmas, so the property is simpler.

Proof Easy induction on normaly,(¢), see Appendix A.2. O

Second step: anti-substitution lemma. In order to pull typability back along evaluation
sequences, we have to first show that typability can also be pulled back along substitutions.

Lemma 3.9 (Anti-substitution and typings for hd). Let ® 4y T FO)t{xp} : A. Then
there exist

e a multi-set M;
e a typing derivation ®;>py Ty x: M Ot A and
e a typing derivation ®,>q ') o) - M

such that

e Typing context: ' =T, W T,
o Indices: (b,r) = (b, + by, ri +1p);
o Size: |®]| =[P + |D,| — |M].

Proof Easy induction on ®, see Appendix A.2. g

Let us point out that the anti-substitution lemma holds also in the degenerated case in
which x does not occur in ¢ and p is not hd-normalising: rule many can indeed be used to
type any term p with —®%p : [ ] by taking an empty set I of indices for the premisses. Note
also that this is forced by the fact that x ¢ £v(¢), and so I'/(x) = [ ]. Finally, this fact does
not contradict the correctness theorem, because here p is typed with a multi-set, while the
theorem requires a type.
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Third step: quantitative subject expansion. This property guarantees that typability can be
pulled back along evaluation sequences.

Proposition 3.10 (Quantitative subject expansion for hd). Let ®py T'FPp 1 4 be a
derivation. If t —,, p then there exists a typing V such that W >py T’ FOHr s 4 and
V| >|D].

Proof By induction on ¢ —,, p. The only case not following immediately from the i.A.
is the one of reduction at the root of the term, that is when ¢ = (Ax.u)q —, u{x<q} =p.
Assume ® >y ' F®yfxq} : A. By applying the anti-substitution lemma (Lemma 3.9),
we obtain the premisses of the following derivation W:

@, opg Tuyx: MOy 4
T, FoH iy M — 4 Dy opg Ty FO g M
[, W, FOtbatlnctra g uyg « 4

with (b,r) = (b, + by, r,+1ry) and ' =T, W I';. By the same Lemma 3.9 we have |, | +
|®y| — |M|=|®|. Then |¥|=|D,|+ |Dy| +2 > |D,| + |P,| — |M]| =|D|. Note that the
difference between the sizes of W and @ is indeed between 2 and 2 + |M|. O

Summing up. The tight completeness theorem is proved by a straightforward induction on
the evaluation length relying on quantitative subject expansion (Proposition 3.10) for the
inductive case, and the existence of tight typings for normal forms (Proposition 3.8) for
the base case.

Theorem 3.11 (Tight completeness for Ad). Let t —>’;d p with normal (p). Then there
exists a tight typing ® g T &Pt - 4 Moreover, if neutralyy(p) then A = neutral,
and if absy,(p) then A = abs.

Proof By induction on ¢ —>ﬁ 4 P- If k=0 the statement is given by the existence of tight
typings for normal,,; terms (Proposition 3.8), that also provides the moreover part. Let
k>0andt—,, u—k"'p By ih., there exists a tight typing derivation Wr I—iki;ipl”d) u.
By subject expansion (Proposition 3.10) there exists a typing derivation @ of u with
the same types in the ending judgement of W — then & is tight — and with indices

(k, 1plra)- O

4 Leftmost-outermost evaluation

In this section, we slightly modify the system for head evaluation to provide tight bounds
for leftmost-outermost (shortened leftmost in the text and /o in mathematical symbols)
evaluation, the iteration of head evaluation into arguments. Lo evaluation is an important
strategy for two main reasons. First, it is a normalising strategy, that is, it reaches a normal
form, whenever it exists. Second, its number of steps can be taken as a reasonable time
cost model.
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neutralj,(f) normaly(p) neutraly,(?) normaly,(f)

neutraly,(x) neutraly,(tp) normaly,(t) normaly,(Ay.f)

Fig. 5. Leftmost-outermost neutral and normal terms.

t—=, P —abs(f) =, p neutral;(u) ¢—>;,p

(Mx.u)g =, u{x—q} AX.t =, Axp tu —,, pu ut =, up

Fig. 6. Leftmost-outermost strategy.

@xm =0 Paplo=lplo+1  Ipulo = Il + lulio + 1}

Fig. 7. Leftmost size of terms.

The development follows the same lines of the head case. There are however subtle
and important differences. Essentially, the typing system is tweaked, as discussed next,
so that arguments of typed applications are always typed, and the tight hypothesis has to
be added to various properties, that would otherwise not hold. In particular, it has to be
added to subject reduction (and, of course, subject expansion) whose proof then becomes
subtler, because tightness has to somehow spread to sub-derivations, while it is defined as
a property of the final judgement only.

Basic definitions. The predicates normal;, and neutral,, defining normal and neutral
terms are in Figure 5 — note the case neutral,,(fp) which is the one distinguishing the
leftmost case from the head one. As in the head case, the predicates abs, () is true simply
when ¢ is an abstraction. The lefimost-outermost strategy —, is defined in Figure 6 —
note the case ut —;, up.

Proposition 4.1 (Leftmost evaluation system). (A, —,, ,neutral,, normaly,, absy,) is
an evaluation system.

The proof is routine, and it is then omitted also from the Appendix.

Size of normal forms. The notion of leftmost(-outermost) size |¢|;, of a term ¢ is defined in
Figure 7 — the difference with the head size is on applications.

Note that |¢];, counts the number of internal nodes of the syntax tree of . Variable occur-
rences — that are ignored — are the leaves of the syntax tree and thus are at most |¢|;, + 1,
that is, the size of the syntax tree of 7 is bound by 2|#|;, + 1. Therefore, the considerations
about size explosion in the introduction are unaffected by considering |¢|;, rather than the
size of its syntax tree.

The leftmost type system. The typing rules are in Figure 8, where the only difference with
the head case is in rule appﬁ”, that replaces rule appf”: leftmost evaluation enters into argu-
ments and so the added argument p now also has to be typed, and with a tight constant. Note
also a key difference between app/ and app,: in the former the argument p is typed exactly
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K _ ax (Al |_(bi’r'-)l : A[)[e[ \
many

a
. 0,0, .
x:[A]EVx 4 Wies A, FCHietbitieD - 1 4.0,

Ot 4 : tight(N'(x)) T F®)¢:tight
u
I\ xF* Y axt: T(x) > 4 I\ xF®*D)xz: abs

fun,

TE® M —>da4 AR p: M M neutral AFY")p: tight o
7 7 a 7 7 a
k [y AR+, 4 PP 'y A RO+ 400 neutral ppy

Fig. 8. Type system for leftmost evaluation.

once (that is, the type is not a multi-set), because its leftmost normal form p’ appears
exactly once in the leftmost normal form #p’ of p (where ¢’ is the leftmost normal form of
1), while in the latter it can be typed any number of times, depending on the cardinality of
M.

We write >, I G A, to stress that the type derivation is built out of the rules of
the leftmost type system.

As in the head case, the size of a typing derivation |®| is the number of rules in &, not
counting the occurrences of rule many. Here again, |®| gives an upper bound to the sum of
the indices (b, ) on its final judgement: whenever ® >, I' (NG A, wehave b+ r <|®|.

Definition 4.2 (Tight and traditional derivations). 4 derivation ® >, T "¢ : B is tight
if tight(B) and tight(I"). A derivation V is traditional if it is tight-free, i.e. no tight type
occurs in ® (and therefore it does not use rules fun, nor appi" .

Traditional derivations do not really play a role in this section, only in the next one. We
introduce them here because the two sections share the same anti-substitution lemma.

4.1 Tight leftmost correctness

The proof of tight correctness of the type system follows exactly the same structure in
sub-properties than for head evaluation. There are however two relevant differences. The
first one is that without the tight hypothesis there is no bound on the leftmost size of
normal forms — this shall be refined in Section 5. The second one is that quantitative subject
reduction also holds only for tight derivations. Moreover, its proof is subtler and more
involved.

Lemma 4.3 (Tight spreading on neutral terms). Let t be such that neutral,(f) and ® >,
I =%t A be a typing derivation such that tight(T"). Then tight(A4) and the last rule of

D is not appy,.

Note that the lemma assumes neutral;,(f) and not neutral,(f), and this is not a
typo: as neutraly(f) implies neutraly,(f), the lemma is stronger than if stated with
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neutraly, (). The proof of this lemma is the same of that of Lemma 3.3, but for the fact
that app’® replaces app/“.

Proposition 4.4 (Properties of lo typings for normal forms). Let t be such that normal,,(¢),
and ® >, T'Ft: A be a tight type derivation. Then

1. Tight indices: b =0 and r = |t|},. As a consequence |t|;, < |D]|.
2. Neutrality: [f A =neutral then neutral,(?).

Proof The proof follows the same lines of the one for the head case. In particular, it uses
the tight spreading on neutral terms exactly in the same way. See Appendix B.1. g

The substitution lemma also follows the same pattern of the head case.

Lemma 4.5 (Substitution and typings for lo). Let ®, >, A;x: M ¢ - 4 and D,
T FP)p . M. Then there exists a derivation Qippepy >0 TWA O e p) 4
where |y py| = | D/ + |Pp| — IM]|. Moreover, if ®; and ®, are traditional, then @ p,
is traditional too.

Proof See Appendix B.1. O

Leftmost subject reduction. To obtain the quantitative version of subject reduction, for
which the b index decreases of exactly one, we are now forced to add the tight hypothesis.
Basically, when reduction takes place in the argument, tightness ensures that the argument
is typed only once. An example of argument that may go untyped is given by the following
non-tight derivation ®:

— Mman

yi[1- X1 [1-x O[] y
a

yil[1-X1FO%q X PPs

Note that y2 —, v and so the reduct is typed again by the derivation ® and nothing
has changed. Incidentally, this example shows that the type system is not even correct for
—,, termination. We then need a predicate restricting the set of derivations. Tightness is
one such predicate, but in Section 5 we shall see another possible predicate.

Arguments may also be typed more than once. Consider the following non-tight
derivation:

: [X]FO01z: X)),
man
yi[X, X]—> X1FO X, x> Xz X, X012 X, X] Y (1)
a
Vi[X, X]— X,z [X, X]F20)(12) : X PP

Now, y(Iz) —,, yz and the corresponding derivation for yz is

@ [XTHFz: X))
many
y[[X, X1 XTF®Oy X, X]—> X z:[X, X]F®0z: X, X]
a
Vi [[X,X]— X1,z [X, X002 x PPy
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Both sub-derivations inside the many rule have been reduced, and so the first counter on
the final judgement decreases by 2 and not by 1.

In both examples, if the derivation were tight then y would be typed with neutral and
the last application rule would be a ppi", which requires the argument to be typed only once,
avoiding both examples of inaccurate counting.

Adding the tight hypothesis impacts on the proof of subject reduction. The inductive
cases of the proof change, because to apply the i./. on a sub-derivation & one now needs
to show that @ is tight. In fact, since tightness is a global property not necessarily true for
all sub-derivations, the proof actually proves a strengthened statement. Moreover, the last
case relies crucially on the tight spreading on neutral terms (Lemma 4.3).

Proposition 4.6 (Quantitative tight subject reduction for lo). If ® >, ' "¢ : A is tight
and t —,, p then b> 1 and there exists a typing ®' such that &' >, T FC=p - 4 and
|®] > |P'].

Proof We prove the following stronger statement (tightness is decomposed in two
predicates tight(I") and tight(4), and the second is paired together with a further
assumption).

Lett —,, p, @, [ F?t: 4, tight(T), and (tight(4) or ~absy,(?)). Then b > 1 and
there exists a typing &' >, I’ FO=19p - 4 and |®| > |D'].

By induction on ¢ —, p. Cases:

e Rule

(Ax.u)qg —,, ufx<q}

Assume ® >, ' F®)(hx.u)g : A and tight(I"). The derivation ® must end with
rule app,, and the derivation of its premiss for Ax.u must end with fun,. Hence,
there are two derivations ®, >, y;x: M Fy : 4 and D, Ty I-(bq”")q ‘M,
with (b,r)=(b,+b,+1,r,+r,) and I'=T,WI,. Applying the substitution
Lemma 4.5, we obtain &' >, I' FO«tberetayixe g} 4 and |@'] = |, | + || —
M| < [®y] + [Py +2=]D|.
e Rule
u—,q

AX.u =, Ax.q

Assume @y, ' F®)xu : 4 and tight(I"). Since absj,(Ax.u) we must have
hypothesis tight(4). Then, the last rule of ® has to be with fun,, and we must
have a subderivation ®, >, I',x: Tight 7=y, . tight. As tight([',x:Tight)
we can apply the i.A. and get the premiss of the derivation @’ in the following:
@, D,x:Tight FO7 Vg tight
I FO=)x g : abs
We conclude |®| = |®,| + 1 > |P,| + 1 =|P’| thanks to the i.h. |P,| > |D,].
e Rule

—abs, () u—,,q

t=um—;,, qm=p
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Assume @, ' F®ym : 4 and tight(I"). The derivation ® must end with rule
app;, or app’.

In both cases there are derivations @, I, pburiy, A, and P, >,
I, Eémmpy - 4. (4,, may be a multi-set), with ' =", W I,,. Since tight(I") we
have tight(I",), and since —abs;, (1) we can apply the i.A. (even if 4, is not tight)
obtaining the derivation ®, >, I, I—(b”*l”“)q : Ay such that |®,| < |®,|. Now, using
the same rule app,, or appﬁo at the end of ®, we build the following derivation ®':

b, Ty I-(b“_l’r“)q A, D, Ty p=Omrm) g 2 A,
r I—(bfl"')qm i A

that satisfies || = |®y| + [ D] + 1 < [Py + [Py + 1 = |D].
e Rule

neutraly,(m) u—,q

t=mu—;,, mqg=p

Assume @, ') my : 4 and tight(I"). The derivation ® must end with rule
app, or app’r", and therefore there are two derivations ®,, >, '), pmrm) - A,, and
b, T pBuriy, - Ay, for some types 4,, and 4, (4, may be a multi-set), with
I'=T,wTI,. Since tight(I') we have tight(I',) and tight(I",). By the tight
spreading on neutral terms (Lemma 4.3), from tight(I',,) and neutral;,(m) it
follows tight(4,,). Therefore, the last rule of ® must be appf.‘), whence 4,, =4 =
neutral and 4, = tight. Now, the sub-derivation @, is tight (tight(I",) and 4, =
tight) and we can apply the i. /., obtaining the derivation &, >, T, plu=trg . 4,
such that |®,| < |®,|. Now, using the same rule app,, or app’ at the end of ®, we
build the following derivation W:

@, 55 Ty FO™m - 4, b,y Ty I—(bfl’”’)q 1Ay,
r F(b_l’r)mq 1A
that satisfies |W| = |®y| + |Py| + 1 < |D,| + [Dp| + 1 = |D]. 0

Correctness then follows by the same reasoning used for tight head derivations.

Theorem 4.7 (Tight correctness for l0). Let ® v, T' ="t : A be a tight derivation. Then
there exists p such that t —>§’U p, normal,(p), and |p|i, = r. Moreover, if A =neutral then
neutraly,(p).

Proof See Appendix B.1. O

Note that the statement of the correctness theorem is different from the one for head
evaluation (Theorem 3.7), because here nothing is said about derivations that are not tight.
The whole of Section 5 is devoted to the study of such derivations. Let us just sketch
the point. Consider the following derivation that types the argument exactly once, as the
tight derivation would. Consider now the non-tight type 4 = [X] — X and the following
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(non-tight) derivation:

z: [A1Hz: 4 z: [X1Hz: x

——————— Tun un

FOT >4 FOT x> x @)
FOTT: 4 PP

Note that neither 2 is the length of the evaluation to normal form I, nor 0 is the size of this
normal form I. Nonetheless, the derivation has the same structure as the tight one, and it
contains the same basic information. In Section 5, we shall work out how to extract it.

4.2 Tight leftmost completeness

The proof of completeness of tight derivations for leftmost evaluation follows the same
structure of completeness for the head case. There are some differences that are exactly
the same differences between the correctness parts of the two systems. In particular, the
proof of subject expansion is refined along the same lines of the proof of subject reduction.

Proposition 4.8 (Normal forms are tightly typable for lo). Let t be such that normal,(t).
Then

1. Existence: there exists a tight derivation ® >;, T’ pOltio)g - 4.

2. Structure: moreover, if neutral,(f) then A=neutral, and if abs;(t) then
A = abs.

3. Unique size: if V is another tight derivation for t then |®| = |W|.

Proof See Appendix B.2. (]

Lemma 4.9 (Anti-substitution and typings for lo). Let ® &, T' F"t{xp} : A. Then there
exist

o a multi-set M;
e a typing derivation ®, >, T'y;x: M Gt A: and
e a typing derivation ®, >, T, F"p . M

such that
Typing context: ' =T, W '),
Indices: (b, r) = (b; + by, 1 + 7).

Sizes: |®| = |P,| + |D,| — [M].
If @ is traditional, then ®, and ®, are traditional too.

Proof See Appendix B.2. O

The proof of quantitative subject expansion mimicks the elaborated one for subject
reduction: it uses anti-substitution in the base case, it needs a strengthened hypothesis
for the inductive cases, and it makes use of the tight spreading on neutral terms in the last
inductive case. The unsurprising details are in the Appendix.
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Proposition 4.10 (Quantitative tight subject expansion for /o). Let @, I’ FIp 4 be a
tight derivation. If t —, p then there exists a (tight) typing V such that ¥ >, T’ FEFLI:: 4
and |V| > |D]|.

Proof See Appendix B.2. O

Theorem 4.11 (Tight completeness for lo). Lett —>f‘0 p with normal,(p). Then

1. Existence: there exists a tight typing ® >, T F®Plo)r - 4
2. Structure: moreover, if neutral,(p) then A =neutral, and if abs;(p) then
A = abs.

Proof See Appendix B.2. d

5 Leftmost-outermost evaluation and shrinking typings

This section focuses on the leftmost(-outermost) evaluation system and on the relationship
between tight and tight-free — deemed traditional in Definition 4.2 — typings. Contributions
are manyfold:

1. Leftmost normalisation, revisited: we revisit the characterisation of leftmost nor-
malising terms as those typable with shrinking typings, that is, those where the
empty multi-set has no negative occurrences (Krivine, 1993). The insight is that the
shrinking and tight constraints are of a very similar nature, showing that our tech-
nique is natural rather than ad-hoc. Moreover, our notion of shrinking derivation
can also include the tight constants, thus we provide a strict generalisation of the
characterisation in the literature.

2. Proof technique: the technical development follows the schema of the previous
sections and differs considerably by others in the literature. The literature always
relies, necessarily, on shrinking typings. Krivine uses the reducibility technique
(because he deals with idempotent intersection types and cannot use the simpler
size-decreasing technique allowed by multi types) (Krivine, 1993), de Carvalho
also uses the reducibility technique (despite studying multi types) (de Carvalho,
2018), and Kesner and co-authors use the size-decreasing technique and rely on
typed redex occurrences (Kesner & Ventura, 2014; Bucciarelli et al., 2017). We use
the size-decreasing technique and replace typed redex occurrences with a detailed
study of how shrinking typings propagate, based on properties of neutral terms.

3. Unitary shrinking typings: we study a notion of minimal traditional typings, deemed
unitary shrinking, that is a slight variation over principal types or de Carvalho’s
1-typings (de Carvalho, 2018), playing a role akin to that of tight typings in the
absence of the tight constants. The insight here is that tight typings are simply a
device to focalise what traditional types can already observe in a somewhat more
technical way.

4. Type bound: we show that for traditional shrinking derivations, the types in the
last judgement provide a bound on the size of normal forms — with no reference to
the type derivation — and this bound is exact if the typing is unitary shrinking and
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minimal. This is a reformulation of a key point of de Carvalho’s work (de Carvalho,
2018). The insight is then the inherent inadequacy of multi types as a tool for
reliable complexity measures for the leftmost strategy, because of size explosion.

This study is done with respect to leftmost evaluation because among the case studies of
the paper it is the most relevant one for reasonable cost models. It may however be easily
adapted, mutatis mutandis, to the other systems.

Shrinking typings. It is standard to characterise leftmost normalising terms as those
typable with intersection types without negative occurrences of Q2 (Krivine, 1993), or,
those typable with multi types without occurrence of the empty multi-set [ ] (Bucciarelli
et al., 2017). We call this constraint shrinking. To explain it, let’s recall the examples
we considered before tight subject reduction for the leftmost strategy (Proposition 4.6).
Consider the derivation of end sequent:

y:i[[]1—X1F%9q: x 3)

Since yQ is —, -diverging, this derivation has to be excluded somehow. The problem
here is that since y has an erasing type — that is an arrow type with [ ] on the left — then the
diverging subterm 2 does not get typed. Excluding the use of [ ] is too drastic, because the
paradigmatic erasing term Ax.y is normal and can be typed only with:

y:[X] I—(I’O)Ax.y []—=X

The idea is that only some occurrences of [ ] are dangerous. The given examples seem to
suggest that if [ ] occurs on the right side of - is fine, while if it occurs in the typing context
it is not. Things in fact are subtler. Extending example (3) with an abstraction, one obtains
the —,, -diverging term Ay.yS2 and the typing

FAO0pQ  [[1— X]— X

that show that [ ] can be dangerous also on the right. The correct shrinking constraint takes
into account the polarity of the occurrence [ ], which is the number of arrows for which
the occurrence is in the left branch. The types associated to reducing sub-terms are exactly
those of even polarity on the right of - and those of odd polarity on the left of -, which
then must not be [ ].

Shrinking allows to capture termination (Krivine, 1993). Counting exactly the number
of steps, however, requires a slight refinement. Not only all reducing subterms have to be
typed (that is, they cannot be typed with [ ]), but they have to be typed exactly once — this
is the unitary shrinking constraint. Let’s go back to the example (1) of inaccurate counting
of the previous section (p. 22), for instance.

vy [[X, X]1— X1, z: [X, X1 F®Oy1z) : X

Here the redex Iz is typed twice, which can be seen by [X, X] in the type of y, even if it is
not duplicated. A unitary shrinking typing of y(Iz) necessarily has a different end sequent
and types Iz only once:

2 [X1FI01z: X
yiX1—- X1y X1 —x 2 (X012 X
vy [[X]— X1, z: [X]F3O%12) - X

many

appy
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We need some basic notions. We use the notation 7' to denote a (multi)-type, that is, either
atype A or a multi-set of types M.

Definition 5.1 (Positive and negative occurrences). Let T be a (multi)-type. The sets of pos-
itive and negative occurrences of T in a type/multi-set of types/typing context are defined
by mutual induction as follows:

3AB € M such that T € Occ,(B) 3B € M such that T € Occ_(B)
4 €0cc(4) T € 0cc, (M) T € 0cc_(M)

T €0cc_(M)orT e0ccy(4) TeOccy(M)orT elcc_(4)
M &0cc (M) T € 0cc (M — A) T e0cc_ (M — A)

T e0ccy(M)or T e0ccy(I') TeOcc_(M)orT elcc_(I')
T €0ccy(x:M,T) TelOcc_(x:M,T)

Shrinking typings are defined by imposing a condition on the final judgement of the
derivation, similarly to tight typings. It is technically convenient to also define its dual
predicate, being (unitary) co-shrinking.

Definition 5.2 ((Unitary) shrinking typing). Let ® >, I' =" t: A be a typing derivation.

A is shrinking if |M| > 1 for all M € Occ(A), and it is unitary shrinking if [M| =1,
A is co-shrinking if |M| > 1 for all M € Occ_(A), and it is unitary co-shrinking if’

M| =1;
e M is shrinking/co-shrinking/unitary shrinking/unitary co-shrinking if every 4 €
M is;

I" is co-shrinking (resp. unitary co-shrinking) if M is co-shrinking (resp. unitary
co-shrinking) for all type declarations x : M in T';
@ is shrinking (resp. unitary shrinking) if 4 is shrinking (resp. unitary shrinking)
and T is co-shrinking (resp. unitary co-shrinking).

