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En sistemas de tipos interseccion no idempotentes tipicos, la normalizacién de pruebas
no es confluente. En este trabajo presentamos un sistema confluente de tipos intersec-
cién no idempotentes para el calculo A. Escribimos las derivaciones de tipos usando
una sintaxis concisa de términos de prueba. El sistema goza de buenas propiedades:
subject reduction, es fuertemente normalizante, y tiene una teoria de residuos muy reg-
ular. Establecemos una correspondencia con el calculo lambda mediante teoremas de
simulacion.

La maquinaria de los tipos interseccién no idempotentes nos permite seguir el rastro
del uso de los recursos necesarios para obtener una respuesta. En particular, induce
una nocién de basura: un computo es basura si no contribuye a hallar una respuesta.
Usando estas nociones, mostramos que el espacio de derivaciones de un término A
puede ser factorizado usando una variante de la construccién de Grothendieck para
semireticulados. Esto significa, en particular, que cualquier derivacién del calculo A
puede ser escrita de una dnica manera como un prefijo libre de basura, seguido de
basura.

Palabras clave: Célculo lambda, Tipos interseccién, Espacio de derivacion, Reticulado






In typical non-idempotent intersection type systems, proof normalization is not conflu-
ent. In this work we introduce a confluent non-idempotent intersection type system
for the A-calculus. Typing derivations are presented using a concise proof term syntax.
The system enjoys good properties: subject reduction, strong normalization, and a very
regular theory of residuals. A correspondence with the A-calculus is established by
simulation theorems.

The machinery of non-idempotent intersection types allows us to track the usage of
resources required to obtain an answer. In particular, it induces a notion of garbage: a
computation is garbage if it does not contribute to obtain an answer. Using these notions,
we show that the derivation space of a A-term may be factorized using a variant of the
Grothendieck construction for semilattices. This means, in particular, that any derivation
in the A-calculus can be uniquely written as a garbage-free prefix followed by garbage.

Keywords: Lambda Calculus, Intersection Types, Derivation Space, Lattice
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Introduction

The main concern of this work will be to analyze and understand spaces of computations.
To understand what a space of computations is, we need to introduce the notion of
rewriting system. A rewriting system is a set of objects A and a binary rewriting relation
on A, called —. If a; — a, we say that a; can be rewritten to aj.

For example, the elementary arithmetic (addition and multiplication of natural
numbers) can be seen as a rewriting system, where the objects (called terms in this case)
are given by the following abstract syntax:

tsu=t+s|t-s|n
with n € IN. We write n to mean that we have a term, not only a natural number. The

terms are equipped with three rewriting rules, one that states how to add and two that
say how to multiply:

n+m — n+m
n-t - t+t+..+t ifn>0
_\/_/
n times
0-t — 0

Actually, to be completely formal we should say that the rewriting relation is the
contextual closure of the rules above, which intuitively means that we can apply the rules
anywhere we want in the term. For example, if we had the term 3+ 0- (4 +5), we
can apply the first rule to get 3 + 0 - 9, and then the third one to get 3 4+ 0, which can
be rewritten to 3. But notice that instead of doing the first step we did, we could have
directly applied the third rewrite rule onto our term, which would have yielded 3 + 0,
saving one step.

Given a term t, its reduction graph is the graph that has all reducts of t as nodes, and
edges between two nodes if one can be rewritten to the other.

We could also consider the set of all reductions that start in t, and equip it with an
order relation—usually a derivation is lesser than another derivation if it does less work.
The space of computations of t is that set modulo an equivalence relation—which usually
says whether or not two derivations do the same amount of work. We will use the same
kind of diagrams to represent computation spaces and reduction graphs.

In the example above, the computation space of 3+ 0 - (4 + 5) would be the following.
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3+0-(4+5)

/\
/

To illustrate some other notions of rewriting theory, consider the following examples.

3+0-

3+0

3

+5)

1\ 10

Notice how the step that performed the sum was not needed, as we could have done
the multiplication directly. We will concentrate in these kinds of phenomena in this
work: steps that do not perform interesting work. Later on, we will call these steps
garbage.

In the next example we will name our steps to make the explanation clearer.