For example, [ ] € Occ_([]— 4), []1€0cc_([[]— 4,A4]) and [[ ] — 4, 4] is shrinking
but not unitary, [ ] € Occ_(x:[[] > 4]),and [] € 0cc([[] > A] > A)and [[] > A] > 4
is unitary co-shrinking.

Note that

e Final judgement: being shrinking is a local condition, which depends only on the
final judgement of a typing derivation, and that

e Tight implies unitary shrinking: a tight typing derivation is always shrinking, and
even unitary shrinking.

In this section, we also have a close look to traditional derivations, that is, derivations
without tight constants, see Definition 4.2 on p. 21.

We shall need a natural property of type occurrences (used in Lemma 5.6).
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Lemma 5.3 (Transitivity of polarities). Let T, U, V be (multi)-types and a, b € {+, —}. If
U €0ccy(T) and V € 0Occy(U) then V € Occsp)(T), where

8+, +) =+ -+ =—-  --)=+  d+-) = -
Proof Easy induction on U € Occ,(T). See Appendix C for details. O

Type sizes. One of our results is that the types appearing in the final judgement of a deriva-
tion bound the size of /o normal forms, for traditional typings, according to the a notion of
type size given next, and independently of the derivation itself. To give an idea, consider
the easily derivable (unitary shrinking) typing

A0y [[X]— X, X]— X 4)

There are 2 arrows in the type (judgement) and the normal form has leftmost size 2.
Of course, one also has to take into account the arrow symbols appearing in the typing
judgement, when present.

Note, however, that types in general only give an upper bound: taking the derivation of
(4) and replacing X with [X] — X produces the derivable (unitary shrinking) judgement

FOO% 0y [[[X] = X] — [X] = X, [X] > X] = [X] > X

which has many more arrows than the size of the term.

Definition 5.4 (Type size). The size #(-) of types, multi-sets, and typing contexts is defined

as follows:
#X):=0 #(tight) :=0
#HM) == 0 #(A) #HM— A) = #M)+#A) + 1
#(e):=0 #: M;T) :=#M)+#T)

Exact measures via unitary shrinking traditional typings. One of the aims of this section is
to show how to exactly measure the number of steps and the size of normal forms without
using tight constants, that is, using traditional derivations only. Essentially, this is done
using unitary shrinking typings. The measurements however are more involved than in the
tight case, as they have to be extracted from other information that can be found in the
typing derivations. In particular, for traditional derivations, the index r is always 0 (it is
only incremented by rules fun, and app’), so that all the information is collapsed on the b
index. The basic ideas are the following:

e The size #(I") + #(4) in a unitary shrinking traditional typing I' F9¢ : 4 provides
the size of the normal form of 7.

o Being unitary shrinking ensures that b decreases by exactly 1 at every —, step (as
in the tight case).

o Then b — #(I') — #(A) gives the exact number of —; steps to normal form.

Things are however slightly more complex than as just described, for the following
reasons:
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1. Unitary shrinking traditional type sizes are lax in general. The first item above is
not really true, only unitary shrinking traditional derivations giving minimal types
do capture exactly the size of normal forms (otherwise they only provide a bound,
as the example above shows). We build such typings in the completeness subsection
(and so in the correctness part there are no exact measures).

2. Sizes mismatch: The third item above is also not really true, because, even when
#(I") + #(A4) does match the size of normal forms, we have that b counts abstrac-
tions, so that we should subtract from it only the number of abstractions in the
normal form (and not the applications). This is done by replacing the size of types
with a polarised size extracting from types the number of abstractions, defined next.

Extracting the number of abstractions from types. Polarity as used for the shrinking pred-
icate is the key concept to isolate the number of abstractions. Re-consider the following
example:

FOO%p a0y [[X]— X, X]— X

Note that arrows of positive polarity (that is, on the left branch of an even number of
abstractions) count abstractions, and arrows of negative polarity count applications. Of
course, things are reversed for types in the typing judgement, as the next example shows:

z: [[[X]—>X,X]—>X]—>XF(1’O)Z(Ay.yy) X

We use |, to denote the number of abstractions in a term. The following refined notion
of size for types shall be used to count the number of abstractions in the normal form.

Definition 5.5 (Polarised type size). The polarised sizes #°(-) and #"(-) of types, multi-sets,
and typing contexts are defined as follows:

#X) =0 #'(tight) = 0

M) = Y, 8@ #M > A4) = #M)+#(4) + 1
#(€) = 0 #H(x:M;T) = #°(M)+#"(I")
#'X) =0 #V(tight) := 0

# (M) = ZAeM#N(A) #H(WM — A4) = # M) +#V(A)
# () =0 #H(x:M;T) = #WM) +#V D)

5.1 Shrinking correctness

Here we show that shrinking typability is preserved by leftmost evaluation and that the
size of shrinking typings decreases along it — hence the name — so that every shrinkingly
typable term is leftmost normalising. Moreover, the b index of unitary shrinking typings
decreases by exactly 1, as for tight typings (for shrinking derivations it may decrease of an
arbitrary positive amount). For the sake of completeness, we also show that typability is
always preserved, but if the typing is not shrinking then its size may not decrease.

Once more, we follow the abstract schema of the other sections, but replacing tight with
(unitary) shrinking.
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We start, as usual, with a spreading property on neutral terms, expressed by the
following lemma.

Lemma 5.6 (Occurrences spreading on neutral terms). Let t be such that neutral, (t) and
&>, ['FP71: A be a typing derivation. Then A is a positive occurrence of T'. Moreover,
if T is co-shrinking (vesp unitary co-shrinking) then A is co-shrinking (resp unitary co-
shrinking).

Proof See Appendix C.1. (I
Two observations:

1. Subsumption of tight spreading. This lemma subsumes the tight spreading on neu-
tral terms (Lemma 3.3). Indeed, if the typing context I is tight, the fact that 4 is a
positive occurrence of I" implies that 4 is tight.

2. Being co-shrinking spreads. Note that in the tight case the corresponding lemma
allows to conclude that the derivation is tight, while here we cannot conclude that
the derivation is shrinking, because it is being co-shrinking that spreads, giving that
A is co-shrinking, while to obtain that ® is shrinking we would instead need that A
is shrinking.

Properties of normal forms. For normal forms, we prove two properties. First, the shrink-
ing hypothesis allows to use type derivations to bound the size of normal forms. Moreover,
the index b provides a bound to the number of abstractions in the normal form.

Similarly to the case of tight subject reduction for system /o (Proposition 4.6), the next
three propositions require a slightly strengthened statement, having as particular case what
we are actually interested in, that is, that the derivation is shrinking.

Proposition 5.7 (Shrinking derivations bound the size of normal forms). Lef normal,,(f)
and ® >, T FPt: 4 be a derivation, and let |® |,y denote the number of axiom rules
in ®.

1. IfT is co-shrinking and (A is shrinking or t is not an abstraction) then |t|;, < |®| —
|®|ax. Moreover, if © is traditional then |t|, <b.

2. If T is unitary co-shrinking and (A is unitary shrinking or t is not an abstraction)
then |t);, = |®| — |D@|ax. Moreover, if ® is traditional then |t|; = b.

Proof By induction on ¢. Note that neutral;, implies normal;, and so we can apply the
i.h. when neutral;, holds on some subterm of z. See Appendix C.1. (]

The second property of normal forms is relative to traditional derivations, for which
(size of) the types in the final judgement — rather than the type derivation — bound the size
of the normal form. Moreover, the index b is bound by the polarised sizes of such types.
As in the previous sections, neutral terms play a key role, showing that our isolation of
the relevance of neutral terms for characterisation via multi types is not specific to tight

types.
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Proposition 5.8 (Traditional types bounds the size of neutral and normal terms). Let ® >,
I' & t: A be a traditional derivation such that T is co-shrinking. Then

1. ifneutral;,(f) then #(A) + |t];, < #(T') and #"¥(A) + b <#V(I);
2. ifnormaly,(t) and A is shrinking then |t|;, < #(I') +#(A) and b <#V (") + #7(4).

Proof See Appendix C.1. O

The substitution lemma for the /o system has already been proved in Section 3
(Lemma 4.5).

As usual, shrinking correctness is based on a subject reduction property. Note that for
unitary shrinking derivations b decreases by exactly 1.

Proposition 5.9 (Shrinking subject reduction). Let ® >, I'H"t: A Ift —, pthenb> 1
and there exists WV such that ¥ >, T’ I—(b,”')p:A with b’ < b and |V| < |®|. Moreover, ®
traditional implies V traditional, and if ® is shrinking (resp. unitary shrinking) then b’ < b
(resp. b’ =b—1) and |¥V| < |D|.

Proof See Appendix C.1. O

Note that a leftmost diverging term like x(§8) is typable in system /o by assigning to x the
type [ ] — X and typing 68 with [ ], and that its type is preserved by leftmost evaluation,
by Proposition 5.9. Note however that the resulting judgement is not shrinking — only
shrinkingly typable terms are leftmost normalising, in fact.

Theorem 5.10 (Shrinking correctness). Let ® >, I' "t : 4 be a shrinking derivation.
Then there exists p such that normal,,(p) and k < b such that

1. Steps: t —,, -evaluates to p in k steps, i.e. t —>f‘0 p;
2. Size bound: |pl, +k < |®|;

Moreover, if ® is traditional then |p|;, < #(I') +#(4) and |p|;, <#"() + #°(4), and if ®
is also unitary shrinking then |p|, =b — k.

Proof See Appendix C.1. 0

Note that when @ is unitary shrinking it does not follow that |p|;,, =#(I") + #(4) and
Ipl,, =#V(I') + #°(4). The equalities indeed hold only if additionally the types in the
last judgement of & are minimal. Such minimal derivations are built in the proof of
Proposition 5.11.

5.2 Shrinking completeness

The proof of completeness for shrinking typings also follows, mutatis mutandis, the usual
schema. Normal forms and anti-substitution have already been treated (Proposition 3.8 and
Lemma 3.9). Again, however, we repeat the study of (the existence of typings for) leftmost
normal forms focussing now on traditional typings and on the bound provided by types.
Their study is yet another instance of spreading on (leftmost) neutral terms, in this case of
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the size bound provided by types: for neutral terms the size of the typing context I" allows
bounding both the size of the term and the size of its type, which is stronger than what
happens for general leftmost normal terms.

One of the key point of the following proposition is that its proofs builds typing
judgements having types of minimal size, refining Proposition 5.8.

Proposition 5.11 (Neutral and normal terms have minimal traditional shrinking typings).

1. Ifneutral,,(?) then for every unitary co-shrinking type A there exists a traditional
derivation ® >, T H®Ot: A such that T is unitary co-shrinking, #(A) + |t|;, =
#T), and #V(A) + b =#"(I).

2. If normal,(t) then there exists a traditional unitary shrinking derivation ® >,
T O ¢: 4 such that |t];, = #(T) + #(A) and b =#"(T') + #°(A).

Proof By mutual induction on neutraly,(¢) and normal,(¢). Point 1 is along the lines of
the case of Proposition 5.8. Here we only show the proof of Point 2; see Appendix C.2 for
the full proof. Cases of normal,,(f):

1. neutral; (). By i.h. (point 1), for every unitary co-shrinking type A4 there exists
a traditional typing ® >, I' =9 ¢: 4 such that I is unitary co-shrinking. It is then
enough to pick 4 := X, that is both unitary shrinking and unitary co-shrinking, so
that @ is unitary shrinking, #(4) = 0, and the statement trivially holds, because then
|tl10 =#(A) + |t]1o =in #(T) =#T") + #(4). Moreover, #°(4) =#"(4) =0, so that
by i.h. #¥(4) + b = #"(I"), which is equivalent to b = #V(I") + #°(4), as required.

2. Abstraction, i.e. t = Ay.p and normal;,(p). By i.A. (point 2), there exists a unitary
shrinking traditional typing @, >, [', F%9 p: B with |p|,, = #(T'),) + #(B).

Then let y : M (M possibly [ ]) the declaration of y in I', and set I" be I, without
y: M. Then let ® be the derivation

&, y: M; T O p: B
IO+ %y n: M — B

which is traditional and unitary shrinking because ®, is. We have

fun,

[Aple = Iplo+1

H(I) + #M) +#B) + 1
#T) +#M — B)

and
by+1 =i #'@:M;T)+#(B)+1
= #O)+#"WM)+#B)+1

#N(T) + #'(M — B)

O

The last bit is a subject expansion property. Note in particular that since B-redexes are
typed using traditional rules, the expansion preserves traditional typings.
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Proposition 5.12 (Shrinking subject expansion). Ift —, p and ®>;, I'F®) p: A then
there exists W such that W, T =¥ t: A with ¥ > b. Moreover, if © is shrinking (resp.
unitary shrinking) then b > b+ 1 (resp. b’ = b+ 1) and |V| > |®|, and if ® is traditional
then V is traditional.

Proof The proof is along the lines of the one for shrinking subject reduction, requiring
the same kind of strengthened statement, see Appendix C.2. O

The completeness theorem then follows. We are finally able to measure exactly and sep-
arately both the number of steps and the size of the leftmost normal form via a traditional
unitary shrinking derivation.

Theorem 5.13 (Shrinking completeness). Let ¢ —>§‘0 p with p such that normal,,(p). Then
there exists a traditional unitary shrinking typing ® v, T'H®Yt: A4 such that k=5b —
#Y(I) = #°(A) and |plio = #(T) + #(A).

Proof See Appendix C.2. O

Minimality. The minimality (with respect to size) of both tight and unitary shrinking
derivations is implicitly contained in the statement of Proposition 5.7. For shrinking deriva-
tions, one has |z];, < |®| — |®|ax and the equality holds exactly when the derivation is tight
or unitary shrinking. The part about axioms is harmless: it is easily seen that for tight and
unitary shrinking derivations the number of axioms is exactly the number of variable occur-
rences in the term (and so they all have the same size), and for shrinking derivations it is
greater or equal to such number.

It is expected that the result holds more generally for all tight and unitary shrink-
ing derivations, not just those for normal terms. Proving it, however, requires an (even
more) involved study. Intuition tells that minimality can be pulled back to all typable
terms via subject expansion. The problem is that subject expansion is formulated as an
existential property (there exists a derivation...) and establishing minimality requires to
compare the obtained expanded derivation with all the derivations for the expanded term,
that may bear no similarity with the derivation in the hypothesis of subject expansion.
A possible approach is to formalise subject reduction and expansion as operations over
derivations (and not as existential properties). The precise definition of these operations is
however very technical, because they can rewrite multi-sets of sub-derivations at once, if
the rewriting step takes place in some arguments (in the term).

We estimated that the technical effort is not worth the minor additional result, given that
this paper already has its good amount of technical material.

Type bounds and relational denotational semantics. The fact that for traditional typings
the types in the final judgements provide a bound on the size of the normal form is a strong
property. It is in particular the starting point for de Carvalho’s transfer of the study of
bounds to the relational semantics of terms (de Carvalho, 2007, 2018) — a term is inter-
preted as the set of its possible typings (thus including the typing context), that is a notion
independent of the typing derivations themselves.
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As we said in the introduction, multi types can be seen as a syntactic presentation
of relational denotational semantics, which is the model obtained by interpreting the A-
calculus into the relational model of linear logic (Girard, 1988; Bucciarelli & Ehrhard,
2001; de Carvalho, 2007, 2016), often considered as a canonical model.

The idea is that the interpretation (or semantics) of a term is simply the set of its
types, together with their typing contexts. More precisely, let ¢ be a term and x,...,x,
(with n > 0) be pairwise distinct variables. If £v(¢) C {xi,...,x,}, we say that the list
X=(x1,...,x%,) is suitable for t. If X=(xi,...,x,) is suitable for 7, the (relational)
semantics of t for X is

[Tz :={((My,...,M,),A) | TPy x1: My, ...,x,: M, & ¢+ 4 such that ® is shrinking} .

By subject reduction and expansion, the interpretation [¢]; is an invariant of evaluation,
and by correctness and completeness it is non-empty if and only if # is leftmost normalis-
able. Said differently, shrinking multi typing judgements provide an adequate denotational
model with respect to the leftmost strategy. If the interpretation is restricted to traditional
typing derivations, then it coincides with the one in the relational model in the literature.
General derivations still provide a relational model, but a slightly different one, with the
two new types abs and neutral, whose categorical semantics still has to be studied.

6 Extensions

In the rest of the paper, we are going to further explore the properties of the tight approach
to multi types along two independent axes:

1. Maximal evaluation. We adapt the tight methodology to the case of maximal evalu-
ation, which relates to strong normalisation in that the maximal evaluation strategy
terminates only if the term being evaluated is strongly normalising. This case is a
simplification of Bernadet & Graham-Lengrand (2013a) that can be directly related
to the head and leftmost evaluation cases. It is in fact very close to leftmost eval-
uation but for the fact that, during evaluation, typing contexts are not necessarily
preserved and the size of the terms being erased has to be taken into account. The
statements of the properties have to be adapted accordingly.

2. Linear head evaluation. We reconsider head evaluation in the linear substitution
calculus obtaining exact bounds on the number of steps and on the size of normal
forms. The surprise here is that the type system is essentially unchanged and that
it is enough to count also axiom rules (that are ignored for head evaluation in the
A-calculus) in order to exactly bound also the number of linear substitution steps.

Let us stress that these two variations on a theme can be read independently.

7 Maximal evaluation

In this section, we consider the maximal strategy, which gives the longest evaluation
sequence from any strongly normalising term to its normal form. The maximal evaluation
strategy is perpetual in that, if a term ¢ has a diverging evaluation path then the maximal
strategy diverges on ¢. Therefore, its termination subsumes the termination of any other
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strategy, which is why it is often used to reason about strong normalisation property (van
Raamsdonk et al., 1999).

Strong normalisation and erasing steps. It is well-known that in the framework of relevant
(i.e. without weakening) multi types it is technically harder to deal with strong normali-
sation (all evaluations terminate) — which is equivalent to the termination of the maximal
strategy — than with weak normalisation (there exists a terminating evaluation) — which is
equivalent to the termination of the leftmost strategy. The reason is that one has to ensure
that all subterms that are erased along any evaluation are themselves strongly normalising.
The simple proof technique that we used in the previous section does not scale up — in
general — to strong normalisation (or to the maximal strategy), because subject reduction
breaks for erasing steps, as they change the final typing judgement. Of course the same is
true for subject expansion. There are at least three ways of circumventing this problem:

1. Memory. To add a memory constructor, as in Klop’s calculus (Klop, 1980), that
records the erased terms and allows evaluation inside the memory, so that diverging
subterms are preserved. Subject reduction then is recovered.

2. Subsumption/weakening. Adding a simple form of sub-typing, that allows stabil-
ising the final typing judgement in the case of an erasing step, or more generally,
adding a strong form of weakening, that essentially removes the empty multi type.

3. Big-step subject reduction: Abandon the preservation of the typing judgement in
the erasing cases, and rely on a more involved big-step subject reduction property
relating the term directly to its normal form, stating in particular that the normal
form is typable, potentially by a different type.

Surprisingly, the tight characterisation of the maximal strategy that we are going to
develop does not need any of these workarounds: in the case of tight typings subject reduc-
tion for the maximal strategy holds, and the simple proof technique used before adapts
smoothly. To be precise, an evaluation step may still change the final typing judgement,
but the key point is that the judgement stays tight. Morally, we are employing a form of
subsumption of tight contexts, but an extremely light one, that in particular does not require
a sub-typing relation. We believe that this is a remarkable feature of tight multi types.

Maximal evaluation and predicates. The maximal strategy shares with leftmost evalua-
tion the predicates neutral,,, normal,, absj,, and the notion of term size |¢#|;,, which
we respectively write neutral,,,,, normal,, .., abs,.x, and |f|,,... We actually define, in
Figure 9, a version of the maximal strategy, denoted —r>max , that is indexed by an integer
r representing the size of what is erased by the evaluation step. We define the transitive

p
closure of —, . as follows:

1 2k ok
=P P max U t =P

0 0 ri+r rox
t—=> t—)l;;:; u E=max P

Proposition 7.1 (max evaluation system). (A, — neutral,,,, normal,, ., abs,.y) is

an evaluation system.

max >
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x € fv(u) x¢ fv(u) normal,.(q) x¢fv(u) t 5

max p
0 191 max r
(Ax.u)q =, U{X—q} Ax.u)g — Axu)t =, (Ax.u)p
t —r>maxp —absy,(f) ¢ —r>mwcp neutral,(u) ¢ —r>mwcp
Ax.t —r>max AX.p tu —r>max pu ut —r>max up

Fig. 9. Maximal strategy.

Typing rules {ax, fun,, fun,, app,, app/} in Figure 8 plus

171>0 (A"t 4 AR 4
BTN many.. . N
HJZ'EIAZ' |_(+161b1ﬂ+161r1)l : [Ai]iel 0 A |_([7J‘)t . []

one

Fig. 10. Type system for maximal evaluation.

Also in this case the proof is routine.

Multi types. Multi types are defined exactly as in Section 3. The type system max for
max-evaluation is defined in Figure 10. Rules many_, and none (which is a special 0-ary
version of many), are both used to prevent an argument p in rule app, to be untyped: either
it is typed by means of rule many_, — and thus it is typed with at least one type — or it is
typed by means of rule none — and thus it is typed with exactly one type: the type itself
is then forgotten, but requiring the premiss to have a type forces the term to be — .
normalising. The fact that arguments are always typed, even those that are erased during
reduction, is essential to guarantee strong normalisation: system max cannot type anymore
a term like x€2.

The next lemma expresses the relevance property of system max, that distinguishes it
from the head and leftmost cases, and that can be proved by a straightforward induction
on ®.

Lemma 7.2 (Relevance). Let ® e It : A. Then x € £v(1) if and only if x € dom(T").

The size |®| of a typing derivation & is naturally adapted to system max, counting
all rule applications in ®, except those of rules many., and none. And again if ® >,
I Athen b +r < |®|.

Similarly to the head and leftmost cases, the quantitative information in typing deriva-
tions is used to characterise evaluation lengths and sizes of normal forms, as captured by
the correctness and completeness theorems that we now present.

7.1 Tight correctness

The correctness theorem is proved following the same schema used for head and leftmost
evaluations. Most proofs are similar, and are therefore omitted.
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We start with the properties of typed normal forms. The proof of the tight spreading
on neutral terms (Lemma 4.3) also applies to typing system max, providing the following
lemma.

Lemma 7.3 (Tight spreading on neutral terms for max). If neutral,(f) and ® v,
T ¢ A such that tight(T), then tight(4) and the last rule of ® is not appy.

The general properties of typed normal forms hold as well, using the same notion of
tightness as in Definition 3.2.

Proposition 7.4 (Properties of typings for normal forms). Given ® spq I' 1 2 A4 with
normal,,,(?),

1. Size bound: |t| < |D].
2. Tight indices: if ® is tight then b= 0 and r = |t].
3. Neutrality: if A =neutral then neutral,, (7).

Proof See Appendix D.1. O

We now turn to the typing derivations of terms that are not necessarily in normal form.
The case of maximal evaluation starts differing from head and leftmost evaluations: indeed,
rule none is not used in tight derivations of normal forms but must be used to type terms
that are erased by reduction. If the types of such terms are left unconstrained, then precision
is lost regarding the quantitative information that typing derivations contain about erasable
terms. For maximal evaluation we must therefore strengthen the notion of tightness for
typing derivations, which becomes a global condition because it is no longer a property of
the final judgment only:

Definition 7.5 (Max-tight derivations). 4 derivation ® g I' F?t 1 B is garbage-tight
if in every instance of rule (none) in ® we have tight(A). It is max-tight if also ® is tight,
in the sense of Definition 3.2.

Then we can type substitutions:

Lemma 7.6 (Substitution and typings for max). Let M #[ ], ®;omax A;x: M Ot 4,
and Opvpe T I—(b’r)p : M. Then there exists a derivation @ p)>max
TwA FOH e py © A where | @y p| = D]+ |D,y| — [M|. Moreover if ®,
and ®, are garbage-tight, then 5o is ).

Note that the substitution lemma differs in two points with respect to the those for the
head and leftmost cases (Lemmas 3.5 and 4.5):

1. Relevance: we assume that the multi-set M is not empty, so that the typing hypoth-
esis for p is derived with rule many_ , rather than none. Note that indeed meta-level
substitution is used in the definition of 7 =, p only when the substituted variable
x does occur, that by relevance (Lemma 7.2), corresponds to having x assigned to a
non-empty multi-set M in the type context typing the body of the abstraction.
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2. Garbage-tightness: the substitution lemma has to ensure that garbage-tightness is
preserved. This has no analogous on the head and leftmost cases because their
notions of tightness only concern the final judgement, while here tightness has also
an internal component, given precisely by garbage-tightness.

Nonetheless, the proof of the substitution lemma follows exactly the same schemas in the
head and leftmost cases, and is therefore omitted.

Subject reduction. The statement of the subject reduction property here slightly differs
from the corresponding ones for the head and leftmost cases. Indeed, if # <>, p then
the typing environment I" for term ¢ is not necessarily preserved when typing p, because
the evaluation step may erase a subterm of ¢. Consider for instance term ¢ = (Ax.x")(3y).
In any max-typing derivation of ¢, the typing context must declare y with an appropriate
type that ensures that, when applying a well-typed substitution to ¢, the resulting term is
still normalising for — ... For instance, the context should declare y: [[4] — 4, 4], or

even y : [neutral] if the typing derivation for ¢ is max-tight. However, as ¢ —1>mY X, the
typing derivation for x’” will clearly have a typing environment I’ that maps y to [ ]. Hence,
the subject reduction property has to take into account the change of typing context, as
shown next. In what follows we write I' T I'’ if ['(x) C I'/(x) for every variable x, where C
denotes multi-set inclusion.

Proposition 7.7 (Quantitative tight subject reduction for max). If ® opee [ FO7t: A is
max-tight and t i),,m D, then there exist T C T and an max-tight typing V such that
e TVFCY =0 4 and | @ > |W).

Proof As for the leftmost case (Proposition 4.6) we need to strengthen the statement, as
follows:

Let t 5 . p, ®opee T F®t 0 4 is garbage-tight, tight(I'), and (tight(4) or
—abs,q:(f)). Then there exist I'" and a garbage-tight typing W o, T" F?71""9p : 4 such
that tight(I").

We give here the two interesting cases of evaluation at top level: the non-erasing one,
that requires the strengthen substitution lemma, and the erasing one, that modifies the type
context. The full proof is in Appendix D.1.

e Non-erasing top-level step:

x € fv(u)

(Ax.u)q ﬁ’max u{x<q}

Assume D oy [ FO)(Oxa)g : A is garbage-tight and tight(I"). The derivation
® must end with rule app,, the derivation of its premiss for Ax.u must end with
fun,. Hence, there are two garbage-tight derivations @, >, Ty x: M pGuriy, - 4
and @, >pe T, F27p o M, with (b, 7) = (b, + by + 1,7, +r,) and T =T, W T,.
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Moreover, by hypothesis x € fv(u), and so M #[] by relevance (Lemma 7.2).
Then, the substitution lemma (Lemma 7.6) gives a garbage-tight derivation W .,
[ FCctbertrdy(ye gy o A such that |W|=|d,|+|d,| — M| <|d,|+ |D,] +
2=1d|.

e Erasing top-level step:

x ¢ fv(u) normal,.(q)

19max

Axu)g —— s U

Assume D oo IFOIOxau)g : A is garbage-tight and tight(I"). The derivation &
must end with rule app,, and the derivation of its premiss for (Ax.u) must end with
fun,. Moreover, since x ¢ £v(u), then by relevance (Lemma 7.2) the derivation of
its premiss ¢ must end with rule none:

@y pax Ty FO™u s 4 Dy omar Ty FP9g 1 4,

funy none
I, o)y [1— 4 r, Flarag - ]

r,wry, pCutbg Lt G x 1)g - A

with (b,7)= (b, + by + 1,7, +7r,)and ' =T, W T,. Since ® is garbage-tight, then
', is tight and 4, must be tight, and since normal,,.(¢), we can apply the tight
indices property of normal forms (Proposition 7.4) and obtain (b, 74) = (0, |qmax),
so that (b,,7,) =(b— 1,7 — |qlmax). Since tight(I', WI,) we have tight(I,),
so @, is the desired garbage-tight derivation. Moreover, |®,| < |®D,|+ |D,] +
2=|®|. d

appy

Correctness theorem. Now the correctness theorem easily follows. It differs from the
corresponding theorem in Section 3.1 in that the second index in the max-tight typing
judgement does not only measure the size of the normal form but also the sizes of all the
terms erased during evaluation (and necessarily in normal form).

Theorem 7.8 (Tight correctness for max-evaluation). Let @ >y, T O 4 be a max-
tight derivation. Then there is an integer e and a term p such that normal,.(p), t =2 p
and |plmax + € = r. Moreover, if A =neutral then neutral,, ,.(p).

Proof See Appendix D.1. g

On removing the measure of erased terms. It is possible to slightly modify the definition
of system max so that the second counter r is exactly the size |p|,.x of the normal form.
Simply, one needs to modify the none rule as follows:

AFOD;: 4

n 0
ARt ]

one

Indeed, by setting the second counter to 0, rule none® ignores the size of erasable
arguments.

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 41

7.2 Tight completeness

Completeness is again similar to completeness in the head and leftmost cases, and dif-
fers from them in the same way as correctness differs from their correctness. Namely,
the second index in the completeness theorem also accounts for the size of erased terms,
and the appendix provides the proof of the subject expansion property. The completeness
statement follows.

Proposition 7.9 (Normal forms are tightly typable in max). Let t be such that
normal,,, (). Then

1. Existence: there exists a max-tight derivation ® >, T’ pOltlmar)y - 4.
2. Structure: Moreover, if neutral,,(f) then A =neutral, and if abs,,(t) then
A = abs.

Lemma 7.10 (Anti-substitution and typings for max). If ® ope T FO)t{xp} : 4 and
x € £v(?), then there exist

o a multi-set M different from [ ],
e a typing derivation ®; >y T x: M Ot 2 A and
o a typing derivation ®, >y T o) - M

such that

o Typing context: I' =, W T,
o Indices: (b,r)=(b;+ by, 1 +1p);
o Sizes: |®| = |D;| + |D,| — |M].

Moreover, if ® is garbage-tight then so are ®; and ®,.

Proposition 7.11 (Quantitative tight subject expansion for max). If ® spex I' F®p : 4
is max-tight and t —e>max D, then there exist ' JT and a max-tight typing V such that
W [ FCTY 0 4 and | D] < W], Wby T/ OOt A and | @] < |W).

Proof See Appendix D.2. (]

Theorem 7.12 (Tight completeness for max). If t ﬁ>’,‘,mx p with normal,,..(p), then there
exists an max-tight typing ® e I FEPImatOs - 4 Moreover, if neutral, .(p) then
A =neutral, and if abs,,(p) then A = abs.

Proof See Appendix D.2. ([

8 Linear head evaluation

In this section, we consider the linear version of the head evaluation system, where /inear
comes from the linear substitution calculus (LSC), a formalism that is a subtle reformu-
lation of Milner’s calculus with explicit substitutions (Milner, 2007; Kesner & Conchuir,
2008), which is inspired from the structural lambda-calculus (Accattoli & Kesner, 2010).
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The linear substitution calculus has all the good properties one expect from a calculus
with explicit substitutions, inherited from those of Milner’s calculus (Kesner & Conchuiir,
2008). It also has properties that no other calculus with explicit substitutions has, such as
a residual system and a theory of standardisation (Accattoli et al., 2014).

Concretely, the LSC is a refinement of the A-calculus where the language is extended
with an explicit substitution constructor ¢[x\p], and linear substitution is a micro-step
rewriting rule replacing one occurrence at a time — therefore, /inear does not mean that
variables have at most one occurrence, only that their occurrences are replaced one by one.
Linear head evaluation — first studied in Mascari & Pedicini (1994) and Danos & Regnier
(2004) — admits various presentations. The one in the LSC adopted here is the simplest one
and has been introduced in Accattoli (2012).

The insight here is that switching from head to linear head, and from the A-calculus to
the LSC only requires counting ax rules for the size of typings and the head variable for
the size of terms — the type system, in particular is the same. The correspondence between
the two system is spelled out in the last subsection of this part. Of course, switching to the
LSC some details have to be adapted: a further index traces linear substitution steps, there
is a new typing rule to type the new explicit substitution constructor, and the proof schema
slightly changes, as the (anti-)substitution lemma is replaced by a linear (anti-)substitution
one — these are unavoidable and yet inessential modifications.

Thus, the main point of this section is to split the complexity measure among the multi-
plicative steps (beta steps) and the exponential ones (substitutions). Moreover, linear logic
proof nets are known to simulate the A-calculus, and LSC is known to be isomorphic to the
proof-nets used in the simulation (Accattoli, 2018b). Therefore, the results of this section
directly apply to those proof nets.

Explicit substitutions. We start by introducing the syntax of our language, which is given
by the following set A5, of terms, where #[x\p] is a new constructor called explicit
substitution (shortened ES), that is equivalent to let x =p in :

LSC TERMS t,p = x|ix.t|tp|t[x\p]

The notion of free variable is defined as expected, in particular, fv(¢[x\p]) := (£v(¢) \
{x}) U Lv(p). (List of) substitutions and linear head contexts are given by the following
grammars:

(LIST OF) SUBSTITUTION CONTEXTS L = ()| L[x\7]
LINEAR HEAD CONTEXTS H = ()| x.H|Ht|H[x\f]

We write L(t) (resp. H(t)) for the term obtained by replacing the hole (-) in context L
(resp. H) by the term ¢. This plugging operation, as usual with contexts, can capture vari-
ables. We write H ((t)) when we want to stress that the context A does not capture the free
variables of 7.

Normal, neutral, and abs predicates. The predicate normaly,; defining linear head normal
terms and neutraly,,; defining linear head neutral terms are introduced in Figure 11. They
are a bit more involved than before, because switching to the micro-step granularity of the
LSC the study of normal forms requires a finer analysis. The predicates are now based on
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/ LINEAR HEAD ABSTRACTIONS \

absya(f)
absya(Ax.r)  absya(f[x\p])
LINEAR HEAD NORMAL FORMS
neutraly, (1) y#x neutralj,,(f)
———  lhnvar —— lhnapp lhnsubx
neutralj, ,(x) neutralj, () neutraly, ,(1[y\p])
neutraly, ;(f) y#x mnormaly, (1) y#x mnormaly, (1)
- lhnno B lhnolamx B lhnosubx
normaly, ;(?) normaly, ,(Ay.t) normaly, ,(1[y\p])
normalj, (1) normal?h 4 normal?h 4
—— lhnolamx ———— lhnolam ————__ lhnosub
normalj, ,(Ax.f) normaly, ;(Ax.f) normaly, ,([y\p])
neutraly, ,(7) normaly, ,(f) normal}#h (D
—— 1hnx ——  lhnox —— 1hno
neutralyg(f) normaljy(t) normalj ()

Fig. 11. Linear head neutral and normal forms.

Ihdy Ihde
L{Ax.tyu — .z L{t[x\u]) H{x) [x\t] = g H{EN [x\1]
t—p o u —abspa(t) t—p u t#H{x) t—,,u
— M hay M hdg 2 Ind
AXE —> g AXU 1V —> g UV \v] = g ulx\v]

Fig. 12. Linear-head strategy.

three auxiliary predicates neutral}, , normal}, ,, and normal’, ,: the first two characterise
neutral and normal terms whose head variable x is free, the third instead characterises
normal forms whose head variable is bound. Note also that the abstraction predicate abs;;y
is now defined modulo ES, that is, a term such as (Ax.t)[z\p][y\u] satisfies the predicate. It
is worth noticing that a term ¢ of the form H{y)) does not necessarily verify normal; (7),
e.g. (Az.(yx)[x\y])p, because it has a multiplicative redex (defined next). Examples of linear
head normal forms are Ax.xy and (yx)[x\z]({]).

Micro-step semantics. Linear head evaluation is often specified by means of a non-
deterministic strategy having the diamond property (Accattoli, 2012). Here, however, we
present a minor deterministic variant, in order to follow the general schema presented in
the introduction. The deterministic notion of linear head evaluation /Ad is in Figure 12. An
example of — 4-sequence is

(Az.c)x\VDP)DAW] = g CO)X\WVI2\PIDAW] = g
OWI\PIDAW] =y ()X \Y][2\p][\W]
From now on, we split the evaluation relation — 4 in two relations, multiplicative —
and exponential —, evaluation, where —  (resp. — . ) is generated by the base case
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IXlma =1 |AX.tipa = tlma + 1
[tulima = 1tma + 1 1t0X\ulliha = 1tlna

Fig. 13. Head linear size of terms.

(lhdy,) (resp. (Ihd,)) and closed by the three rules (lhd)), (Ihdg), (Ihd;). The terminology
multiplicative and exponential comes from the linear logic interpretation of the LSC. The
literature contains also an alternative terminology, using B at a distance for — (or
distant B, where B is a common name for the variant of 8 introducing an ES instead of
using meta-level substitution) and /inear substitution for — .

Proposition 8.1 (linear head evaluation system).
(A1se, = ihd, neutraly,,, normal,, absyy) is an evaluation system.

Proof In the linear case, the proof is subtler than for the head, LO, and maximal cases. It
is in Appendix E. O

Size of normal forms. In Figure 13, the notion of linear head size |t|;,s extends the head
size to terms with ES by counting 1 for variables — note that ES do not contribute to the
linear head size. One way to understand why ES do not count for |¢|;,4 is having in mind the
cost of recognizing a linear head normal form. In contrast to the previous cases, however,
here one has to consider terms represented as proof nets, or, equivalently, a pointer-based
representation of variables. In these cases, in the representation of #[x\p] the topmost con-
structor of ¢ and the ES [x\p] are not next to each other, and there might not even be a path
between the two. To check whether ¢ is linear head normal then amounts to go through the
left branch of the syntax tree, as for the head case, and once arrived on the head variable,
verifying that the variable does not point to an ES (that is, it points to an abstraction or
nowhere, if it is a free variable).

Multi types. We consider the same multi types of Section 3, but now typing judgements
are of the form I' F®¢"¢ : 4, where (b, e, r) is a triple of integers whose intended meaning
is explained in the next paragraph. The typing system /id is defined in Figure 14. By abuse
of notation, we use for all the typing rules — except ES which is a new rule — the same
names used for Ad. As in the case of id and /o, there is an alternative way to specify the
functional rules, which is also applicable now to rule ES. These formulations are often used
in the technical proofs, they look as follows:
x: Mt 4 I';x:Tight H®)¢: tight

[ pCrLerMr=IMD) - M — A fums [ ety s - abs furr

Dyx: Mt 4 A ROy
FwA |_(b+b’,e+e'+|M\,r+r’—\M\)t[x\u] 4 ES

As in the head and leftmost case, the size of a typing derivation |®| is the number of
rules in @, not counting the occurrences of rule many.
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/ - ax (A O s 4y \
many

0,0,1) a
x:[A]F x: A4 Wies A; FCHietbitenticry . 140,

P ey« 4 o wight(T) RO vighe
I\ x |_(b+1,e+\F(x)|,r—\F(x)|)Ax.t T(x)— 4 un '\ x F(b’e’r+l)kx.t : abs il
CE®eD v s 4 A |_(b’,e’,/)p M I ¢ neutral i
app, appy

I'Wier A; |‘(b+b,’e+e/”+r/)tp | I e+ D g, - neutral

r &N 4 Ay, I'(x)
\ C\x)&A |_(b+b’,e+e/+|l'(x)\,r+r’*\F(X)Dt[x\u] ‘A ES /

Fig. 14. Type system for linear head evaluation.

Indices. The roles of the three components of (b, e, 7) in a typing derivation I' ¢t : 4
can be described as follows:

e b and multiplicative steps. Similarly to the head case, b is supposed to bound the
number of multiplicative redexes, i.e. the number of subterms of the form L{Ax.t)u
that are reduced during an evaluation to normal form.

e e and exponential steps. The index e is supposed to bound the number of exponential
redexes, i.e. subterms of the form H {(x))[x\¢] that are reduced during an evaluation
to normal form. Note that e is incremented by axioms, and thus it counts the number
of times an axioms is replaced by an exponential step. The ES typing rule does not
change the index because a single ES can be involved in many exponential steps
along an evaluation sequence.

e 1 and size of the result. r counts the rules typing variables, abstractions, and appli-
cations (i.e. ax, fun, and app”) that cannot be consumed by /Ad evaluation, so that
they appear in the linear head normal form of a term. Note that the ES constructor
is not considered the part of the head of terms.

Note also that the typing rules assume that variable occurrences (corresponding to ax
rules) end up in the result, by having the third index set to 1. When a variable x becomes
bound by an ES (rule ES) or by an abstraction destined to be applied (fun,), the number of
uses of x, expressed by the multiplicity of the multi-set M typing it, is subtracted from the
size of the result, because those uses of x correspond to the times that it shall be replaced
via a linear substitution step, and thus they should no longer be considered as contribut-
ing to the result. Coherently, that number instead contributes to the index tracing linear
substitution steps.

Definition 8.2 (Tight derivations). 4 derivation ® >y,q T %)t : B is tight if tight(B)
and tight(T).

Example. Consider again the term fy = (Lx;.(Ax¢.xox)x)I, where I is the identity func-
tion Ax3.x3. The linear head evaluation sequence from 7y to /hd normal-form is given next,

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

46 B. Accattoli et al.

in which we distinguish the multiplicative steps from the exponential ones.

(Ax1.(Axg.xpx1)x1)I —>n ((Axo.xox1)x)[re1\I] —>n
(oxD)[xo\x1][x1\I]  —, (ix)lxo\xi][xi\I]  —,
(Ixp)[xo\x1][x1\I] = X3l \x ] [xo\xr J[x1\I] —,
xr[xa\x 1o \x1 J[x1\I] — I[xs\xr][xo\x1][x1\I]

The evaluation sequence has length 7:3 multiplicative steps and 4 exponential steps. The
linear head normal form has size 2. We now give a tight typing for the term ¢y, by writing
again abs®®® for [abs] — abs.

x1 : [abs] I—(O’O’l)xl :abs

XQ - [absabs] I-(O’O’l)xo : abs?PS x1 :[abs] '_(O,O,I)XI : [abs]

X0 [absabs],x] : [abs] I—(O’O’2)x0x1 : abs X1 [absabs] I—(O’O’])Jq : abs@Ps

X1 : [abs] F(l’l’l)kxo.xoxl : [absabs] — abs xp: [absabs] I-(O’O’l)xl : [absabs]

X1 :[abs, absabs] I—(l’l’z)()\x04x0x1 )X] : abs

|_(2,3,0))Lxl (Axgxgx)x] : [abs, absabs] — abs (LI, [abs, absabs]

I—(3’4’2)(/lx1 (Ax(-xpx1)x1)I : abs

Indeed, the pair (3, 4, 2) represents 3 (resp. 4) multiplicative (resp. exponential) evaluation
steps to /hd normal-form, and a linear head normal form of size 2.

8.1 Tight correctness

As in the case of head and LO evaluation, the correctness proof is based on three main
properties: properties of normal forms — themselves based on a lemma about neutral terms
— the interaction between (linear head) substitution and typings, and subject reduction.

Neutral terms and properties of normal forms. As for the head case, the properties of
tight typing of lhd normal forms depend on a spreading property of lhd neutral terms.
Additionally, they also require a characterisation of the shape of type contexts for tight
derivations of neutral and normal terms.

Lemma 8.3 (Tight spreading on neutral terms, plus typing contexts). Let ® >y
I F%¢¢ A be a derivation.

1. If neutraly, () then x € dom(I"). Moreover, if tight(I'(x)) then tight(4) and
dom(I") = {x}.

2. Ifnormalj, ,(t) then x € dom(I"). Moreover, if tight(I'(x)) then dom(I") = {x}.

3. Ifnormalj, () and tight(A) then A = abs and T is empty.

In all the cases, if tight(I"), then the last rule of ® is not appy,.

Note that the points 1 and 2 together imply that if I' F®)H (x)) : A then x € dom(I"),
ie. I=T";x:MwithM #[].

Proof By induction on ®. See Appendix E.1I. O
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Proposition 8.4 (Properties of /hd tight typings for normal forms). Let t be such that
normal;g(f), and ®oyg TPVt A bea typing derivation.

1. Size bound: |t]jq < |P|.
2. Tightness: if © is tight then b=e =0 and r = |t| 4.
3. Neutrality: if 4 = neutral then neutraly (7).

Proof The proof is by induction on ®. We only show here the interesting case which
allows to understand the use of Lemma 8.3, the full proof can be found in Appendix E.1.
Let ¢t = p[x\u], whose derivation ® has the following form:
Wopg Aix:MECEp a0y
A L.H I_[ |_(b/+b//’e/+e//+|M|’r/+r//7‘M‘)p[x\u] :A

withb=b'+b", e=e +e",r=r++r",and = A WII.

ES

L. Size bound: by i.h. |plma < |W|. Then [t|ng = |plina <in V] <[P
2. Tight bound: There are two cases:

e normal),,(p) for some y # x. By Lemma 8.3.2 y € dom(A). All assignments in A
are Tight because @ is tight, and so applying Lemma 8.3.2 again we obtain that
dom(A) = {y}, that is, that M =[]. Two consequences: first, the ES has no right
premiss, that is, it rather has the following shape:

)\ > 1hd r |_(b,e,r)p 1A E
T H*Dplc\u] : 4
second, W is tight, and so by i.h. b =¢e =0 and r = |p|;;4. The statement follows
from the fact that |p|;s = Ip[x\ullina.

e normal), (p). If  is tight then 4 = tight and by Lemma 8.3.3 the context A; x :
M is empty, that is, M =[ ]. Two consequences: first, the ES has no right premiss,
that is, it rather has the following shape:

Uy FOp 4
nd P Zpg
F>plx\u] : 4
second, W is tight, and so by i.h. b=e =0 and r = |p|;;4. The statement follows
from the fact that |p|;q = |p[x\u]lma- 0

Linear substitution lemma. The main difference in the proof schema with respect to the
head case is about the substitution lemma, that is now expressed differently, because eval-
uation no longer relies on meta-level substitution. Linear substitutions consume one type
at a time: performing a linear head substitution on a term of the form H {(x))[x\] consumes
exactly one type resource associated to the variable x, and all the other ones remain in the
typing context after the partial substitution.

Lemma 8.5 (Linear substitution and typings for /hd). Let ® spq x: M; T FP)H (x)) : 4.
Then there exists B € M such that for all ®;>py T, R Oerdy - B there exists a derivation
Wby x: M\ [B]; T W, FEFbeetertri=D gy - 4 Moreover, |W| = |®| + |®,| — 1.
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Proof By induction on H. See Appendix E.1. g

Subject reduction. Quantitative subject reduction is also refined, by taking into account the
fact that now there are two evaluation steps, whose numbers are traced by two different
indices.

Proposition 8.6 (Quantitative subject reduction for Iad). If ® > T F¢) t: A, then

1. if t —_ u then b>1 and there is a typing ®' such that ® > T b= y: 4 and

|| =|P|—1.;
2. ift —_ u then e> 1 and there is a typing ® such that ® T ¢~y 4 and
1| = |®| — 1.