\/@

This example allows us to present the notion of residuals. We have two steps that perform
the sum 5 +5 — 10, R and R’. These steps are formally different (they are different
elements of the rewriting relation), but do the same work. We can formalize this notion:
we will say that R’ is the residual of R after S, i.e., it is what is left of R after S. We

will write this R/S = {R’}. Also notice how there is no “faster” reduction strategy, all
reductions are the same length.

Let us consider a last, slightly more complicated, example.
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(5+5)+10

Notice here how the residual of R after S is a set of two steps, {R1, R, }. That means that
if we performed S, we need to do those two steps to do the work R alone did.

We would be inclined to guess that a good reduction strategy would be to never
perform a multiplication n - t if ¢ is an unevaluated expression, such that we do not
multiply work. But that strategy fails when we have a 0 as n.

What we want to do in this work is to understand the spaces of computations of
programs, which may have a very complex structure. Consider a side-effect free pro-
gramming language. The possible computations of a tuple (A, B) are rewrite sequences
(A,B) — ... = (A’,B’). These sequences can always be decomposed as two non-
interfering computations A — ... — A’ and B — ... — B’. The reason is that the
sub-expressions A and B cannot interact with each other. Indeed, the space of computa-
tions of (A, B) can be understood as the product of the spaces of A and B. In contrast,
the space of computations of a function application f(A) is not so easy to characterize.
The difficulty is that f may use the value of A zero, one, or possibly many times. For
example, the constant function, const x y = x, does not use its second parameter, while
it uses its first parameter exactly once. The duplication function, dup x = (x, x), on
the other hand, uses its parameter twice.

Another difficulty is that a program may hang, which means it has an infinite rewrite
sequence. For example, the evaluation of the function £ x = 1 + (f x) will never
terminate. This did not happen in the elementary arithmetic example above, where we
always arrive to a result. More importantly, a program may finish or not depending on
what rewriting rule we choose in each step.

We hope understanding the spaces of computations of programs may be helpful
to better understand the properties of evaluation strategies, such as call-by-name or call-
by-value, from a quantitative point of view. A better understanding may also suggest
program optimizations, and it should allow to justify that certain program conversions
are sound: e.g. that they do not turn a terminating program into a non-terminating one.

The study of different notions of equivalence of programs [Mor69, BMPR16] may
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greatly benefit from a better understanding of space of computations, too. Usually,
several notions of observational equivalence may be established, depending of how a
program behaves under an arbitrary context C. For example, a possible definition says
that two terms M and N are observationally equivalent if for any context C, we have
that C(M) has a normal form if and only if C(N) has a normal form. Understanding the
space of computations of M (and N) would be a key tool to reason about the different
notions of observational equivalence.

The pure A-calculus is the quintessential functional programming language. The
A-calculus is a rewriting system that can represent all computable functions in a concise
manner. Terms of the A-calculus can be variables, functions or applications. More
precisely, the set of terms is given by the following grammar:

t,su=x|Ax.t|ts

And we only have one rewriting rule, the function application (Ax.t)s — t{x := s},
where t{x := s} means to replace every occurrence of x in t with s.

Computations in the A-calculus have been thoroughly studied since its conception
in the 1930s. The well-known theorem by Church and Rosser [CR36] states that the A-
calculus is confluent, which means, in particular, that terminating programs have unique
normal forms. Another result by Curry and Feys [CF58] states that computations in the A-
calculus may be standardized, meaning that they may be converted into a computation in
canonical form. A refinement of this theorem by Lévy [Lév78] asserts that the canonical
computation thus obtained is equivalent to the original one in a strong sense, namely
that they are permutation equivalent. In a series of papers [Mel97, Mel00, Mel02a, Mel02b,
Mel05], Mellies generalized many of these results to the abstract setting of axiomatic
rewrite systems.

Let us discuss “spaces of computations” more precisely. The derivation space of an
object x in some rewriting system is the set of all derivations, i.e. sequences of rewrite
steps, starting from x. In this work, our rewriting system of interest will be the pure
A-calculus, and we will be interested in finite derivations only. In the A-calculus, a
transitive relation between derivations may be defined, the prefix order. A derivation p is
a prefix of a derivation o, written p C ¢, whenever p performs less computational work
than ¢. Formally, p C ¢ is defined to hold whenever the projection p/o is empty'. For
example, if K = Ax.Ay.x, the derivation space of the term (Ax.xx)(Kz) can be depicted
with the reduction graph below. Derivations are directed paths in the reduction graph,
and p is a prefix of ¢ if there is a directed path from the target of p to the target of ¢. For
instance, SR; is a prefix of RS'T":

(Ax.xx)(Kz) R (Ax.xx)(Ay.z) -5 (1)
B (k) aye) @y.zmy.z) -
(Kz)(Kz2) —2+ (Ay.z) (Kz) =——— T .