Proof The proof is by induction on t —  u and t —, u, using Lemma 8.5. See
Appendix E.1. d

Note that quantitative subject reduction does not assume that the typing derivation is
tight: as for the head case, the tight hypothesis is only used for the study of normal
forms — it is needed for subject reduction/expansion only if evaluation can take place inside
arguments, as in the leftmost and maximal cases.

Note also that the size of derivations decreases of exactly 1 — it follows from the more-
over part of the linear substitution lemma. This fact contrasts strikingly with respect to
the other subject reduction properties in the paper, where it is not possible to have such
an uniform bound, because they adopt an operational semantics based on meta-level (full)
substitution, that may replace many or no variable occurrences at the same time. This is
one of the reasons behind our slogan that multi types more naturally measure evaluation in
the LSC rather than in the A-calculus.

Correctness. According to the spirit of tight typings, linear head correctness does not only
provide the size of (linear head) normal forms, but also the lengths of evaluation sequences
to (linear head) normal form: the two first integers » and e in the final judgement count
exactly the total number of evaluation steps to (linear-head) normal form.

Theorem 8.7 (Tight correctness for Ihd). Let ® sy T 0t © A be a tight deriva-
tion. Then there exists p such that l—)fh';ep, normalyy(p) and |p|jpa =r. Moreover, if

A =neutral then neutral,(p).

Proof See Appendix E.1. g

8.2 Tight completeness

As in the case of head and LO evaluation, the completeness proof is based on the follow-
ing properties: typability of linear head normal forms, interaction between (linear head)
anti-substitution and typings, and subject expansion. The proofs are analogous to those of
the completeness for head and LO evaluation, up to the changes for the linear case, that are
instead analogous to those of the correctness of the previous subsection. The statements
follow.
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Proposition 8.8 (Linear head normal forms are tightly typable for /hd). Let t be such
that normaly,(f). Then there exists a tight typing ® oy T RO md)s - 4 Moreover, if
neutraly,(t) then A =neutral, and if abs(f) then A = abs.

Proof See Appendix E.2. (I

Lemma 8.9 (Linear anti-substitution and typings for lhd). Let ® >pq T FO)H (u) - 4,
where x ¢ u. Then there exists

e atypeB
e a typing derivation ®, >y, T, pbueuriy, - g
o a typing derivation gy =g T Wx:[B] e ”/)H«x)) |

such that

e Typing contexts: T =T"WT,.
o Indices: (b,e,r)= (' + by, e +e,, ¥ +r,— 1)
o Sizes: |®|=|D,| + |Ppyl — 1.

Proof By induction on H. See Appendix E.2. [

Proposition 8.10 (Quantitative subject expansion for lhd). If @ oy T4t 2 A then

1. ift — t then there is a derivation ® >jpg T FOFLen s ¢ and | @) = ||+ 1;
2. ift — t then there is a derivation ® g T Gt 4 and | @) = | @] + 1.

Proof See Appendix E.2. O

As for linear head correctness, linear head completeness also refines the information
provided about the lengths of the evaluation sequences: the number k of evaluation
steps to (linear head) normal form is now split into two integers k; and k, representing,
respectively, the multiplicative and exponential steps in such evaluation sequence.

Theorem 8.11 (Tight completeness for /hd). Let t —%, , p, where normal(p). Then there
exists a tight type derivation ® spg ' &P 4 where k =k + ky. Moreover, if
neutraly(p), then A =neutral, and if abs;y(p) then A = abs.

Proof See Appendix E.2. (]

8.3 Relationship between head and linear head

The head and linear head strategies are specifications at different granularities of the same
notion of evaluation. Their type systems are also closely related — in a sense that we now
make explicit, they are the same system.

In order to formalise this relationship we define the transformation £ of hd-derivations
into (linear, hence the notation) lhd-derivations as: ax in Ad is mapped to ax in [kd, fun, in
hd is mapped to fun, in lhd, fun, in hd is mapped to fun, in lhd, and so on. This transfor-
mation preserves the context and the type of all the typing judgements. Of course, if one
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restricts the Ihd system to A-terms, there is an inverse transformation A/ of /hd-derivations
into (non-linear, hence the notation) 4d-derivations, defined as expected. Together, the two
transformation realise an isomorphism.

Proposition 8.12 (Head isomorphism). Let t be a A-term without explicit substitutions. Let
| - |ax denote the number of axiom rules in a derivation. Then

1. Non-linear to linear: if ® >,y T’ FO¢ . 4 then there exists e > 0 such that L(D) >
T ¢ 4 where ¥ =r — e + | ®|ax. Moreover, N(L(®)) = ®.

2. Linear to non-linear: if ® >y T F®e ¢ - 4 then N (®)opg T FO 2 A, where
r=e-+71 — |®|a. Moreover, LN(P))= .

The proof is straightforward.

Morally, the same type system measures both head and linear head evaluations. The
difference is that to measure head evaluation and head normal forms one forgets the num-
ber of axiom typing rules, that coincides exactly with the number of linear substitution
steps, plus 1 for the head variable of the linear normal form. In this sense, multi types
more naturally measure linear head evaluation. Roughly, a tight multi-type derivation for
a term is nothing else but a coding of the evaluation in the LSC, including the normal form
itself.

On the number of substitution steps. It is natural to wonder how the index e intro-
duced by L in Proposition 8.12 is related to the other indices b and . This kind of
questions has been studied at length in the literature about reasonable cost models.
It is known that e = O(b?) for any A-term, even for untypable ones, see Accattoli &
Dal Lago (2012) for details. The bound is typically reached by the diverging term &6,
which is untypable, but also by the following terminating (and therefore typable) term
ty = (Axy. ... (Ax1.(Axo.(x0x1 . . . X0))X1 X2 . . . x,)]. Indeed, ¢, evaluates in 2n multiplica-
tive steps (one for turning each S-redex into an ES, and one for each time that the identity
comes in head position) and €(#?) exponential steps.

On terms with ES. Relating typing judgements for A-terms with ES to judgements for
ordinary A-terms is a bit trickier — we only sketch the idea. One needs to introduce the
unfolding operation (-)| : A1sc — A on A-terms with ES; that turns all ES into meta-level
substitutions, producing the underlying ordinary A-term. For instance, (x[x\y][y\z])| =z.
As in Proposition 8.12, types are preserved:

Lemma 8.13 (Unfolding and /Ad derivations). Let t € Ayge. If Doy T FP4t 2 A then
there exists Wi,y T I—(b”_l)w (A

Note that the indices are also preserved. It is possible to also spell out the relationship
between ® and W (as done in Kesner ef al., 2018), that simply requires a notion of unfold-
ing of typing derivations, and that collapses on the transformation N in the case of ordinary
A-terms.
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9 Conclusions

Type systems provide guarantees both internally and externally. Internally, a typing
discipline ensures that a program in isolation has a given desired property. Externally, the
property is ensured compositionally: plugging a typed program in a typed environment
preserves the desired property. Multi types (aka non-idempotent intersection types) are
used in the literature to quantify the resources that are needed to produce normal forms.
Minimal typing derivations provide exact upper bounds on the number of S-steps plus
the size of the normal form — this is the internal guarantee. Unfortunately, such minimal
typings provide almost no compositionality, as they essentially force the program to
interact with a linear environment. Non-minimal typings allow compositions with less
trivial environments, at the price of laxer bounds.

In this paper, we have engineered typing so that, via the use of tight constants among
base types, some typing judgements express compositional properties of programs while
other typing judgements, namely the tight ones, provide exact and separate bounds on
the lengths of evaluation sequences on the one hand, and on the sizes of normal forms on
the other hand. The distinction between the two counts is motivated by the size explosion
problem, where the size of terms can grow exponentially with respect to the number of
evaluation steps.

We conducted this study building on some of the ideas in Bernadet & Graham-Lengrand
(2013a), by presenting a flexible and parametric typing framework, which we systemati-
cally applied to three evaluation strategies of the pure A-calculus: head, leftmost-outermost,
and maximal.

In the case of leftmost-outermost evaluation, we have also developed the traditional
shrinking approach which does not make use of tight constants. One of the results is that
the number of (leftmost) evaluation steps can be measured using only the (sizes) of the
types of the final typing judgement, in contrast to the size of the whole typing deriva-
tion. Another point, is the connection between tight typings and minimal unitary shrinking
typings without tight constants.

In the case of maximal evaluation, we have circumvented the traditional techniques
to show strong normalisation: by focusing on the maximal deterministic strategy, we do
not require any use of memory operator or subtyping for abstractions to recover subject
reduction.

We have also extended our (pure) typing framework to linear head evaluation, presented
in the linear substitution calculus (LSC). The result is that tight typings naturally encode
evaluation in the LSC, which can be seen as the natural computing device behind multi
types. In particular, and surprisingly, exact bounds for head and linear head evaluation
rely on the same type system.
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Appendix A Head evaluation

A.1 Tight head correctness

Lemma A.1 (Multi-set decomposition for hd). Let M = WyexM;. Then ® 5y T HOD ¢ M
if and only if there exist (Pi)rex, (Tidkex, (br)kex and (ri)rex and such that @y >y
Ty B0 ¢ My, where T =WeexTr, b= 4iexbr and r= —+jrexri. Moreover, |®|uq =
+iek | Prlna-

Proof By induction on the size of K. (]

Lemma 3.5 (Substitution and typings for id). Let ©; >y A;x: M FO®"¢ 2 4 and D, >y
T FP7)p . M. Then there exists a derivation ®yypypa T'WA FOTP ") xep) : A,
where | Oy py| = | D] + [Dp| — [M].

Proof Let @, (resp. ®,) be the typing derivation of I' I—(b/”/)p M (resp. A;x: MOt 4)
in system hd. We prove that there exists a typing @y bsg ['W A I—(b’Lb/”’L’/)t{xep} 1 A.
The proof is by induction on ®,. Let us write M as [B;];c; for some (potentially empty) set
of indices /. We reason by cases of the last rule of ®,:
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e Rule ax. Two cases:

1. t=x, and so H{x<p} =x{x—p}=p and &, >4y x:[A]F*Px: 4. Thus, |I| =1
and M = [4], and the hypothesis ®, >4 T F®'") p : [4] is necessarily obtained
by applying a unary many rule to a derivation of the form W, >, I' )
p:A. Given that x{x<p}=p, r+7 =04+ =/, and b+ b’ =, the typing
derivation @) := W, satisfies the requirements.

2. t=y,and so M =[], b =+ =0 and t{x<p} = y{x<p} = y. Then it is enough
to take Qyprpy := Ps.

e Rule fun,. Then t = Ay.u, and ®, is such that b= b, + 1, and it has the following
form:
Dy opg Asx:M;y: Ny B

fun,
Ayx:MECHY 0 N — B

By i.h. there exists @, such that
QyxepyPha TWA; YN FOutb ) yixep} - B
from which by applying fun;, we obtain:
iy Bra T WA FOHHLHD 30 yixe p} : N — B

The derivation @, satisfies the requirements because b, + 5" +1=5b+10'.
e Rule fun,. Then ¢t = Ay.u, and @, is such that ="+ 1 and it has the following
form:
D, >pg Ajx:M;y:Tight Gy tight

77 funb
Asx: ME®" D34 abs

By i.h. there exists @) such that
Dypep) Bra T WAy : Tight FOT7"+) y(xep) : tight
from which by applying fun, we obtain
Dipvepy i TWA HO+D 4D 5 3 ufxp) - abs

that satisfies the requirements because " + 7+ + 1 =r+ 7.

e Rule app,. Then ¢t =uq. The left premiss of the app,, rule in @, assigns a type u:
N — A and the right premiss is a many rule with k := |N| premisses. The multi-set
M assigned to x can be partioned in k£ + 1 (potentially empty) multi-sets M, . . ., M;
and M, to be distributed among the premisses of the app,, rule of ® as follows (if
k=0 then the many rule has no premisses):

,,,,,

Oy opag Aysx: My, FO' Dy N s 4 Dypg Agsx:M° F(bo’ro)q :N

/! o I 0 appb
AuLﬂAq;x:Ml-(b % dug - 4

where the notations satisfy the following:

b° = +j:1kbj7 r°= +j:1krj: Aq = L-ijzl qu’ and M° = Lﬂjkzlj‘lj’
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A=AWA,,
b="b"+b°, and
r=r"4+r°.

Moreover, given the partition of M into M, ..., My, M,, the derivation ®, >y
r O p:M of the first hypothesis gives rise, by Lemma A.l to derivations
. /

W, >0 Ty I—(b“”“)p M, and (W >pq T I—(bj”j)p i Mj)j—1,.. x With

=L, ¥ I},

b'=by +j=1..x b}, and

Y =rytj=1 ke
Now, by i.h. we can substitute these derivations v, and \Iqu into the premisses of
the app,, rule, obtaining the derivations &}, @ and Yycpy such that

g{x<p}>

Dypxepybhd AW, RO b )y e p s N — A

(¥

: b4y,
glxep) Phd qu W O rﬁr])q{x“P} 1 Gij=t,.

1ohd AgwT, |_(+j:1...k(bj+12/),+j:1Mk(rj+rj))q{x(_p} [Climt. i

TWﬂv

where I'; stands for Lt)]’.‘zl I';. By applying app, we obtain
Woig Ay AW, W T, FDulreplglvep) = (ug)lxep) : 4
We conclude since

- AWA,WT, W, =AWT.
— The resulting first counter is as required:
b* = b'+by+j=1.k(bj+ D)
R +j:l...k bj =+ bu +j:___k b],
b// _"_bo +b/
b+ b
— The resulting second counter is as required:
o= ek ()
= M Hma it reti=ar
= r+47r
e Rule app!?. Then t = ug and @, is such that » = r, + 1 and it has the following form:
@, >pa A;x: MOy neutral

Asx: MO Dyg  neutral

app!?

By i.h. we can substitute &, into ®, obtaining ., such that
Yo TWA I—(b+b,’r”+rl)u{xep} :neutral
By applying app”/ we obtain
Oy TYA I—(b+b/’r“+’/+1)u{x<—p}q{x<—p} = (uq){x<p} : neutral

that satisfies the requirements because r, +# + 1 =r+ . 0
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A.2 Tight head completeness

Proposition 3.8 (Normal forms are tightly typable for 4d). Let t be such that normaly,(¢).
Then

1. Existence. there exists a tight derivation ® >p; T’ O M)y - 4.
2. Structure: moreover, if neutraly,(f) then A =neutral, and if abs;,(t) then A =
abs.

Proof
By induction on normaly,(¢). Cases:

1. Variable, i.e. t =x. Then the following derivation evidently satisfies all points of
the statement:

0 ax
x: [neutral] F®%x : neutral

2. Abstraction, i.e. t = Ay.p with normal.(p). By i.h. there is a tight derivation @, >4
A FOPIdp - tight. Since the derivation @, is tight, the typing context A has the
shape I'; y: Tight (potentially, y : [ ]). Then the following is a tight derivation for
AY.p:

®,>4 I';y: Tight I-(O’Iplhd)p T tight

r I—(O’”"hdﬂ))\y.p : abs fun,

Moreover, ¢ is not neutral so the part about neutral terms is trivially true, while it is
an abstraction and it is indeed typed with abs.

3. Application, i.e. t=pu and normal,(f) implies neutraly,(f), that implies
neutraly,(p), that implies normal,;(p). By i.h., there is a tight derivation W >,
[ FOPidp - tight typing p with neutral. Then the following is a tight deriva-
tion ® types ¢t = pu with neutral, and having as second index satisfies |p|;s + 1 =
|pulng = |t|ha, as required:

Uy T HOPIDp, - peutral d
app,

r I—(O’L”‘hdﬂ)pu :neutral

Moreover, neutral,(f) and @ does indeed type ¢ with neutral. Dually, 7 is not
an abstraction and so that point trivially holds. [

Lemma 3.9 (Anti-substitution and typings for hd). Let ® >4y T F®t{x—p} : A. Then
there exist

e a multi-set M;
® a lypl”lg derivation d)t >nd Ft’ x:M |_(bm‘r)t . A,' al’ld
o a typing derivation ®,>p; T |_(bp,rp)p M

such that

e Typing context: ' =T, W T,
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e Indices: (b,r) = (b, + by, 11+ 1),
o Size: |®| =[P/ +|P,| — [M|.

Proof By induction on ¢. Cases:

e Variable, i.e. t = y. Two subcases, depending on the identity of y:

1. x=y. Then t{x<p} =x{x<p} =p, so that ® >,; ' ") p: 4. There is only one
possibility: [M| =1, ®, is
Oy THEI pia
M p 4]

many
and @; is

—_ ax
x:[4] OO0y . 4

2. x#y. Then t{x<p} = y{x<p} =y. There is only one possibility: [M| =0, &, is
exactly @, that is,

——————— aX
v (A1 4
and ®, is

——————— many
=0 p: ]

e Abstraction, i.e. t = Ay.u. Then t{x<p} = Ay.u{x<p}. Two sub-cases, depending on
the last rule of ®:

1. Rule fun,. Then @ has the following form:
Dypwepybha T3y N I—(b”(x“w’r)u{m—p} :D
[ Huxen 1)y, ylxepy : N — D

unp

with b = byjxpy + 1. By i.h. there exist M and typing derivations
Oyvpg Ay N3x:MEC Dy 4 @yop AP piM
such that

— Typing context: (I'; y :N)=(A;; ¥y : NWAy);
— Indices: (byxpy, ¥) = (by + by, 1, +17).

Then the derivation ®; defined as
@, opg T3y Nox: MGy . p

funb
Oyx:MECAY D300 N D

satisfies the statement with respect to b; := b, + 1 and r, := r,, because

— Typing context: the i.h. implies I = (A, W A,);
— Indices:

a. b+ bp =b,+1+ bp =i.h. bu{xep} +1=0,
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b. ri+r, =11 =in Fuprep) =T
2. Rule fun,. Then ® has the following form:
Dyixpy>ra I';y: Tight I—(b”"("ﬂ’])u{m—p} :tight ;

un,
r I—(b’r"‘x*l’]"'l))\y.u{xep} : abs

with 7 = ryxp, + 1. By i.A. there exist M and typing derivations
D, > A, y:Tight;x: M Oy tight &,>A, I—(bp’rl’)p M
such that
— Typing context: (I'; y : Tight) = (A,;y: Tight W A));
— Indices: (b, yxepy) = (by + by, 1y +1).
Then the derivation ®, defined as
D, >pg Ty Tight;x: M sy, tight

funb
[;x: M ECe D34 abs

satisfies the statement with respect to , :=r, + 1 because

— Typing context: the i.h. implies I' = (A, W A))
— Indices:

a. b,+ bp =inb,
b rtr=rit+1+r,=i ruxp +1=r.
e Application, i.e. t = uq. Then t{x<p} = u{x<p}q{x<p}. Two sub-cases, depending
on the last rule of ®:
1. Rule app,,. Then ® has the following form:
Gupeepy Bra T1 FO ufxepy M — A4 gy g To FOVg{xep): M
Iy Ty FO 22y plglaep) - 4

with'=T" WDy, b=b; +by,andr=r| + 1.
By i.h. applied to u{x<p} and g{x<p}, there exist (disjoint) finite sets M, and
M, and typing derivations:

D, > Apsx: My, FO Dy M — 4

app,

Dy >pg Agix: M, I—<bq’rq)q M
CD; >na 11, l—(bz’rg)p M,

q)g >hd Hq l—(bg’rg)p : Mq
such that

— Typing context: I'1 = A, WII, and ', = A, W I1,.

— Indices: (by,r)) = (b, + bz, 7+ r;’) and (by, ) = (by + bg, rg + rg).

The derivations @ and ®7 can be summed (by inverting their many final rule
and reapplying a many rule to the union of the premisses) obtaining a derivation
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@, opg ) p: M, where TT=T1, W I, and b, = bl + bf and r, =r4 + r4
and M = M, + M,. We then apply app, to obtain the following derivation ®;:
Oyopa Ay x: M FC U M >4 Dy Agx M FP g M
Ay WAGx M, + M, I—(b”+b‘1’r”+"1)uq tight

We let A:=A, WA, b :=b,+ b, and 7, :=r, +r, and then observe that we
obtained the statement, because of the following equalities:

appy

a. Typing context: T =T1 W, =A,WUII,UA, WII,=AWIIL
b. Indices: (b,r)= (b1 + by, r1 +12) = (b + by, 71 +17).
2. Rule app!®. Let t = ug so that t{x<p} = u{x<p}qi{x<p}. Then ® has the follow-
ing form:
Dupvepyha I I-(b”/)u{)a—p} :neutral

appl?

r I-(b’r,+l)u{x<—p}q{x<—p} :neutral

withr=7"+1.
By i.h. applied to u{x«p} there exists M and typing derivations:

@, >y Tyox: MOy - neutral

@, >pg Dy FOP2 M
such that

— Typing context: I' =T, W T).
— Indices: (b,r")= (b, + by, 1y +1p).

We then apply app™ to obtain the following derivation ®,:

Dy Tysx M F(b"’ru)u :neutral nd
app;

Cux:M I—“’“”“H)uq :neutral

Welet I, :=T,, b; :=b, and r; :==r, + 1 and then observe that we obtained the
statement, because of the following equalities:

a. Typing context. T' =T W T,.
b. Indices: (b,r) = (b,¥ + 1) = (b, + by, 1y +1p) = (by + by, 1, + 7). O

Appendix B Leftmost evaluation

B.1 Tight leftmost correctness

Lemma B.1 (Multi-set decomposition for 10). Let M = WycxMy. Then ® >, T HOD ¢ M
if and only if there exist (Pp)rex, (Tidrek, (br)rex and (ry)rex and such that Oy,
Iy FCrri) ¢ My for all k € K, where I' = Wi Ty, b = +rexbi and v = +cg . Moreover,
[Pl = +kex | Prlio-

Proof By induction on the size of K. O
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Proposition 4.4 (Properties of /o typings for normal forms). Let t be such that normal,(t),
and ® >, Tt : A be a tight type derivation. Then

1. Tight indices.: b= 0 and r = |t|;,. As a consequence |t|;, < |D|.
2. Neutrality: I[f A = neutral then neutral;, (7).

Proof By induction on ¢. Note that neutral,, implies normal,, and so we can apply the
i.h. when neutral,, holds on some subterm of z. [f normal,,(¢) because neutral,(f) there
are two cases:

e Variable, i.e. t =x. Then ® has the following form and evidently verifies all the
points of the statement:
————ax
x:[A1F%Ox ;4

e Application, i.e. t = pu, neutral;,(p) and normal,,(u). Cases of the last rule of ®:

— app, rule: this case is excluded by Lemma 4.3.
— app” rule:

O, T I—(b””l’)p ‘neutral @, [, oy . tight

lo

- app;

r,wr, FEotburptrut Dy, - neutral
withb=>b,+b,,r=r,+r,+1,andT' =T, W T,.

1. Tight counters: if ® is tight, then ®, and ®,, are tight and by i.A. r, = |p|;, and
b, =0,and r, = |ul;, and b, = 0. Then, r =r, + r, + L = |plio + lulio + 1 =
|pulio = |tlio and b=b, + b, =0+ 0=0.

2. Neutrality: neutral,,(f) holds by hypothesis.

Now, there is only one case left for normal,,(¢):

e Abstraction, i.e. t = Ax.p and normal,,(f) because normal;,(p). Cases of the last
rule of &:
— funy rule:
D, F;x:MI-(bP”p 1A
r F(bp+1”)kx.p M — A

with b = b, 4 1. @ is not tight, so the statement trivially holds.
— fun, rule:

fun,

®,>;x:Tight HO7)p : tight
L@+ D)x p : abs

fun,

withr=r, + 1.

1. Tight counters: if @ is tight, then ®, is tight and by i.4. and r, = |p|;, and
b=0.Then, r=r, + 1 =i Ipli + 1= It]s.
2. Neutrality: A # neutral, so the statement trivially holds. O
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Lemma 4.5 (Substitution and typings for lo). Let ®,>;, A;x: M "¢ - 4 and D, 00
r I—(b/”/)p : M. Then there exists a derivation ®yxpy>i, T'WA I—(b+b/”+’/)t{x<—p} |
where | @y py| = | P/ + |P,| — IM|. Moreover, if &; and ®, are traditional, then ® . p
is traditional too.

Proof Let @, A;x: M F®¢ . 4 and &,y I I—(b/”/)p : M. We prove that there exists
a derivation @,y >g [WA p ot )t{x<p) : A by induction on ®,. System lo dif-
fers from hd only for because it replaces rule app™ with app/. Then the proof for all
cases but app” is like the one for system id (Lemma 3.5). We only treat here the case
of appl.

e Rule app”. Now, t = uq and M splits into two multi-sets M, and M, so that @ has
the following form:

@, >0 Aysx: M, FOey  neutral Oyl Agix:i My I-(bq’rq>q :tight

lo

AyWAGx:M F(b”+bq’r“+’q+l)uq :neutral aper
with
b=b,+ by,
r=r,+rs+1,and
A=AUA,

Since M =M, W M,, Lemma B.1 gives two derivations W, >, I, G 'p : M, and
W, Ty FO70p M, such that T =T, W Ty, b' = b, + b, and ¥ =7, + 7.
By i.h. there exist ®, and ©, such that

O, AW, |‘(b“+b;"r”+r:‘)u{x<—p} :neutral

Oy AgWIy I—(b‘1+b21’r‘1+/q)q{x<—p} i tight
with [©,| = |®,| + [¥,| — [M,| and |©,] = |D,| + |W¥,| — |M,|. Then by applying
appl we obtain
Dixepy>io THA I—(b*’r*)u{xep}q{xep} = (uq){x<p} : neutral
where
= b*=b,+b,+b;+b,=b+10,
- =ru+r;+rq+r’q+ 1=r+7,and

= | Piprp)l = 10u] + [0y | + 1 = Do + [Wu| = [My| + | Dg| + [Wy| — [My| + 1=
|D;| = [®p| — |M]. O

Theorem 4.7 (Tight correctness for lo). Let ® >, T F%¢: A be a tight derivation. Then
there exists p such that t —>§’0 p, normal,,(p), and |pl;, = r. Moreover, if A = neutral then
neutraly(p).
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Proof By induction on |®|. If fisa —;, normal form — that covers the base case |®| =1,
for which ¢ is necessarily a variable — then by taking p := ¢ and k := 0 the statement fol-
lows from the tightness property of tight typings of normal forms (Proposition 4.4.1) —
the moreover part follows from the neutrality property (Proposition 4.4.2). Otherwise,
t —,, u and by quantitative subject reduction (Proposition 4.6) there is a derivation
Y, I FO=19y . 4 such that || < |®|. By i.h., there exists p such that normal;,(p)
and u — 7' p and |p|;, = r. Just note that t —,, u —2! p, thatis, t =2 p. O

B.2 Tight leftmost completeness

Proposition 4.8 (Normal forms are tightly typable for lo). Let t be such that normal,(t).
Then

1. Existence: there exists a tight derivation ® >;, T’ O lhio)g - 4.

2. Structure: moreover, if neutral;(f) then A =neutral, and if abs;(f) then
A = abs.

3. Unique size: if ¥ is another tight derivation for t then |®| = |V|.

Proof
By induction on normal,, (). Cases:

1. Variable, i.e. t = x. Then the following derivation evidently satisfies the first two
points of the statement:

oo ax
x: [neutral] F%9x : neutral

The only other possible tight derivation for x is

ax
x:[abs] Fx : abs

that has the same size.
2. Abstraction, i.e. t = Ly.p with normal,(p). By i.A. there is a tight derivation ®, >,
A RO Plo)y, - tight.

a. Existence: since the derivation @, is tight, the typing context A has the shape
I'; ¥ : Tight (potentially, y : [ ]). Then the following is a tight derivation for Ly.p:
&, Iy Tight FOPlo)y - tight

[ FOPtDyy b - abs fun,

b. Structure: moreover, t is not neutral so the part about neutral terms is trivially
true, while it is an abstraction and it is indeed typed with abs.

c. Unique size: by i.h. all tight derivations for p have the same size. The statement
follows by the evident fact that all tight derivations for Ax.p are obtained by
applying a fun, rule to a tight derivation for p.

3. Application, i.e. t=pu. Then normal;(#) implies neutralj(¢), that implies
neutraly(p) and normaly,(u), and the first implies normal,(p).

a. Existence: by i.h., there are tight derivations
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o O, T, FOPl)p : neutral typing p with neutral (because
neutraly(p)), and

o O, [, M)y, . tight.

Then the following is a tight derivation ® for # = pu whose second index satisfies

|p|lo + lulp +1=tl), as required:

D, T I—(O’l”llo)p ‘neutral @, [, Oy, - tight

applo

r,wr, O lPliotluliot Dy - neutral "

b. Structure: moreover, neutral,(f) and ¢ does indeed type ¢ with neutral.
Dually, ¢ is not an abstraction and so that point trivially holds.

c. Unique size: from neutral;(f) we obtain neutraly,(f). Now consider a tight
derivation W for ¢. By Lemma 4.3 the last rule of W is app’ and so — exactly as
® in the first point — the two premisses ¥, and W, of the last rule are both tight.
Then by i.A. |W,| =|®,| and |WV,| = |®,]|, from which it follows |¥|=|®|. O

Lemma 4.9 (Anti-substitution and typings for /o). Let >, T’ FOD t{x—p) : A. Then there
exist

o a multi-set M;
e a typing derivation ®,>, T'y;x: M FOr0t - A- and
e a typing derivation ®, >, I')y o) - M

such that

e Typing context: ' =T, W),

o Indices: (b,7) = (b, + by, 11 +7p).

o Sizes: |®| =D/ + |D,] — IM].

o If ® is traditional, then ®; and ®, are traditional too.

Proof By induction on ¢. Cases:
e Variable, i.e. t =y. Two subcases, depending on the identity of y:

1. x=y. Then t{x<p} = x{x<p} =p, so that ®;, I' 4" p: 4. There is only one
possibility: [M| =1, ®, is
b T poa
IO p 4]

many
and ®; is

——ax
x: [A]FO9x : 4
that satisfies the all the equalities in the statement, in particular |®,| = |®| and
M| =1=1®,].
2. x#y. Then t{xep} = y{x<p} =y. There is only one possibility: |M| =0, &, is
exactly &, that is,

————ax
y:[4] I—(0°O)y 1A
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and @, is

—————— many

=00p: 1]
that satisfies the all the equalities in the statement, in particular |®,| = |®| and
[M]=0=|D,|.

e Abstraction, i.e. t = Ay.u. Then t{x<p} = Ay.u{x<p}. Two sub-cases, depending on
the last rule of ®:

1. Rule fun,. Then @ has the following form:
Dypepyio T3y N I—(b“(x“l’”r)u{xep} :D
r F(b“(X*P)H”'))\y.u{xep} :N—>D
with b = by,py + 1. By i.h. there exist a M and type derivations

unp

Dy Ay N;x MEP g D, A FP pi M
such that
— Typing context: (I'; y : N)= (A, : N W Ap);
— Indices: (bypxpy, V) = (by + bp, 1, +1).
— Sizes: | Pypepy| = [Pyl + |Pp| — M.
Then the derivation ®, defined as
&, Ty :Nyx: M EC Iy D
Oyx:MECAHY D30 N D

satisfies the statement with respect to b, := b, 4+ 1 and r; := r,, because

funb

— Typing context: the i.h. implies I' = (A, W A,);
— Indices:

a. bt + bp = bu +1+ bp =ih. bu{xep} +1= b:

b. ri+r,=ry 1 =in Purep) =71
= Sizes: |P| = |Pypepyl + 1 =in |Pul +|Pp| — M|+ 1= D] + [D,| — |M].

2. Rule fun,. Then ® has the following form:
Dyixpy >0 I';y: Tight I—(b’r"heﬂ))u{xep} :tight
r I—(b’rl‘["*l’ﬁl)ky.u{xep} : abs

un,

with 7 = 1y + 1. By i.h. there exist M and type derivations
®,> A, y:Tight;x: M bur) g - tight &,>A4A, I—(bl”"l’)p M
such that

— Typing context: (I'; y : Tight) = (A,;y: Tight W A));
— Indices: (b, ryxcpy) = (by + by, 1, +1p).
— Sizes: |Dypepy| = [Pyl + |Dp| — [M].

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 67

Then the derivation ®, defined as
®, >, [;y:Tight;x: M purdy, tight
[ x: MGty 0 abs

funb

satisfies the statement with respect to , :=r, + 1 because

— Typing context: the i.h. implies I' = (A, W A,)
— Indices:

a. bu + bp =ih. b’
b. rt+rp=7‘u+1+Vp:i.h.ru{xep}+1:r'
— Sizes: |®] = |Pypepy| + 1 =ip [Pyl + [®,] — M| + 1 =|D,| + | D] — |M].

e Application, i.e. t = uq. Then t{x<p} = u{x<p}q{x<p}. Two sub-cases, depending
on the last rule of ®:
1. Rule app,. Then @ has the following form:
Dyep) o D1 FOVufxep) M — A4 Dy py 1o To FO2Dglxep) M
Iy W, RO+ praixep) : 4

withI'=T1WIy, b=b; + by, and r =r| +r,.
By i.h. applied to u{x<p} and g{x«p}, there exist (disjoint) finite sets M, and M,
and type derivations:

appy

D, Ay x: M, FO Wy M 4
b,y Agsx: M, I-(bq’rq)q M
@, > I, %) p: M,

q .49
CI>;’7 > 1, I—(bf”rr”)p ‘M,

such that
— Typecontext: ' = A, W I, and I', = A, WII,.
— Indices: (by,r1) = (by + by, ry +r,) and (by, r2) = (bg + b, rg +17).
- Sizes: |<Du{xep}| =[P, + |¢Z| — |M,| and |<Dq{xep}| = |q>q| + |¢Z| - |Mq|
The derivations @, and @7 can be summed (by inverting their many final rule
and reapplying a many rule to the union of the premisses) obtaining a derivation
@, MHE) p: M, where =11, W1, and b, = b4+ b? and r, =r4 + 74
and M =M, + M, and |®,| = |®7| + |P]|. We then apply app, to obtain the
following derivation ®,:

Dy Aysx: My, FO Wy M > 4 Dy Agix: M, Farag : M

AW Ay x s M, + M, FCutberctiayg g

We let A:=A, WA, b :=b,+ b, and r, :=r, +r, and then observe that we
obtained the statement, because of the following equalities:

appy

a. Typing context: I' =T'1 W =A, WII, WA, WII, = A WYIIL
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b. Indices: (b,7) = (b1 + by, 71 +12) = (b; + by, v +1,).
c. Sizes: |(D| = |¢u{xep}| + |q)q{xep}| +1 =ih. |q)u| + |q)Z| - |Mu| + |(Dq| +
|| — [My| + 1 =1Dy| + [Pyl + [Py — M| + 1= D] + |D,| — [M].
2. Rule app’r”. Let t = ug so that t{x<p} = u{x<p}g{x<p}. Then ® has the following
form:
(I)u{xep} >g 1) F(bl’rl)u{)ﬁ—p} :neutral (I)q{xep} >g 1 I—(bz"’)q{)a—p} :tight
[y w0y ROty o plaixep) : tight

withT' =T, Wy, b=b;+by,r=ri+r+1.
By i.h. applied to u{x+p} and g{x«p}, there exist (disjoint) finite sets M, and M,
and type derivations:

app?

D, 51 Ayix: M, FOy : neutral
by Agsx:M, I-(b‘f’rq)q ttight
CDZ >0 Hu l—(b2~’§)p : Mu

CDZ > I, I—(bg”g)p 1M,
such that
— Typing context: I'1 = A, WII,and ', = A, W I1,.

— Indices: (by,r)) = (b, + bz, T+ rZ) and (b, ) = (by + bZ, rg + rg).
- Sizes: |(Du{x<—p}| =P, + |®z| —|M,| and |(Dq{x<—p}| = |q)q| + |®g| - |Mq|

The derivations @, and @7 can be summed (by inverting their many final rule
and reapplying a many rule to the union of the premisses) obtaining a derivation
b,y I1 ) p o M, where T1 =11, & 1, and b, = b, + b and r, =1, +r}
and M = M, + M,. We then apply app’ to obtain the following derivation ®,:
@, Ay x: M, Oy - neutral D, >y Agsxi M, Fara) g - tight
AyWAGx M, +M, I—(b“+bq’r“+r‘1+])uq :neutral

We let A=A, WA, b:=b,+ b, and r, :=r, +7,+ 1 and then observe that
we obtained the statement, because of the following equalities:

appy’

a. Typing context: T =T'1 W =A,WII, WA, WIT, =AWIL

b. Indices: (b,r) = (b1 + by, r1 + 12+ 1)=(b; + by, 7: +17p).

c. Sizes: || =[Pupepy| + [ Pgprepy| + 1 =in [Pul + [Py — [My| + | Py| +
| DI — Mgl + 1 =Du| + |Dg| + |Pp| — M|+ 1 =D + [Py — IM]|. O

Proposition 4.10 (Quantitative tight subject expansion for lo). Let ® >, I'F)p: 4 bea
tight derivation. If t —  p then there exists a (tight) typing V such that ¥ >, T’ FEFLIg 4
and |V| > |D|.

Proof We prove the following stronger statement by induction on ¢ —, p (tightness is
decomposed in two predicates tight(I") and tight(4), and the second is paired together
with a further assumption).
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Lett—, p, &> I FOIp A, tight(T"), and either tight(4) or —absy,(#). Then there
exists a typing W o, T'FOT¢ 2 4 with W] > |®|.

e Rule

t=Ax.u)q =, ufx—q}=p

Assume ® >, T Fyfxeq} : 4 and tight(I"). By applying the anti-substitution
lemma (Lemma 4.9) we obtain the two premisses of the following derivation @’ that
satisfies the statement:

@, > Ty MGy - 4
L, FoH ) xu: M — 4 D, T, HP g M
[, W, FOtbat2rcti o )g « 4

with (b, r) = (b, + by, 7, +1y) and ' =T, W I',. We conclude since |¥|=|D,|+
[Pyl +2 > || + |y — IM]| = |D|.
e Rule

u—>loq

t=Axu—, Ax.q=p

Assume @y, ' FOhxg : 4 and tight(I"). Since absj,(Ax.u) we must have
hypothesis tight(4), and as ® must then finish with rule fun, we must have a sub-
derivation ®, 1>, I',x:Tight Fé=Dg : tight. As tight(I',x: Tight), we can
apply the i.A. and get the premiss of the derivation @’ as follows:
®, >, [,x:Tight pOFL=1y, . tight
I %500 4
The decrement of the size follows from the i.A.
e Rule

—abs;, (1) u—,q

t=um—,, qm=p

Assume @, T F®gm : 4 and tight(I'). The derivation ® must end with
rule app, or appi”. Then, there are derivations &, >4, Ty e g - Ay and @,
T, Fomm + 4, with T =T, &I, Since tight(I') we have tight(T,), and
since —absy,(u) we can apply the i.h. to g (independently of whether 4, is tight)
obtaining the derivation ®, >, I’y pCatlra)y, - A, and build, using the same rule
app, or appf.‘), the derivation @’ next:

b,y Iy ot 1ra)y, Ay P Ly p=Bmrm) g c A,
T Y ym e 4

The decrement of the size follows from the i.A.
e Rule

neutraly,(m) u—,, q

t=mu—;,, mqg=p
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Assume @, ['F®mg : 4 and tight(I"). The derivation ® must end with rule
app, or appf", and therefore there are two derivations ®,, >, I, ) gy A
and &, >, T I—(b‘i”q)q : 4,4, for some types A4,, and 4,4, with I' =T, WI';. Since
tight(I") we have tight(I',,) and tight(I'y). By the tight spreading on neu-
tral terms (Lemma 4.3), from tight(I",,) and neutral(m) it follows tight(4,,).
Therefore, the last rule of ® must be appﬂ", whence 4,, =4 =neutral and 4, =
tight. Now, the sub-derivation @, is tight (tight(I';) and 4, =tight) and we
can apply the i./. obtaining the derivation ®, >;, I’y pbatLra)y, . A, and build, using
the same rule appﬁ‘), the derivation @’ next:

Dy o m gy A, Py Ty bt 1ra)y, 14,
IOy 4

The decrement of the size follows from the i./. O

Theorem 4.11 (Tight completeness for lo). Let t —>5‘0 p with normal,(p). Then

1. Existence: there exists a tight typing ® >, T &Pz . 4.
2. Structure: moreover, if neutral,(p) then A=neutral, and if absj(p) then
A = abs.

Proof By induction on # —% p. If k = 0 the statement is given by the existence of tight
typings for normal,, terms (Proposition 4.8), that also provides the moreover part. Let
k>0andt—, u _>§(0—1 p- By i.h., there exists a tight typing derivation W I—(t];_gllllclp lio) .,
By subject expansion (Proposition 4.10) there exists a typing derivation ® of u with the

same types in the ending judgement of W — then ® is tight — and with indices (%, |p|,). O

Appendix C Leftmost evaluation and minimal typings

Lemma 5.3 (Transitivity of polarities). Let T, U, V be (multi)-types and a, b € {+, —}. If
U €0ccy(T) and V € Occy(U) then V € Occsap)(T), where

8(+,+) = + 8(—,+) = — 3(—,—) == + 8(+,—) = —

Proof Let =+ := — and —— :=+. The proof can be presented in a way that is com-
pletely parametric in the polarities, but for readability reasons we spell out the positive and
negative cases separately. Cases in which a = +:

e Axioms, i.e. U=T. Note that §(4,b)=>b. Then V € 0ccp(U) becomes V €
Occy(T) = 0ccsp)(T) as required.

e Positive occurrence in an element A of a multi-set M,i.e. T = M and U € Occ (M)
because U € Occ(4). By the i.h. V € Occs45)(A4) and so V' € Occs4 5 (M) by one
of the two rules about multi-sets.

e Positive occurrence on the right of M — A,i.e. T=M — A and U € Occ, (M — A)
because U € Occ(4). By the i.h. V' € Occsqp)(A) and so V' € Occs(yp) (M) by one
of the two rules about arrow types.

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 71

e Negative occurrence on the left of M — A,i.e. T=M — A and U € Occ (M — A4)
because U € 0cc_(M). By the i.h. V €0ccs—p)(A) and so V € 0cc_g— (M) =
Occs(+,6) (M) by one of the two rules about arrow types.

Cases in whicha = —:

e Negative occurrence in an element A of a multi-set M,i.e. T =M and U € Occ_(M)
because U € 0cc_(4). By the i.h. V' € Occs— ) (A4) and so V' € Occg— (M) by one
of the two rules about multi-sets.

e Negative occurrence on the right of M— A, ie. T=M—A and Ue
Occ_(M — A4) because U €0cc_(4). By the i.h. V €0ccs—p)(4) and so V e
Occs(—,p) (M) by one of the two rules about arrow types.

e Positive occurrence on the left of M — A,i.e. T=M — A and U € Occ_(M — A)
because U € Occ(M). By the i.h. V € Occsyp)(4) and so V € 0ccos4 ) (M) =
Occs(—,p) (M) by one of the two rules about arrow types. O

C.1 Shrinking correctness

Lemma 5.6 (Occurrences spreading on neutral terms). Let t be such that neutral;(¢) and
&y, T'HO¢: A be a typing derivation. Then A is a positive occurrence of T'. Moreover,
if T is co-shrinking (resp unitary co-shrinking) then A is co-shrinking (resp unitary co-
shrinking).

Proof By induction on neutraly,(f):

e Variable, i.e. t=x. Then I' =x:[4] and 4 € Occ (). If T is co-shrinking (resp.
unitary co-shrinking) then A4 is co-shrinking (resp. unitary co-shrinking) by defini-
tion of shrinking (resp. unitary shrinking) type context.

e Application, i.e. t = pu, the last rule of @ can only be app,, or app”. In both cases
the left subterm p is typed by a sub-derivation ®, >, I', ' )p : B such that all
types in I', appear in I'. Since neutral;,(¢) implies neutral,(p), we can apply
the 7.4. and obtain that B has a positive occurrence in I'p, and thus in I, that is,
that there is a declaration x: M in I such that B € Occ(M). There are two cases,
either B=A4 =neutral or B=M’"— A. In both cases, 4 is a positive occurrence
of B. By transitivity of polarised occurrences (Lemma 5.3), 4 is a positive occur-
rence of M, and thus of I". Let M € Occ_(A4). Since 4 € Occ(I') then M € Occ_(I")
by transitivity of polarised occurrences. Suppose I' is co-shrinking (resp. unitary
co-shrinking), then 4 turns out to be co-shrinking (resp. unitary co-shrinking). [

Proposition 5.7 (Shrinking derivations bound the size of normal forms). Lef normal,,(f)
and >, T F®"¢ - A be a derivation, and let |®|ax denote the number of axiom rules
in ®.

1. If T is co-shrinking and (A is shrinking or t is not an abstraction) then |t|;, < |P| —
|®|ax. Moreover, if ® is traditional then |t|; <b.
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2. If T is unitary co-shrinking and (A is unitary shrinking or t is not an abstraction)
then |t|;, = |®| — |P|ax. Moreover, if ® is traditional then |t|, = b.

Proof By induction on ¢. Note that neutral,, implies normal;, and so we can apply the
i.h. when neutral,, holds on some subterm of 7. [f normal,,(¢) because neutral,(f) there
are three cases:

e Variable, i.e. t=x. Then ® has the following form and evidently verifies both
statements because |x|;, =0=1—1=|®| — |P|.x and |x|;, =0=0b:

x:[A]FO0%x : 4 >
e Application, i.e. t = pu, neutral,,(p) and normal,,(u). Cases of the last rule of ®:
— app, rule:
(@10 A0 By)gg
Sy T, P Pp i [Blier —> A Wi Ay Febitiely  [B],
Ip W (WierA)) o tierbirptierrid - 4
with b = by, +ier by, ¥ =71, +igr ri, and I' =T, Wier A, Let M = [B;ir.

many

appy

1. Since neutral,(p) and I is co-shrinking then M — A is co-shrinking by
Lemma 5.6, and so M is shrinking. Therefore, M is not empty, i.e. || #0,
and every B; is shrinking. Moreover, I', and every A; are also shrinking so
that every @' is shrinking.

Since p is neutral and thus not an abstraction, we can apply the
i.h. on normal;(p) and obtain |p|;, <|®,| — |Pplax. Since every P is
shrinking we can apply the 4. on normal;,(u) obtaining |ul, <|®;| <
+iel|q>i,| - |CDL|3X9 thus [¢]; = |plio + luli +1 < |q>p| - |q>p|a>< +ier (|(DL| -
|¢;|ax)+ 1= |<D| - |(D|ax~

Moreover, if @ is traditional so are its sub-derivations and so the i./4. on
normaly(p) gives |p|, < b, and the i.4. on normaly(u) gives |ul|, < b; for
all i e . Then |t], = Iply + luls < by +icr bi =b.

2. Since neutraly,(p) and I' is unitary co-shrinking then M — A4 is unitary
co-shrinking by Lemma 5.6, and so M is unitary shrinking. Therefore, M is
a singleton, i.e. M =[B], and B, is unitary shrinking. Moreover, I', and A,
are also unitary shrinking so that ®! is unitary shrinking.

Since p is neutral and thus not an abstraction, we can apply the i./. on
normaly(p) and obtain |pl;, = |P,| — |Pplax. Since lel, is unitary shrinking
we can apply the i.h. on normal,,(u) obtaining |ul;, = |®}| — |®D]|.x, thus
Itlio = Plio + [ulio + 1 = [Dp] — |Pplax + [P)| — [P]ax + 1 =[P] — |P|ax-

Moreover, if & is traditional so are its sub-derivations and so the i.A.
on normaly(p) gives |p|, = b, and the i.h. on normaly,(u) gives |ul, = b;.
Then [t], = |pl;. + |ul, = by + b1 = 0.
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— app rule:

D, T I-(bp""’)p :neutral @, [, FC Wy tight

lo
app’
T, W, FlrPup Dy, - neutral '

withb=>b, +b,,r=r,+r,+1,andT' =T, WT,.

1. Since I' is co-shrinking, then I', and I', are co-shrinking. Since
neutral and tight are shrinking types, by ik |plin <|Pp,| — |Dplax
and [ulio < [Pyl — [Pylax- Then 1£l10 = |p|lo + lulio +1 <ip |q)p| - |q>p|ax +
|®,| — |Dylax + 1 = |P| — |D|ax. The moreover statement does not apply in
this case.

2. Since I' is unitary co-shrinking, then I', and I', are unitary co-shrinking.
Since neutral and tight are unitary shrinking types, by i.h. |pl, =
|q>p| - |q)p|ax and |ul;p = |®y| — |Pylax. Then |t];, = 1Plio + lulio + 1=
[Py — [Pplax + [Pul — [Pylax + 1 = |P| — |P|ax. The moreover statement
does not apply in this case.

Now, there is only one case left for normal,,(¢):

e Abstraction, i.e. t = Ax.p and normal,,(f) because normal,(p). Cases of the last

rule of ®:
— funy rule:
D, >y Cix:ME®Dp 4
funb
L) p M — 4
withb=b, + 1.

1. Since ¢ is an abstraction, it must hold that M — A is shrinking, that is, 4 is
shrinking, and M is co-shrinking. This last fact, together with the hypothesis
that T" is co-shrinking gives I';x: M co-shrinking. Then we can apply the
ih. Obtaining 1Plio = |q>p| - |(Dp|axa and 1210 = |Plio + 1 <in |q)p| - |q>p|ax +
1 =|P] — |P|ax-

Moreover, if @ is traditional so is ®, and the i.A. gives |p|, < b,. Then
s =Ipls+1<by+1=b,

2. Since ¢ is an abstraction, it must hold that M — A is unitary shrinking, that is,
A is unitary shrinking and M is unitary co-shrinking. This last fact, together
with the hypothesis that I" is unitary co-shrinking gives I';x : M unitary
shrinking. Then we can apply the i./., obtaining |pl;, = |®,| — |®p|ax. Then,
|t|lo = |p|lo + 1= |q>p| - |q>p|a>< +1= |(D| - |q)|a><-

Moreover, if @ is traditional so is &, and the i.A. gives |p|, = b,. Then
lth=plh+1=b,+1=b.

— fun, rule:
®,>;x:Tight HO7)p : tight
O +D)x p : abs

fun,
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withr=r, + 1.

1. If I' is co-shrinking, then I';x:Tight is co-shrinking. Since tight is
a Shrinking types by i.h. |p|lo = |(bp| - |(Dp|ax~ Then, |t|10 = |p|lo +1 <ih
| D] — [Ppax + 1 =|P| — |P|sx. The moreover statement does not apply in
this case.

2. If T is unitary co-shrinking, then I';x:Tight is unitary co-shrinking.
Since tight is a unitary shrinking type, by ih. |pli =|P,| — |Pp|ax-
Then, |tli, =1Iplio + 1 =in |Ppl — [Pplax + 1 = |P| — |P|ax. The moreover
statement does not apply in this case. O

Proposition 5.8 (Traditional types bounds the size of neutral and normal terms). Let ® >,
I F07) t: A be a traditional derivation such that T is co-shrinking. Then

1. ifneutraly(r) then #(4) 4 |tl;, < #(T) and #"(4) + b < #"(T);
2. ifnormaly,(t) and A is shrinking then |t|;, < #(I') +#(A) and b <#V (') + #7(4).

Proof By mutual induction on neutral,,(f) and normaly,(?).

1. Cases of neutral,(¢):

— Variable, i.e. t =x. Then

—_ ax
x:[4] OOy . 4

Moreover, #(A) + |x|;, = #(A) + 0 = #(A4) = #([A]) = #(x : [A]) and #V(4) + b=
#HV(A) +0=#V(4) =#V([4]) =#V (x : [4]).

— Application, i.e. t = pu with neutral,,(p) and normal,,(x). The hypothesis that
® is traditional forces the last rule of ® to be app, and @ to have the following
form:

(cbu >1o Ai F(b;’O)u : Bi)ie[
@, T, F%Op  [Blir — A4 Wi A FTEP0y 1 (B
T, W (Wi Ay) FCrtiebilpy - 4

Let M :=[Bi]ie; and Ty, = Wi A;. Since @ is shrinking, I', is co-shrinking. The
hypothesis neutral,(p) gives neutral,(p) (which is a weaker predicate),
and by the occurrences spreading on neutral terms (Lemma 5.6) we obtain that
M — A is co-shrinking and so M is shrinking. Therefore, M is not empty, that
is, I # ¢ and each B; is shrinking.

By i.h. (Point 2) (repeatedly) applied to u, we obtain |u|;, <#(A;) + #(B;) and
b, <#V(A;) +#°(B;) for every i €1, and so |ul;, <#(T,) +#(M) and +;¢/b, <
et (#V (D) +#(B) = it (A) + #(M).

By i.h. (Point 1) applied to p, we obtain #(M — A4)+ |pl,, <#(I',) and
#N (M — A) + b, <#V(T)).

many

appy
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Then:
#HA+ 1t = #A)+Iplio+ lulpw+1
<urou #A)+ [Pl +#(T,) + M) + 1
= #Tw) + Iplo +#M — A)
Sz.h. onp #(Fu) + #(Fp)
= #T,ul,)=#TI)
and
V(A + b =#N(A) + by +icr D) <iponu #V(A) + by +icr #V(A) + # (M)

= #T)+# M —> A)+b,
<ihonp #V(CW) +#Y(T,)
= #(T,ur,)=#"()
2. Cases of normaly,():

a. neutraly,(t). By i.h., #(4) + |t];,, < #(") and #V(4) + b < #V(I"), from which it
trivially follows |¢|;, < #(I") + #(4) and b < #¥(I") < #V(I") + #°(4).

b. Abstraction, i.e. t = Ay.p and normal;,(p). Since & is traditional, its last rule
is necessarily fun,. Then let y: M the declaration of y in the premiss of fun,
(remark that M is possibly [ ]). Then ® has the following form:

D, y: M;T I—(bt’"o)p:B
[ e+l Myp:M—B
with b=b, +1 and 4 =M — B shrinking, that implies B shrinking and M
co-shrinking, that is, I';y: M is co-shrinking (because I' is co-shrinking by
hypothesis). We can then apply the i./4. and obtain:

funy

Ay.plic = Iplio+1
Sin #:M;T)+#(B)+1
= #I)+#M)+#B)+ 1
= #T)+#M— B)
and
by+1 < #@:M;T)+#(B)+1
= #O)+#WM) +#'B)+ 1
#V() +#°(M — B) O

Proposition 5.9 (Shrinking subject reduction). Let ® >, T+ t: A Ift —, pthenb> 1
and there exists V such that ¥ >, T I—(b/”)p A with b <b and |¥V| < |®|. Moreover, ®
traditional implies V traditional, and if ® is shrinking (vesp. unitary shrinking) then b’ < b
(resp. b =b—1) and |¥V| < |D|.
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Proof The first part (without the shrinking/unitary shrinking hypothesis) is an easy induc-
tion on + —, p. The moreover part is also by induction on ¢+ —, p, but it requires a
strengthened statement, along the same lines of the proof for the tight case:

1. Ift—, p, @ T O A, T is co-shrinking, and (4 is shrinking or —absy,()),
then there exists a typing ¥ >, T’ I—(b/”)p :Awithd' < band || < |D].

2. Ift—,, p, @y T &t . 4, T is unitary co-shrinking, and 4 is unitary shrinking
or —abs(t), then there exists a typing Wiy, I I—(b/”)p : A with ¥ =b—1 and
U] < |®|.

The cases of evaluation at top level, under abstraction, and in the left subterm of an
application follows exactly the schema of the tight case: at top level the tight/shrinking
hypothesis does not play any role, the abstraction case immediately follows from the i.4.,
and the left application case follows from the reinforced hypothesis that the left subterm is
not an abstraction. We treat the case of evaluation in the right subterm of an application,
that is the delicate one, where the shrinking predicate plays a crucial role.

The rule is

neutraly,(u) g —,, m

t=uq —>,, um=p
There are two cases for the last rule of the derivation ®:
e app, rule:
(Pg; ™10 F; FC7g 2 By)ies
@yt Dy F"" o [Bilieg > A Wi Ty FEentery « [B]iey

=T, l"f] |_(l7u+ielbi+1J’u+iel’i)uq -4

many

appy

The i.h. applied to each ®,, and g —, m gives ®,, such that ®,,, >, T, @ - B,
with b} < b; and |®,,,| < |®Pg,|. Then the derivation ¥ given by

(P, =10 Ffi FCeri Bier
O, Dy FO 0 [Bilieg > A Wi T Hielibietm - (B,

=T, Wies F:) puticr Vit Lractierdyy « 4

appy

verifies the statement. Let M := [B;]ic;.

Shrinking: we have to show two things, that the multi-set M is non-empty and
that, in order to apply the i.A., the derivations ®,,, in the right premiss of the rule are
all shrinking. Since ® is shrinking, I" is co-shrinking, and so are ', and all the F;.
The hypothesis neutral;,(#) gives neutraly,(u) (which is a weaker predicate).
Then, neutral;,(u) and I';, co-shrinking allow to apply the occurrences spread-
ing on neutral terms (Lemma 5.6), obtaining M — A is co-shrinking, and so M
is shrinking. Then / # ¢ and every B; is shrinking and so every premiss ®,,, is
shrinking.
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Then by i.h. b; < b; and |®,,,| < || foreveryiel,andso b’ =b, +ie; b+ 1 <
b +icr bi+ 1= b, and [W] = @y ] +ier [Py, | + 1 <i, [yl +ies [, + 1= D], as
required.

Unitary shrinking: Since T" is unitary co-shrinking, then I', is unitary co-
shrinking. This, together with neutral;(u) allows to apply Lemma 5.6, then
M — A is unitary co-shrinking and so M is unitary shrinking. Therefore, M is a
singleton and B) is unitary shrinking. Moreover, I' ; is also unitary co-shrinking so
that @, is unitary shrinking.

Then by ih by=0b—1 and |D,,|<|P, |, and so b'=b,+b|+1=
by+b—14+1=b—1, and |¥|=|D,|+ [Py, | + 1 <ij |Dy| + [Py, | + 1 =|D],
as required.

° appi” rule:
&, > [y Oy neutral D,y Ty Fara)y - tight

butb 1 app;’
[ =T, w T, Fletbertratyy  neutral

with b =b, + b, and r =r, +r4 + 1. The i.h. applied to ®, and g —,, m gives &,
such that &, >, T )y tight with b,, < b, and so |®,| <|®,|. Then the
derivation W given by:

&, >, [, FPy : neutral @, I, )y tight

=T, T, Fltbntratly,  neutral

app’

verifies the statement.

Shrinking: if ® is shrinking then I'y is co-shrinking, and so is &, (because tight
types are shrinking). By i.A. then b,, < b, and |®,,| < |®,|, and so b’ = b, + b, <
by+by=>b,and |¥|=|D,| + |D,| + 1 < |D,| + |P,y| + 1 =|P|, as required.

Unitary shrinking: if ® is unitary shrinking then I'; is unitary co-shrinking, and
so is &, (because tight types are unitary shrinking). By i.A. then b, =b, — 1 and
|®| < |Dy4l, and so b’ =b, + b, =b,+b;—1=b—1, and |¥|=|D,| + |D,| +
1 <|®,|+|®y| +1=]|P|, as required. O

Theorem 5.10 (Shrinking correctness). Let ® >, I' -t : A be a shrinking derivation.
Then there exists p such that normal,,(p) and k < b such that

1. Steps: t —,, -evaluates to p in k steps, i.e. t —>5‘0 p;
2. Size bound: |pl, +k < |®|;

Moreover, if ® is traditional then |p|;, < #(T') +#(4) and |p|, <#"() + #°(4), and if
is also unitary shrinking then |p|, = b — k.

Proof By induction on |®|. If#isa —;  normal form — that covers the base case |®| =1,
for which ¢ is necessarily a variable — then we take p :=¢ and &k := 0. The first statement
trivially holds. The second statement holds by Proposition 5.7. The moreover part: if
@ is traditional |p|;, <#(I") + #(4) holds by Proposition 5.8.2 and |p|, <#"(I") + #/(4)

is obtained by composing |p|, < b, given by Proposition 5.7.1, and b <#V(I") + #°(A4),
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given by Proposition 5.8.2, and if & is unitary shrinking then |p|, =& is given by
Proposition 5.7.2.

If instead # —;, u then by shrinking subject reduction (Proposition 5.9) there is a shrink-
ing derivation W, T F® "y : 4 such that &' < b and |¥| < |®|. By i.h., there exists a
—,, hormal form p and a natural number &’ < b’ satisfying the statement with respect to u,
so in particular |p|, + & < |W¥|,. Let k := k" + 1. Then:

1. Steps: t =% pbecause t —, u—% p. Moreover, k =k 41 <, b + 1 <b.
2. Size bound: |pli, + k= plio + k' + 1 <ip W]+ 1 < |D].

The moreover part mainly follows from the i.A.: only the relationship |p|, = b — k is not
immediate, but if ® is unitary shrinking then |p|; =;; &' — kK and b= b’ + 1 by shrinking
subject reduction and, since k = &’ + 1, then |p|;, = b — k holds. O

C.2 Shrinking completeness
Proposition 5.11 (Neutral and normal terms have minimal traditional shrinking typings).

1. Ifneutral,,(t) then for every unitary co-shrinking type A there exists a traditional
derivation ®>;, TH®O¢: 4 such that T is unitary co-shrinking, #(4)+ |t|;, =
#(T), and #V(A) + b =#"(I").

2. If normaly,(t) then there exists a traditional unitary shrinking derivation ®
' FOO ¢: 4 such that |t|;, = #(T) + #(4) and b =#"(T") + #°(A4).

Proof By mutual induction on neutral,,(f) and normal, (7).

1. Cases of neutraly(?):

e Variable,i.e. t =x. Then

x:[A]F%Ox ;4 -
whose type context x : [A4] is unitary shrinking because 4 is unitary co-shrinking
by hypothesis. We have #(4) + |x|;, = #([4]) + 0 =#(x: [4]) and #"(4) + b=
#V([AD) + 0 =#V(x : [A]).

e Application, i.e. t = pu with neutral,(p) and normal,(u). By i.h. (point 2)
applied to u, there exists a traditional unitary shrinking typing ®, >, I, F®?
u: B with |u|;,, =#(T,) + #(B) and b, = #¥(T",) + #°(B).

Now, consider the type [B] — A, that is unitary co-shrinking, because 4 is
unitary co-shrinking and B is unitary shrinking. By i.A. (point 1) applied to p and
[B] — A there exists a traditional typing ®, >, I',, H®-0 p : [B] — A such that r,
is unitary co-shrinking and satisfying #([B] — A) + |pl;, = #(T',,) and #"([B] >
A)+ b, =#V(T).

Then the derivation ® built as follows:

@, i Ty OOy - B
@, [, F9 : [B] — 4 I, 0y . [B]

L, W, ForPe0py . 4

many

appy
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It is traditional and such that its type context is unitary co-shrinking. Moreover,

#A) + 1t #A) + |plio + lulio + 1

=inonu #(A) + |Plio +#(Tw) +#(B) + 1
= #(Tw) +#([B] = 4A) + Iplio

=ih onp #(FM) + #(Fp)
=  WI,wr,)

and
HV(A) + by + by =i #V(A) + by +#Y(T,) + #(B)
= #V(L,) +#V([B] — 4) + b,
=i onp #N(Fu) + #N(Fp)
= #(T, W T,)

2. Cases of normaly,(t):

a. neutraly(f). By i.h (point 1), for every unitary co-shrinking type A there
exists a traditional typing ® ;, I' 0 ¢ : 4 such that T is unitary co-shrinking.
It is then enough to pick 4 :=X, that is both unitary shrinking and unitary
co-shrinking, so that & is unitary shrinking, #(4) =0, and the statement triv-
ially holds, because then |¢];, = #(4) + |t];, =ip. #(T") = #(I") 4 #(4). Moreover,
#(4) =#V(4) =0, so that by i.h. #V(4)+ b =#"(T"), which is equivalent to
b=#"(I") + #°(A), as required.

b. Abstraction, i.e. t = Ay.p and normal,,(p). By i.A. (point 2), there exists a unitary
shrinking traditional typing &, >, I', 0 p: B with |pl;, = #(p) + #(B).

Then let y: M (M possibly []) the declaration of y in I', and set I" be ',

without y : M. Then let ® be the derivation

@,y M;T I—(b/”o)p B
&9 %M — B

fun,

which is traditional and unitary shrinking because &, is. We have

Ayplio = Iplw+1

in #O:M;T)+#B)+1
#(T) + #(M) + #(B) + 1
#(T) + #M — B)

and
by+1 =i #'(:M;T)+#'(B)+1
#V () +#Y (M) +#°(B) + 1
#V(T') + #°(M — B) O
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Proposition 5.12 (Shrinking subject expansion). Ift —, p and ®>;, I'F®) p: A then
there exists W such that W s, T'H t: A with b’ > b. Moreover, if © is shrinking (resp.
unitary shrinking) then b > b+ 1 (resp. b’ = b+ 1) and |V| > |®|, and if ® is traditional
then V is traditional.

Proof” The first part (without the shrinking hypothesis) is an easy induction on t =, p.
The part about shrinking/unitary shrinking typings is also by induction on # —, p, but it
requires a strengthened statement, along the same lines of the proof for the tight case and
of subject reduction:

L.Ift -, p, &>y T F®p : 4, T is co-shrinking and either 4 is shrinking or
—abs;, (1), then there exists a typing W s, I' ™1 1 4 such that # > b + 1 and
V| > |D|.

2. Ift -, p, Py, I F®9p . 4, T is unitary co-shrinking, and either 4 is unitary
shrinking or —abs,(7), then there exists a typing W, ' F®*1¢ : 4 such that
b=b+1and|¥|> |D]|.

The cases of evaluation at top level, under abstraction, and in the left subterm of an
application follows exactly the schema of the tight case: at top level the tight/shrinking
hypothesis does not play any role, the abstraction case immediately follows from the i.A.,
and the left application case follows from the reinforced hypothesis that the left subterm is
not an abstraction. We treat the case of evaluation in the right subterm of an application,
that is the delicate one, where shrinkness plays a crucial role.

The rule is:

neutraly,(u) g —,, m

t=uq —;,, um=p
There are two cases for the last rule of the derivation ®:
e app, rule:
(P, >0 A O : Byyie
O, TEC Dy [Bliey — A Wigg Ay Febiticr Dy B

=114, A; p-Cutierbirutierrd - 4

many

appy

The i.h. applied to each ®,,, and ¢ —,, m gives ®,, such that &, >, A; I—(b;’r")q 1 B;
with b} > b; and |®,,| > |®,,|. Then the derivation W given by:
(‘I"qi Do A |_(b;’ri)q : Bi)ier
O, MEPy [Blig— A Wi A F bt g [B],
=114 A; |_(bu+ielb§,ru+i€1ri)uq -4

appy

verifies the statement. The statement |W| > |®| is a straightforward consequence of
the i.h.

Shrinking/Unitary shrinking: exactly the same reasoning used for
shrinking/unitary shrinking subject reduction proves that &, is shrinking/unitary

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 81

shrinking, / is non-empty, and the B; are all shrinking/unitary shrinking. The i.A.
then provides b; > b; + 1 (resp. b; = b; + 1) for every i € I, from which the property
follows:
o app” rule:
@, [y FP Wy neutral @, 54 T bE"™m : tight

[ =T, T, FCtbnrutrmt Dy, - peutral

appl

with b=b, + b,, and r =r, +r,, + 1. The i.h. applied to ®,, and g —, m gives ¥,
such that W, >, I, pbmrd)yy tight with b, > b,, and so |¥,| > |®,|. Then the
derivation W given by:

@, >, I, O™y neutral Y, > Iy I-(bq””’)q :tight

r=r,wry FbutbgrutrmntDy 0 - neutral

appl

verifies the statement. The statement |V | > |®| is a straightforward consequence of
the i.A.

Shrinking/Unitary shrinking: if ® is shrinking/unitary shrinking then I';, is co-
shrinking/unitary co-shrinking, and ®,, is shrinking/unitary shrinking (because tight
types are shrinking and unitary shrinking). By i.h. by > b, + 1 (tesp. b, = by, + 1),
andsob'=b,+b;>b,+b,+1=b+1(resp. b’ =b,+b,=b,+ b, +1=>b+
1), as required. O

Theorem 5.13 (Shrinking completeness). Let ¢ —>f‘o p with p such that normal,,(p). Then
there exists a traditional unitary shrinking typing ® v, TH®Yt: A such that k=b —
#Y(T) = #°(4) and |pli, = #(T) + #(A).

Proof By induction on k. If k£ =0 the statement is given by the existence of traditional
unitary shrinking typings for —, -normal terms (Proposition 5.11), for which £ =0 and
b=#"(I')+#"(4). Let k> 0 and t —,, u—>} ' p. By i.h., there exists a traditional uni-
tary shrinking typing derivation W >, T'H®"9 4 : 4 with k — 1 = b — #V(I") — #°(4), and
|Plio = #(I') + #(A). By shrinking subject expansion (Proposition 5.12) there exists a tradi-
tional typing derivation @ of ¢ with the same types in the ending judgement of ¥ — then @
is unitary shrinking and |p|;,, = #(I") + #(4) still holds — and with indices (¥’ + 1, 0). Then
k=k—14+1=;, b0 —# (1) —#A) +1=b—#V(T) — #(4). d

Appendix D Maximal evaluation

D.1 Tight correctness

Proposition 7.4 (Properties of typings for normal forms). Given ® e I' 8t 1 A with
normal,, . (?),

1. Size bound: |#| < |®|.
2. Tight indices. if © is tight then b=0 and r = |t|.
3. Neutrality: if 4 = neutral then neutral,,, (7).
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Proof By induction on ¢. Note that neutral,,, implies normal,, and so we can
apply the i.A. when neutral,,, holds on some subterm of ¢. If normal,,,(f) because
neutral,,,(?) there are two cases:

e Variable, i.e. t =x. Then ® has the following form and evidently verifies all the
points of the statement:

x:[A]FO9%x : 4 o
e Application, i.e. t =pu, neutral,,(p) and normal,,.(u). Cases of the last rule
of ®:
— app, rule:
D)o Ty FPPp M — A @41y Ty FOu: M
W, FGotbut Lp ) gy - g

app,

withb=b,+b,+1,r=r,+r,andI' =T, WT,.

1. Size bound: &, end with rule (many.,) or (none), so in both cases there
are n > 1 subderivations (®');<;<, typing u such that [u|ya <in [P [max <
| Py lmae. The ih. gives [plmax < |Pplmax. We conclude |]max = |Plmar +
[t max +1 < |q)p|max + 1 Pulmax + 1 = | P max-

2. Tightindices: Lemma 7.3 shows this case to be impossible, as normal,,,(pu)
means neutral,,,(pu), which implies neutral, (pu).

3. Neutrality: neutral,,,(¢) holds by hypothesis.
— appl rule:

b, I I-(bp’rl’)p :neutral @, [, oWy tight

lo
app,
r,wr, pCrtburptrut Dy - peutral s

withb=b, + by, r=r,+r,+1l,andI' =T, W T,.

1. Size bound: by i.h. |plio < |Pplio and |ulmax < |Pulmar- Then [¢]mar = 1Pl max +
|u|mwc +1< |q>p|max + |q>u|max +1= |q>|mwc-

2. Tight indices: if @ is tight, then &, and &, are tight and
7p = |Plmax and b, =0, and r, = |u,nay and b, = 0. Then, r =r, +r, + 1 =3,
1Plmax + Ulmax + 1= |pulpax = t|max and b= bp +b,=0+0=0.

3. Neutrality: neutral,,(¢) holds by hypothesis.

Now, there is only one case left for normal,,(¢):

e Abstraction, i.e. t = \x.p and normal,,,(¢) because normal,,,.(p). Cases of the last
rule of ®:
— funy rule:
®,o5 Ty MEp: 4
L+ p M — 4

funb
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with b= b, + 1.

1. SiZe bound: Then, |t|n1ax = |p|max + 1 Si}h. |cbp|max + 1= |q>|max-
2. Tight indices: ® is not tight, so the statement trivially holds.
3. Neutrality: A # neutral, so the statement trivially holds.

— fun, rule:
®,>I;x: Tight F®)p - tight
=+ xp : abs

fun,

withr=r, + 1.

1. Size bound: Then, |t|max = |Plmax + 1 Zin | Pplmax + 1 = [P |max-

2. Tight indices: if @ is tight, then @, is tight and by i.A. 7, = |p|me and b =0.
Then, r=rp,+ L =ip Plmax + 1 = |t|max-

3. Neutrality: A # neutral, so the statement trivially holds. O

Proposition 7.7 (Quantitative tight subject reduction for max). If ® spee I F®7t 1 A is
max-tight and t —e>max D, then there exist T C T and an max-tight typing V such that
Ui IOV 4 and || > |V

Proof We prove, by induction on ¢ i),,m p, the stronger statement:

Assume ¢ i),mx Py P opar T'HFODt: 4 is garbage-tight, tight(I"), and either tight(4)
or —abs,,.(¢). Then there exist I'" and a garbage-tight typing W >, T |
such that tight(I").

e Non-erasing top-level step:

x € fv(u)

0
(Ar2)q > 0 uleg)

Assume @ >0 T F®)(Axu)g : A is garbage-tight and tight(I"). The derivation
@ must end with rule app,, the derivation of its premiss for Ax.u must end with
fun,. Hence, there are two garbage-tight derivations @, > Ty x: M Fburidy - 4
and @, e T I—(bp°’P)p ‘M, with (b,r)=(by+b,+ 1,r,+ry)) and ' =T, T,
Moreover, by hypothesis x € fv(u), and so M #[] by relevance (Lemma 7.2).
Then, the substitution lemma (Lemma 7.6) gives a garbage-tight derivation W ,,,,
[ FCtberntrayfye gt o A such that |W|=|®,|+|D,| — M| <|D,|+ |D,] +
2=19|.
e FErasing top-level step:

x & fv(u) normalug.(q)

191max
(Ax.u)g —— 0 U

Assume ® e IO (Ax.u)q : A is garbage-tight and tight(I'). The derivation ®
must end with rule app,, and the derivation of its premiss for (Ax.«) must end with
fun,. Moreover, since x ¢ £v(u), then by relevance (Lemma 7.2) the derivation of
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its premiss ¢ must end with rule none:
@,y Ty FP™u s A Dy opmar Iy I—(b‘/’r‘f)q 1Ay

funy none
I, ROty [1— 4 r, FClardg [ ]

r,wrl, pCutba Lt (3 x 1) - A

with (b,7)= (b, +b;+ 1,7, +7r,)and ' =T, W T',. Since ® is garbage-tight, then

', is tight and 4, must be tight, and since normal,,.(¢), we can apply the tight

indices property of normal forms (Proposition 7.4) and obtain (by, 74) = (0, |l max),

so that (b, 7,) = (b — 1,7 — |qlmax)- Since tight(I', W I'y) we have tight(I',), so

@, is the desired garbage-tight derivation. Moreover, |®,| < |®,| + [®4] +2 = |D|.
e Rule

appy

e
L= pax P

AX.E ﬁ>mwc AX.p

Assume ® &, T F®?)x.1 : A is garbage-tight and tight(I"). Since abs,(Ax.1)
we must have hypothesis tight(4), then & must necessarily finish with rule
fun, and there is a subderivation ®; >, I';x:Tight pbr=Dy tight. As &,
is garbage-tight and tight(I";x: Tight) we can apply the i.A. and get @, >4
I;x:Tight? F¢~17=179, - tight where x:Tight? means x:Tight or x:[]
and I"ET, &, is garbage-tight and tight(I";x: Tight?). Then we construct the
derivation W:

D), gy [Vyx: Tight? pO-lr=1=a)p - tight
1= xp: 4
Then tight(I") and thus W is garbage-tight. We conclude |®| = |®,| 4+ 1> |®,| +

1 =|W¥| thanks to the i.A. || > [D,].
e Rule

fun,

e
—abs; () =, D

e
tu—, .. pu

Assume Dy I' F®1 A is garbage-tight and tight(I"). The derivation ®
must end with rule app, or app’, and therefore there are two garbage-tight deriva-
tions ®, oy [ FO¢ 2 4, and @, >y Ty FOu : A, for some types 4,
and 4,, with ' =T, wT,. Since tight(I") we have tight(I')) and tight(I",).
Since —abs,,(f), we can apply the ik and get the garbage-tight derivation
D, opar T pbr=lri=e)y, - 4, with tight(T,). Then the same rule app, or app’
can be applied to get the garbage-tight derivation W >0 '), W T, FC=Lr=Opy - 4,
with tight(I', W I,). We conclude |®| = |®,| + [P, | + 1 > |D,| + [P, | + 1 = ||
thanks to the i.h. |®,] > |D,].
e Rule

neutral,,(u) t —e>maxp

e
ut — . up
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Assume ® 0 I'H®ut : A is garbage-tight and tight(I"). The derivation ® must
end with rule appi", since Lemma 7.3 (which applies as neutral,,(«) implies
neutraly,(ut)) rules out rule app,. Hence, there are two garbage-tight derivations
@, o Ty FOy : neutral and @, >y, I, P71 tight, with =T, W T,
tight(T",) and tight(T;). Furthermore, 4 = neutral. Therefore we can apply the
i.h. to get the tight derivation ®, &4 T pbr=Lri=e), . tight.

Then appﬁ" can be applied to get the tight derivation W >,
r,wr, FC-1 =9, . neutral. We conclude |®|=|®,|+ |®;|+ 1> |D,|+
|®,| + 1 =|W¥| thanks to the i.h. |®;] > |D,|.

e Rule

x¢fv(u) t —e>maxp
(Ax.u)t —e>m o (Axa)p

Assume D >y [ F®?(xu)t : A is garbage-tight and tight(I'). The deriva-
tion ® must end with rule app,, therefore there are garbage-tight derivations
D, opax Ty FOxa0: [1— A and @, >pge Ty FO¢ 2 tight, with T =T, W T,
and (b,7)=(b;+ b, + 1,7, +r,). We can apply the i.h. to get the tight derivation
D) omax Tp pbr=Lri=e), - £ight. Then app, can be applied to get the garbage-tight
derivation ¥ &y I, W T, I—(b_l”'_")()»x.u)p : A4, with tight(I, W T')). We conclude
|®| =P, + [P + 1 > [D,| + |P,| + 1 =|W¥]| thanks to the i.A. D] > [D,]. O

Theorem 7.8 (Tight correctness for max-evaluation). Let ® >y, T ¢ . 4 be a max-
tight derivation. Then there is an integer e and a term p such that normal,,,.(p), t %Zw )2
and |p|max + € =r. Moreover, if A =neutral then neutral,,(p).

Proof By induction on |®|. If ¢ is a max normal form — that covers the base case |®| =1,
for which ¢ is necessarily a variable — then by taking p :=1¢, k := 0 and e := 0 the statement
follows from the tightness property of tight typings of normal forms (Proposition 7.4.2)
— the moreover part follows from the neutrality property (Proposition 7.4.3). Otherwise,
t i;max u and by quantitative subject reduction (Proposition 7.7) there is a derivation
U, IV FO=1=¢)y + 4 such that T CT and |¥| < |®|. By ih., there exists p such

that normal,.(p) and u <2~ p and |p|ue + €’ = r — €. Just note that ¢ i>f’nax p. We

conclude by taking e = ¢’ + ¢” because |p|qx + € + €’ = r as required. O

D.2 Tight completeness

Proposition 7.11 (Quantitative tight subject expansion for max). If ® ope I F&p 2 4
is max-tight and t —e>mr D, then there exist ' I T and a max-tight typing V such that
U b T FCTY 91 4 and | B < |W]. Wb pge T FCTY 91 4 and | @] < |W].

Proof We prove, by induction on ¢ ﬁ>mwc P, the stronger statement:

Assume ¢ _e)max Py D opae T HOp A is garbage-tight, tight(I), and either tight(4)
Or —abs,u(£). Then there exist " O T and a garbage-tight typing W o, I 191 4
such that tight(I'") and |®| < |¥|. In what follows we treat all the cases, by omitting
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the details about the decreasigness of size derivations, which are the same appearing in
previous subject expansion properties of this paper.

e Rule
x € fv(u)

0
(Ax.u)q = 0 WIX—q}

Assume ® e I F®ufx—q} : 4 is garbage-tight and tight(I'). By apply-
ing the anti substitution (Lemma 7.10) we obtain the premisses of the following
derivation @’

@ Bmax Ty x: MOy 4
I, )i M — 4 g max Ty FO g M
T, W, ForPatbdra) o yg 4

with (b,7)=(b, + by, 7, +ry) and I' =T, WI,. Moreover, ®, and &, are all
garbage-tight, so @’ is garbage-tight.
e Rule

x ¢ fv(u) normal,..(q)

191 max

Axu)g —— e U

Assume @ e I F®u ;4 is garbage-tight and tight(I'). By applying the
existence of tight derivations for normal forms (Proposition 7.9), we obtain the
max-tight derivation @, used in the construction of derivation @ next:

D e THCu 2 4 Dy >par Iy FOldlmad) g - £ ght
CHO D [1— 4 r, HOmad g ]
w I, FEH ey ) - 4

Moreover, tight(I" W T'y) and @’ is garbage-tight.
e Rule
e
t _)max p
Ax.t ﬁ>mux AX.p

Assume ® &, [ FOaxp : 4 is garbage-tight and tight(I"). Since abs,g(Ax.1)
holds, then we must have tight(4), and then ® must finish with rule fun, which
must have a subderivation of the form ®, >, I',x: Tight & =Dp . tight. The
derivation @, is garbage-tight and tight(I',x: Tight) holds, then we can apply
the i.Ah. and get @, >0 [V, x:Tight pO+Lr=lte), . tight, where I" 2T, ®, is
garbage-tight and tight(I"/, x : Tight). We construct the following derivation @’:

®; ey T, x: Tight FETI=1791 g5 gnt

[T xt s 4

Then @' is garbage-tight and tight(I").

un,
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e Rule

e
—abs,u(t) =, D

e
tu—, .. pu

Assume Py T F®pu : 4 is garbage-tight and tight(I"). The derivation ®
must end with rule app, or app/, and therefore there are two garbage-tight deriva-
tions &, >y Iy I—(bp”P)p 14, and @, >0 Ty pburdy o 4, for some types A4,
and 4,, with ' =T, WTI,. Since tight(I') we have tight(I',) and tight(I,).
Since —abs,,(f), we can apply the ih and get the garbage-tight derivation
@ bpar Ty FOT2T9 0 4 with tight(T,). Then the same rule app, or appl
can be applied to get the garbage-tight derivation @' . I, T, FCT g, 0 4,
with tight(I', W T,).
e Rule

neutral,,(u) ¢ i>maxp

e
ut — .. up

Assume Dy ' FOup © 4 is garbage-tight and tight(I"). The deriva-
tion & must end with rule appi”, since Lemma 7.3 (which applies as
neutral,,(#) implies neutral,;(up)) rules out rule app,. Hence, there are
two garbage-tight derivations &, >y, Ty pPuwrdy . neutral and D) > ax
T, F®)p : tight, with [ =T, W, tight(T,) and tight(T,). Furthermore,
A =neutral. Therefore we can apply the i.h. to get the tight derivation ®; >,
T, et - tight. Then app/ can be applied to get the tight derivation
O gy [ W, FOFI 9yt - neutral.
e Rule

x ¢ £v(u) t—e>maxp
(Ax.u)t —e>m o (Axau)p

Assume D 0 T FO)(xau)p : 4 is garbage-tight and tight(I"). The deriva-
tion ® must end with rule app,, therefore there are garbage-tight derivations
@y Sy Ty FPxu:[1— dand @, 5,0 T, F%P)p: tight, with [ =T, W T,
and (b,r) = (b, + b, + 1,7, +r,). We can apply the i.s. to get the tight derivation
D, e T FO P91 £ight. Then app, can be applied to get the garbage-tight
derivation @ o Iy W T, FCTY 0% )+ A, with tight(I, W T,). 0

Theorem 7.12 (Tight completeness for max). If't ﬁ>f§m p with normal,,..(p), then there
exists an max-tight typing ® e I' FEPImatOr - 4 Moreover, if neutral,g.(p) then
A =neutral, and if abs, . (p) then A = abs.

Proof By induction on t —* p. If k=0 (and thus e = 0) the statement is given by the

existence of tight typings for normal,,,, terms (Proposition 7.9), that also provides the
/ /!

moreover part. Let k>0 and t <, u S55-1 p where e= ¢’ + ¢”. By i.h., there exists

a max-tight derivation W >, T, = Llplmarte) ;- 4 which also provides the moreover
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part. By subject expansion (Proposition 7.11) there exists a max-tight typing derivation
Dy [ FEIFLPIacte ) 4 guch that T 3 T,. Then we conclude since the indices
(k, |plmax + ) are as expected. O

Appendix E Linear head evaluation

Proposition 8.1 (linear head evaluation system).
(A1se, = ind, neutraly,, normaly,,, absyy) is an evaluation system.

Proof The determinism of —,, is straightforward. We prove here the characterisation
of lhd-normal terms and /hd-neutral terms.

=) Let t be —,, -normal. Then ¢ has either a free head variable x or a bound head
variable. We then refine the general statement as follows:

1. If tis —,, -normal and has a free head variable x and is not a (potentially)
substituted abstraction, then neutraly, (7).

2. Iftis —, -normal and has a free head variable x and is a (potentially) substituted
abstraction, then normalj, (f).

3. Iftis —, -normal has a bound head variable, then normal}, (7).

We show simultaneously the three statement by induction on terms.

e If¢is a variable, then it corresponds to case (1) and we conclude by rule 1hnvar.

o Ift=Ayp,thenpisalso —,, -normal. There are two cases: case (2) or (3).

If Ly.p corresponds to case (2), then y # x and p corresponds to case (1) or (2).
In the first case the i.4. (1) gives that neutralj, ,(p) and thus we conclude by rules
lhnno and then 1hnolamx. In the second case the i.k. (2) gives that normalj, ;(p)
and we conclude with rule 1hnolamx.

If Ay.p corresponds to case (3), then either p corresponds to case (3), or p corre-
sponds to cases (1) or (2) with y =x. In the first case we get that normaly, ,(p) by
the i.h. (3) and thus normal?hd()\x.p) by rule 1hnolam. In the second case we get
that neutraly,,(p) by the i.A. (1) (resp. normaly,,(p) by the i.A. (2)). We conclude
with rules 1hnno and then 1hnolamx (resp. lhnolamx).

o Ift=pu,thenpisalso — , -normal, otherwise rule /id; would apply, and p is not
a (potentially) substituted abstraction, otherwise rule /hd,, would apply. The term pu
necessarily corresponds to case (1) for some variable x and the same for p. We thus
obtain that neutralj, ,(p) by the i.A. (1) and we conclude by rule 1hnapp.

o If t=p[y\u], p is also —,, -normal, otherwise rule /hd; would apply, and p has
no free head variable y, otherwise rule /hd, would apply. Then p[y\u] corresponds
to one of cases (1)-(2)-(3). If p corresponds to (1), then neutraly, ,(p) by the i.A.
(1) and we conclude with rule 1hnsubx. If p corresponds to (2), then normalj, ,(p)
by the i.4. (2) and we conclude with rule 1hnosubx. If p corresponds to (3), then
normall, (p) by the i.h. (3) and we conclude with rule 1hnosub.

Now, given ¢ in —;,, -normal: if case (1) holds we conclude neutralj, () with the
previous statement (1), then rules lhnno and lhnox; if case (2) holds we conclude
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normaly, ,(f) with the previous statement (2), then rule lhnox; if case (3) holds we
conclude normalj, ,(#) with the previous statement (3), then rule 1hno;

<) By induction on normaly,(f). We remark that two cases are possible: either
normal}, () for some variable x or normalj, ,(f). We then refine the statement as follows:

1. Ifneutraly, (), thentis —,, -normal and 7 has a head free variable x and 7 is not
a (potentially) substituted abstraction.

2. Ifnormalj, ,(¢), thentis —,, -normal and ¢ has a head free variable x.

3. If normal}, (7), then t is —, -normal and ¢ has a head bound variable.

We reason by induction on the definition.

e Ifneutralj,  (7) by rule 1hnvar, then property (1) trivially holds.

o If neutralj, (pu) because neutralj, ,(p) by rule 1hnapp, then by the i.4. (1) p is
— ;g -Normal — so rule /id, does not apply — and p has a head free variable x and
is not a (potentially) substituted abstraction — so rule /4dg does not apply. Then pu
is —,,, -normal, it has a head free variable x and is not a (potentially) substituted
abstraction.

o If neutralj, (p[y\u]) because neutralj, ,(p) and y # x by rule 1hnsubx, then by
the i.h. (1) p is —, -normal — so rule /Ad, does not apply — and p has a head
free variable x and is not a (potentially) substituted abstraction — so rule /hd. does
not apply. Then p[y\u] is —,, -normal, it has a head free variable x and is not a
(potentially) substituted abstraction.

o Ifnormalj,,(f) because neutralj, (f) by rule 1hnno, then by the i.Ar. (1) tis —,, -
normal and has a head free variable x. We are then done for this case.

e Ifnormalj, ,(Ay.p) because normalj, ,(¥) and y # x by rule 1hnolamx, then by the
i.h. (2) pis —,, -normal — so that rule /hd, does not apply — and p has a head free
variable x. We conclude Ay.p is —,, -normal and has a head free variable x.

o Ifnormalj, ,(p[y\u]) because normaly, ,(p) and y # x by rule 1hnosubx, then by the
i.h. (2) pis —,, -normal — so that rule /4d does not apply — and p has a head free
variable x — so that rule /Ad. does not apply—. We conclude p[y\u] is —;,, -normal
and has a head free variable x.

o If normal?h 4(Ax.p) because normalj, ,(p) by rule 1hnolamx, then by the i.A. (2) p is
— jq -NOrmal —so that rule /4d), does not apply—. We conclude Ax.pis —,; -normal
and has a bound head variable.

e Ifnormal), (Ay.p) because normall, (») by rule 1hnolam, then by the i.h. (3) p is
— g -Normal — so that rule /hd, does not apply — and p has a bound head variable.
We conclude Ax.p is —,, -normal and has a bound head variable.

o If normalfh +(P[y\u]) because normal*fh +(P) by rule 1hnosub, then by the i.h. (3) p is
— g -Normal — so that rule /hd, does not apply — and p has a bound head variable.
We conclude p[y\u] is —,, -normal and has a bound head variable. O

E.1 Tight correctness

Lemma E.1 (Multi-set decomposition for lhd). Let M =WicxM;. Then @ >py
T =GeD M if and only if there exist (Pi)kek, (Tidkek. (bidkek. (ekex and (ri)iek

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

90 B. Accattoli et al.

and such that ®y >y Ty FOm My, where T = Wik T, b = +rexbr, € = +rexer and
r = ekt Moreover, |®| g = +rex| Pilna-

Proof By induction on the size of K. O

Lemma 8.3 (Tight spreading on neutral terms, plus typing contexts). Let @ >y
I =% : 4 be a derivation.

1. If neutraly, (f) then x € dom(I"). Moreover, if tight(I'(x)) then tight(4) and
dom(I™) = {x}.

2. Ifnormalj, ,(t) then x € dom(I"). Moreover, if tight(I'(x)) then dom(I") = {x}.

3. Ifnormal’;hd(t) and tight(A4) then A = abs and I is empty.

In all the cases, if tight(I"), then the last rule of ® is not appy,.

Proof

1. By induction on neutralj, (f). Cases:

e Variable,i.e. t =x. Then ® is

x:[A1FO0Dy 4 >
and so dom(I") = {x}. If I'(x) = Tight then it must be 4 = tight.

e Application, i.e. t =pu. The last rule of ® can only be app, or app/?. In both
cases the left subterm p is typed by a sub-derivation &' >y T, I—(b/’e/”/)p : B
such that all assignments in I', appear in I'. Since neutralj,,(f) implies
neutralj,,(p), we can apply the 4. and obtain that x € dom(I',) € dom(I").
If moreover, I'(x) =Tight then I',(x) =Tight and by ih B=tight and
dom(I',) = {x}. This forces B = neutral and the last rule of ® to be app”. Then
A=neutral and I' =T, that implies dom(I") = {x}.

e Explicit substitution, i.e. t = p[y\u] and y # x. The last rule of ® is ES and the left
subterm p is typed by a sub-derivation 'y ),y : M e 'p : A such that
all types in I', appear in I'. Since neutraly,,(f) implies neutraly, ,(p), we can
apply the i.4. and obtain that x € dom(I",) € dom(I"). If moreover, I'(x) = Tight
then (I',; y : M)(x) = Tight and by the i.h. A =tight and dom(T",; y: M) = {x}.
This forces M =[] and the ES rule to have no right premiss. Then I' = I',,, that
implies dom(I") = {x}.

2. By induction on normalyj, ,(¢). If normalj, () because neutraly, (f) then it follows
from the previous point. The two other cases are:

o Abstraction, i.e.t= Ay.p withnormalj, ,(p) and y # x. The last rule of ® can only
be fun, or fun,. In both cases the subterm p is typed by a sub-derivation &’ >y
Ty M By B Byih., xedom(I';y: M) and so x € dom(I"), because y #
x. If moreover, I'(x) = Tight then by i.A. dom(I";y: M) ={x}, that is, M =[].
Then dom(I™) = {x}.

o Explicit substitution, i.e. t=p[y\u] with normalj, ,(p) and y #x. The last
rule of ® is ES and the left subterm p is typed by a sub-derivation @' >y
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Ly M I—(b”e,”/)p : A such that all types in I', appear in I". By i.A., x € dom(T",) €
dom(I"). If moreover, I'(x) =Tight then by i.h. dom(I',;y: M) = {x}, that is,
M =[]. Therefore, the ES rule has no right premiss. Then I' =I',,, that implies
dom(T") = {x}.
3. By induction on normalj, ,(¢). Cases:
o Abstraction on the head variable, i.e. t = Ax.p with normalj, ,(p). If 4 = tight
then the last rule of ® can only be fun, and 4 = abs:

[;x:Tight F®p : tight

fun
r I-(b’e’rJrl))Lx.p : abs '

By the previous point, dom(I"; x : Tight) = {x}, that is, I is empty.
e Abstraction on a non-head variable, i.e. t = Ax.p with normal’;;d(p). If A=
tight then the last rule of ® can only be fun, and 4 = abs:

[';x:Tight F®p : tight
r I—(b"”r“))»x.p : abs

fun,

By i.h., ' is empty.

e Explicit substitution, i.e. t=p[y\u] with normalfhd(p). The last rule of
® is ES and the left subterm p is typed by a sub-derivation @'y
Cpy:M I-(b,’e,”/)p : tight such that all types in I', appear in I'. By i.A., the
typing context I',; y : M is empty, that forces M =[ ]. Therefore, the ES rule has
no right premiss. Then I' =T, i.e. I is empty. O

Proposition 8.4 (Properties of /hd tight typings for normal forms). Let t be such that
normaly, (1), and ® spy T FP41 2 A be a typing derivation.

1. Size bound.: |t|js < |D].
2. Tightness: if ® is tight then b=e =0 and r = |t| 4.
3. Neutrality. if A = neutral then neutral,(f).

Proof By induction on ®. Cases of ¢:

e Variable, i.e. t =x. Then ® has the following form and evidently verifies all the
points of the statement:

————ax
x:[A]FOODy 4

The derivation verifies ¥ = 1 = |x|jq = |®|, b = e = 0, as required.
e Abstraction, i.e. t = Ax.p with normal,;(p). Cases of the last rule of ®:

— funy rule:
v >1hd F;X M |_(b’,e,r)p t A
r I—(b/“’e’r))»x.p M — A

funb

withb=5b"+1.

1. Size bound: by i.h., |plpa < |WV|. Then, |t|mq = |plma + 1 <in V]| +1=1|D|.
2. Tight bound: ® is not tight, so the statement trivially holds.
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— fun, rule:
Wy I;x:Tight I—(b’e’/)p tight
G40 xp - abs

fun,

withr =7 +1.

1. Size bound: by i.h., |plma < |W|. Then, |¢|pma = |plma + 1 <in Y]+ 1=|P|.
2. Tight bound: if ® is tight, then W is tight and by i.h. ¥ = |p|;s and b=e = 0.
Then, r =7+ 1=y |plina + 1 = |t|1pa-

e Application, i.e. t = pu with neutralj, ,(p) for some x. Cases of the last rule of ®:
— app, rule:
Wopg AFCCp M4 0o TTHY y M

AWII |_(b’+b”+1,e’+e”,/+r”)pu -4 3PPy

withb=b'+b"+1,e=€e +e&',r=r++",and'=AWII.

1. Size bound: by i.h., |p|jpg < |V, from which it follows |¢|g = |plima + 1 <in.
W]+ 1=

2. Tight bound: since ® is tight and ¢ is normal, this case is impossible by
Lemma 8.3.

— app™ rule:

Wpe T I—(b’e”/)p :neutral d
app!’

r I-(b’e’rl+1)pu :neutral
withr =7+ 1.
1. Size bound: by i.h., |plia < |W|. Then [¢|jpg = |pling + 1 Sin |V]+1=|D|.

2. Tight bound: if ® is tight, then W is tight and by i.h. ' = |p|jg and b =e = 0.
Then, r=7"+ 1= plina + 1 = pulma = |tlina-

e Explicit substitution, i.e. t = p[x\u] and the last rule of @ is:

i

Wepg Ajx:M I—(b,’e,”ﬂp 1A ="y
AWTI |_(b/+b”,e/+e//+|M|,r/+r”7\M\)p[x\u] -4

withb=b'+b",e=e +e',r=r++r,andT" = AWII.

1. Size bound: by i.h. |plpa < [V|. Then |t|q = Ipling <in Y] < |P].
2. Tight bound: There are two cases:

— normaly,,(p) for some y # x. By Lemma 8.3.2 y € dom(A). All assignments
in A are Tight because @ is tight, and so applying Lemma 8.3.2 again we
obtain that dom(A) = {y}, that is, that M = [ ]. Two consequences: first, the ES
has no right premiss, that is, it rather has the following shape:

)\ >1hd r |_(b,e,r)p |

ES
I H*Dplc\u] : 4

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 93

second, W is tight, and so by i.h. b=e=0 and r= |p|;q. The statement
follows from the fact that |p|;qs = |p[x\u]lma-

— normal), ,(p). If @ is tight then 4 = tight and by Lemma 8.3.3 the context
A;x: M is empty, that is, M = [ ]. Two consequences: first, the ES has no right
premiss, that is, it rather has the following shape:

W > |_(b,e,r)p 1A
F)plx\u] : 4

second, W is tight, and so by i.h. b=e=0 and r= |p|;q. The statement
follows from the fact that |p|;qs = |p[x\u]lma- 0

ES

Lemma 8.5 (Linear substitution and typings for lhd). Let ® sy x: M; T PO H (x) : A.
Then there exists B € M such that for all ®;>py T pCrecrt - B there exists a derivation
Wby x: M\ [B]; T W, FOFbeeter =Dy - 4 Moreover, |¥| = |®| + |®,| — 1.

Proof By induction on H. Cases:

e Empty context, i.e. H = (-). The typing derivation ® is simply

————— aX
x:[A1FOODy 4

and I' is empty. Then M = [A4]. The statement then holds with respect to ¥ := &,
because b =0, e=0, and » = 1. The moreover statement is straightforward since

| =1.
. 1|4b|straction, i.e. H=Ay.H'. Two sub-cases, depending on the last rule of ®:
1. The last rule is fun,, and so ® has the form:
x: M;y: N;T O (x) - 4
x: M; T HECCHLen 50 B (x) : N — A o

where b = br + 1. By i.A., there exists a splitting M = [B] W O such that for every
derivation W sy A F?¢)¢ . B there exists a derivation

Dy Bing X2 0;y: N; Ty A pOrttletdrt/=Dpprpy . 4

Note that y ¢ dom(A): we are working up to «-equivalence, and so y ¢ £v(f), and
the system is relevant, and so y ¢ £v(¢) implies y ¢ dom(A). By applying the fun,
rule we obtain:
X103y NiT W A FOrtthete s =D gp) . 4
X0 O3 Ty A FOr et e =05, J/ (1) : N — 4

that satisfies the statement (because b = br + 1).
2. The last rule is fun,, and so ® has the form:

ung

x: M;y: Tight; T 0 /' (x) : tight
x: M; TGt 50 B (x)) : abs
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where r = rr 4 1. By i.h., there exists a splitting M = [B] & O such that for every
derivation W 55y A F?¢7)¢ . B there exists a derivation

Dy Bing X2 O3 y: N; T A RO et =Dy - £ight

Note that y ¢ dom(A), for the same reasons as in the previous sub-case. By
applying an fun, rule we obtain:

x:0;y: Tight; T W A ROHetemr ' =D gy - tight
x: O;T @ A RO e+ 5, B (1) - abs

that satisfies the statement (because » =rr + 1).

fun,

In both cases, the moreover statement is straightforward by the i.A.
e Left on an application, i.e. H = H'p. Two sub-cases, depending on the last rule of ®:

1. The last rule is app,, and so ® has the form:
x: Mp; IO (/) N — 4 x: My; © Hzesrs) e N
x: (M W My); (TTw X) Fentosentesm+rs) gy« 4
where =MW X, [Ix)=Xx)=[], MnWMs =M, b=bn+ by, e=en +
es,andr=rpg +rs.

By i.h., there exists a splitting M = [B]W O such that for every derivation
Wy ARG )¢ . B there exists a derivation

appy

Ppry >ina x: O; 1WA |—(b”+b,’e”+e/’m+r/_1)H’((t)) :N— A4
By applying an app,, rule, we obtain

x:0; Ty A ROnHhentérmt =D ) . N 4 x: My; £ =22 p: N
x: (OWMs); (MW A W ) e+ttt entetesomsrs=h gy« 4

appy

Now, by defining N := O W My, we obtain M = Mp W My =[B]lw OW My =
[B] W N. Therefore by applying the equalities on the type context the last obtained
judgement is in fact:

X: N, (F ] A) '_(bn+b,+b2,en+e,+ez,rn+/+rz—l) H/«t»p A
and by applying those on the indices we obtain:
x: N; (T 'y A) HOHeter = gy - 4

as required.
2. The last rule of @ is appfd, and so @ has the form

x: Mpp; TTH®menm) g () cneutral  x: My; X =22 b tight
x: (Mp W My); (TTw $) Fentbzentesrntrs+D g/ (x) y  neutral

where T =MW X, IIx)=Xx)=[], MpWMs =M, b=bp + by, e=ep +
es,andr=rg+rs + 1.

app’?
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By i.h., there exists a splitting M = [B] W O such that for every derivation
Wspa A ") - B there exists a derivation
Dy Bing X2 03 THY A pEntben+em+’ =Dy - neytral
By applying an app™ rule, we obtain
x:0; Ty A Rentbhentermnt’ =Dy - neytral x: My; £ F5€275) p:gight
x: (OWMs); (MY A @ X) Ren+d thsentetesm+’+rs) g (/) - neutral

app

Now, by defining N := O WY My, we obtain M = Mp W My =[B]|6y OW My =
[B] W N. Therefore by applying the equalities on the type context the last obtained
judgement is in fact:

x: N; (T A) Rt tbsentetesrntr/'+rs) i/ )y - neutral
and by applying those on the indices, we obtain
x: N3 (@A) RO et "D iy p - neutral
as required.

In both cases the moreover statement is straightforward by the i.A.
o Left of a substitution, i.e. H= H'[y\p]. Note that x # y, because the hypothesis
H{(x)) implies that H does not capture x.
The last rule of ® can only be ES, and so ® has the form

x: Mp;y: M TTECen ) (/) - 4 x: My S EEzesrs) ey
E
x: (Mp W My); (TTW ) Fen+bsentes+Mbmtrs =MD g () [\ p] : 4

where T =MW X, MIx)=X)=[],MnWMy=M,b=by + by,e=epn +ex +
M|, and r =rp +ry — [M].

By i.h., there exists a splitting My = [B] W O such that for every derivation ¥ >4
ARt : B there exists a derivation

Dy Bina X2 03y: M3 TTW A ROnHbententr=Dprpy - 4

Note that y ¢ dom(A): we are working up to a-equivalence, and so y ¢ fv(p), and
the system is relevant, and so y ¢ fv(p) implies y ¢ dom(A). By applying a ES rule
we obtain
x:0;y: M LW A Rentthentdm+ =Dy . 4 x: My ¥ ROsesrs) ooy
Xx:OWMs; TIWA WYY L (bri+b' +bgente/ tes HMlrm+r'—1+rs—IM) g/ (N\p]: 4
Now, by defining N:=0W Mg, we obtain M =Mp WMy =[B]lWOW Mg =
[B] W N. Therefore, by applying the equalities on the type context, the last obtained
judgement is in fact

X N, (F W A) |_(bn+b/+bz,en+€/+€):+|M|,r1‘[+r/71+r):7|M|) H’«t» [y\p] ‘A

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

96 B. Accattoli et al.

and by applying those on the indices, we obtain
x: N;(TWA) l_(b+b’,e+e’,r+r’—l) H' (1) D\p] : 4

as required.
The moreover statement is straightforward by the i./. O

Proposition 8.6 (Quantitative subject reduction for Iad). If ® > T F¢) t: 4, then

1. if t —_ u then b>1 and there is a typing ®' such that ® >T b= y: 4 and

|| = |®| — 1.;
2. ift —_ u then e> 1 and there is a typing ® such that ® T F®¢=1)y: 4 and
|| = |®| — 1.

Proof By induction on the reduction relation — ;.

o t=L{Ax.v)s — L(v[x\s]) =7, then we proceed by induction on L. Let L = (-). By
construction the derivation @ is of the form

O, x: M; T ECe)y o
1 FGotletMb=IMDy 4y A — o &, [ HCsesmlg . pp
H (&) l" |_(bv+bs+1,ev+es+\M|,”v+”s_|MD()\x.v)s :A

where b=b, +b,+ 1,e=¢e, +e;+ |[M|and r =r, + r; — |[M|. We notice that b =
by + bg + 1 > 1, as required. We construct the following derivation ®’:

x oM TIECvers)y g [ bsesrsg . pp
I Wiey T; RO tosevtestMintra=iMy g« o

Weletd =b, + b, ¢ =e, + e, + |M| and ¥ =r, + r, — |M]. So that we can verify
b=b —1,b=0b, and r =7 as required. We conclude since |®'| = |D,| + |D;| +
1=|®| 1.
For L = L'[y\s], the statement follows from the i.A.
o t=H{x)[x\v] =, H{v)[x\v] =u, then & is of the form

Dy > XM IO () 4 D, Ay pf
Iy A |_(bH+bv,€H+ev+|M|JH+Vv*|M|)H«x»[x\v] A
where b=by + b,,e=ey +e, + |M|and r =ry +r, — [M]|.
It is not difficult to see that |M| # 0 and thus e > 1 as required.
Let M =[B]WN be the splitting of M given by the linear substitution

lemma (Lemma 8.5) applied to @y (x)). By the multi-sets decomposition lemma
(Lemma E.1) applied to &, with respect to such a decomposition, there exist two

derivations:
by AgHPBeBB)y B by Ay EOVNy N

such that A, =AgW Ay, by, =bgp+ by, e,=ep+ey, r,=rg+ry, and |®,| =
|Dp| + | Dyl

https://doi.org/10.1017/5095679682000012X Published online by Cambridge University Press


https://doi.org/10.1017/S095679682000012X

Tight typings and split bounds 97

By the linear substitution Lemma 8.5, there exist a derivation

Dy Bima X N; TTW Ap FEED (b)) : 4

where B=by + bg, E=ey+ep, R=ry+
rg—1 and |Pppyl = |Pryxy| + [Ps| — 1. We construct the following derivation
ol

XN TTW A FEERH () 4 Ay FOVeN Ny N
MW Ap W Ay FEHNVEFHNLREN=IND () [x\v] : 4

that verifies the statement because

- B+by=by+bp+by=by+b,=b,
E+ey+|Nl=ey+ep+eyv+I|Nl=ey+e, + [Nl =ey+e +IM—1=
e—1,

R+rv—INl=rg+rg—1+ry—|N|l=rg+r,— M| =r,

|| = [Pyl + [ Px|+ 1 =[Pyl + [Pl — 1+ |Py| + 1 = [Ppy| +

[Py =D —1.

o All the other cases follow from the i.A. 0

Theorem 8.7 (Tight correctness for lhd). Let ®>pg T FOt © A be a tight deriva-
tion. Then there exists p such that t—>5’h‘ff p, normaly(p) and |plia =r. Moreover, if
A =neutral then neutral,(p).

Proof* By induction on |®|. If t is a —,, normal form — that covers the base case
|®| = 1, for which ¢ is necessarily a variable — then by taking p := ¢ and & := 0 the statement
follows from the tightness property of tight typings of normal forms (Proposition 8.4.2) —
the moreover part follows from the neutrality property (Proposition 8.4.3). Otherwise, two
cases:

1. Multiplicative steps: t — u and by quantitative subject reduction (Proposition 8.6)

there is a derivation Wy I FO714)y © 4 such that |W|=|d| — 1. By ik,

there exists p such that normal (p) and u —>lbh:11+e p and |p|;q = r. Just note that

t = u—> 1 p,thatis, £ =54 p.
2. Exponential steps: t — . u and by quantitative subject reduction (Proposition 8.6)

there is a derivation Wpy I' F&1y + 4 such that |W|=|®| — 1. By ih.,

there exists p such that normal,,(p) and u —>§’hff*1 p and |p|;q = r. Just note that
t— u—ntel p o thatis, £ =5t p. 0

E.2 Tight completeness

Proposition 8.8 (Linear head normal forms are tightly typable for /hd). Let t be such
that normalg(t). Then there exists a tight typing ® sy T FOOds - 4 Moreover, if
neutraly,(¢) then A = neutral, and if abs(f) then A = abs.
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Proof In the proof, for the sake of simplicity, we let the indices on the judgements
generic, and not as precise as in the statement, because once one knows that there is a
tight derivation then the indices are forced by Proposition 8.4.

1. By induction on neutralj, ,(7):

e Variable, i.e. t = x. Then the derivation

ax
x: [neutral] FO%Dx : neutral "
is tight and types x with neutral.
e Application, i.e. t = pu and neutral, (¢) because neutraly (p). By i.h., there
is a tight derivation W >y I' F®¢")p : neutral. Then the following is a tight
derivation @ typing ¢ = pu with neutral:

Wy T I—(b’e”)p :neutral i
app,

I F®e+Dpy - neutral

o Explicit substitution, i.e. t =p[y\u] and neutral;q(¢) because neutralj, ,(p)
and x # y. By i.h., there is a tight derivation W sy I' F®?p : neutral. By
Lemma 8.3.1, dom(I") = {y}, that is, in " the variable x is implicitly typed with
[]. Then the following tight derivation ® types # = p[x\u] with neutral:

[;x:[ 1%t : neutral
ES

I F®e1x\u] : neutral

2. First, by induction on normalj, ,(1):

e normalj, ,(¢) because neutralj, ,(f). Then it follows from the previous point.

e Abstraction, i.e. t = Ly.p and normalj, ,(f) because normalj, ,(p) and x #y. By
i.h. there is a tight derivation W sy A F®¢"p : tight. Since the derivation W
is tight, the typing context A has the shape I'; y : Tight (potentially, y : [ ]). Then
the following is a tight derivation for Ay.p with abs:

Wy Iy Tight I—(b’e’r+])p D tight

r I—(b’e”“))»y.p : abs fun,

o [Explicit substitution, i.e. t = p[y\u] and normalj, ,(¢) because normalj, ,(p) and
x #y. It is essentially like in the neutral case. By i.A., there is a tight derivation
Wepe AF®p : tight. By Lemma 8.3.1, dom(A) = {x}, that is, in A the
variable y is implicitly typed with [ ]. Then using the notation A =T";y:[] the
following tight derivation ® types ¢ = p[y\u]:

Cyy:[] I-(b’e’r)p tight
ES
I F&eDp\u] : tight

The part about predicates follows from the i.4.
Now, by induction on normal), ,(¢):

o Abstraction on the head variable, i.e. t=Ax.,p and normalj (¢f) because
normaly,,(p). By i.h. there is a tight derivation W ;g A ey . tight.
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Since the derivation W is tight, the typing context A has the shape I'; y: Tight
(potentially, y : [ ]). Then the following is a tight derivation for Ay.p with abs:

Wy Iy Tight FOp : tight

ety p 2 abs fun,

o Abstraction on a non-head variable, i.e. t=2Ax.p and normalj, ,(¥) because
normalﬁhd(p). It is exactly as in the previous sub-case. By i.A. there is a tight
derivation W 55,y A F®¢)p : tight. Since the derivation W is tight, the typing
context A has the shape I'; y : Tight (potentially, y : [ ]). Then the following is a
tight derivation for Ay.p with abs:

Wy T3y :Tight F®¢p : tight

ety p : abs fun,

e Explicit substitution, i.e. t = p[y\u] and normalfhd(t) because normalfzd(p). By
i.h., there is a tight derivation W >, A I-(b’e”)p :tight. By Lemma 8.3.3, A is
empty, that is, the variable y is implicitly typed with [ ]. Then the following tight
derivation ® types ¢ = p[x\u]:

y:[1F®)p : tight
A ES
FOeDpy\u] : tight
The part about predicates follows from the i.A. O

Lemma 8.9 (Linear anti-substitution and typings for /hd). Let >y T FOCEDH () : A,
where x & u. Then there exists

e atypeB
e a typing derivation @, >y Ty, pGueuriy, - g
o a typing derivation Dy g T Wx:[B] (e ”/)H((x)) |

such that

e Typing contexts: ' =T"WT,.
o Indices: (b,e,r)=(b'+b,, e +e,, ¥ +r,—1).
o Sizes: |®| = |D,] + [Ppyl — L.

Proof By induction on H.

e IfH={(),thenwelet" = and 0 = 7. We have
#,e,r)=(0,0,1) so that (b, e, ) = (b, e,, ). All the equalities are verified.
e In all the other cases the property is straightforward by the i./. O

Proposition 8.10 (Quantitative subject expansion for Ihd). If @' g T FP¢¢ 2 4 then

1. ift — ¢ then there is a derivation ® >jy T FEHLeNt ¢ and || = ||+ 1,
2. ift — t then there is a derivation ® >jy T FCA L 4 and | @' = | @] + L.
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Proof The proof is by induction on t —, , t'.

o Ift=L{ xp)u — L{p[x/ul) =1, then we proceed by induction on L. Let L = (-),
then by construction I' = A W IT and we have the following derivation:

x:M; A I—(bp’el”rl’)p cr YY)y
A T EG et MLt =MD - g

where b=b,+ b, e=e¢,+ ¢ + M| and r =7, ++ — |M|. We then construct the
following derivation:
xM; A I-(bp’ep””)p iT
A I—(bl’+l’ep+|M|”P_|M‘)Ax.p M= -y
AWTI |_(b,,+b/+1,ep+e’+\M\,rp+r’—|M|(Axp)u s
For L = L'[y/u], the statement follows from the i.A.
o Ift=H{x)[x/ul > H{u)[x/u] =¢, then by construction I' = A & IT and the type
derivation of ¢’ has the following form:
XMy A VCHCHTDE () p o TT R Oeewrdy s gy
AW O H () x/u] -
where (b, e,r) = (by + by, ey + e, + M|, rg +r, — |M|).
By Lemma 8.9 >4 T'g + x:[01] FOCIH(x) T and bpg A FO Dy oy, where
by=b+bi,ey=¢€+eandry =+ +r — 1. Note that x ¢ fv(u). Welet/ =K &
{1} where M = [0;];ex. We have necessarily I'g = I'j; x:[04 Jkek -

We remark that u has necessarily been typed with a (many) rule so that there are
derivations IT; F®"®y; : oy (k € K), such that [T = Wix [Tz, and M = +cx0x and
b, = +rekxbi, e, = +rexer, 'y = +rex?x- By applying rule (many) again we obtain
I+ A p-Gutbreuterrutrn)y, .« pr [o1].

We can now construct the following derivation:

T x:loilier OO Hx) T Ty Ay Octrasercty o],

F(’) WITWA, |_(b’+bu+b1,€/+eu+€1+ll\,r'+ru+r1*II\)H«x»[x/u] T

We conclude since b’ + b, + by =by +b,=b,¢ +e,+e 1+ || =ey+e,+ || =
eg+e, + M +l=e+1,V+r,+rn—|l=ry+r,— M =r.
e All the inductive cases are straightforward. O

Theorem 8.11 (Tight completeness for lhd). Let t —>f‘h 4 D> where normal (p). Then there
exists a tight type derivation ® >y T &Pl g - 4 ywhere k = ki + ky. Moreover, if
neutraly (p), then A =neutral, and if abs;,y(p) then A = abs.

Proof By induction on t — pd kp. If k = 0 then ¢ = p. Proposition 8.8 gives the existence
of a tight typing ®w 4 I—ibi’g}:t t. Proposition 8.4 then gives r = |t|j,g = |plmg and b =e = 0.
The property then holds for k; =k, = 0.

Let O<k=k+1 and t —,, u —,, k/p. By ih. there exists a tight typing

o KK 1ol e o . .
derivation We g I—ii‘ghzt i) u, where k' =k| + kj. By quantitative subject expansion
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Proposition 8.10 there exists a typing derivation ® of u with the same types in the ending

judgement of W —then ® is tight — and with indices (k] + 1, &}, |plma) or (k1, & + 1, |plina)-
In the first case, we let ky =k + 1 and ky =Kk}, so that k=1+k =;;, 1 + k| + k) =

ki + ky as required. Moreover, ®4 Fi";g”;ft’“’“hd) .

In the second case, we let ky =k} and by =k, + 1, sothat k=14 k' =;;, 1 + k| + k) =

ki + ky as required. Moreover, ®>4 I—(t]?g’]fft’m”’d) . O
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