I The notion of projection defined by means of residuals is the standard one, see e.g. [Bar84, Chapter 12]
or [Ter03, Section 8.7]. We will define this more formally in the preliminaries.



Remark that the relation C is reflexive and transitive but not anti-symmetric, i.e. it is
a quasi-order but not an order. For example RS’ C SRR/, C RS’ but RS’ # SRiRj.
Anti-symmetry may be recovered as usual when in presence of a quasi-order, namely
by working modulo permutation equivalence: two derivations p and ¢ are said to be per-
mutation equivalent, written p = ¢, if p C 0 and ¢ C p. Working modulo permutation
equivalence is reasonable because Lévy’s formulation of the standardization theorem
ensures that permutation equivalence is decidable, and each equivalence class has a
canonical representative.

Derivation spaces are known to exhibit various regularities [Lév78, Zil84, Lan94,
Mel96, Lev15, AL13]. In his PhD thesis, Lévy [Lév78] showed that the derivation space
of a term is an upper semilattice: any two derivations p, ¢ from a term t have a least upper
bound p U o, defined as p(c/p), unique up to permutation equivalence. On the other
hand, the derivation space of a term ¢ is not an easy structure to understand in general®.
For example, relating the derivation space of an application ¢s with the derivation spaces
of t and s appears to be a hard problem. Lévy also noted that the greatest lower bound
of two derivations does not necessarily exist, meaning that the derivation space of a
term does not form a lattice in general. And even when it forms a lattice, it may not
necessarily be a distributive lattice, as observed by Laneve [Lan94].

Consider the following counterexample 3, showing that the meet of derivations is
not well-defined in general. Let ) = (Ax.xx)Ax.xx, and consider the reduction space of
(Ax.(Ay.a)(xQ))(Az.b), where the steps U; contract Q):

(Ax.(Ay.a)(xQ))(Az.b)

th

5 (Ax.(Ay.a)(xQ))(Az.b) R
U,

(Ax.(Ay.a)(xQ))(Az.b)

Us

(Ay.a)((Az.b)Q)) f (Ax.a)(A\z.b)

|
(Ay.a)b

Observe that ST and R do not have a greatest lower bound: ST and R are not comparable,
and neither are S and R. Furthermore, for all n € N we have that U;...U, C R and
U;...U, C ST so the meet R ST does not exist.

In [Mel97], Melliés showed that derivation spaces in any rewriting system satisfying

2Problem 2 in the RTA List of Open Problems [DJK91] poses the open-ended question of investigating
the properties of “spectra”, i.e. derivation spaces.
3Similar to an example due to Laneve [Lan94].
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certain axioms may be factorized using two spaces, one of external and one of internal
derivations.

The difficulty to understand derivation spaces is due to three pervasive phenom-
ena of interaction between computations. The first phenomenon is duplication: in the
reduction graph above (1), the step S duplicates the step R, resulting in two copies of
R: the steps R; and R;. In such situation, one says that Ry and R, are residuals of R,
and, conversely, R is an ancestor of R; and R;. The second phenomenon is erasure: in
the same graph (1), the step T erases the step R, resulting in no copies of R}. The third
phenomenon is creation: in the same graph, the step R, creates the step T, meaning that
T is not a residual of a step that existed prior to executing Ry; that is, T has no ancestor.

These three interaction phenomena, especially duplication and erasure, are intimately
related with the management of resources. In this work, we aim to explore the hypothesis
that having an explicit representation of resource management may provide insight
on the structure of derivation spaces.

There are many existing A-calculi that deal with resource management explicitly
[Bou93, ER03, KL07, KR09], most of which draw inspiration from Girard’s Linear Logic
[Gir87]. In recent years, one family of such formalisms, namely calculi endowed with non-
idempotent intersection type systems, has received some attention [Ehr12, BL13, BKDR14,
BKV17, Kesl6, Vial7, KRV18]. These type systems are able to statically capture non-
trivial dynamic properties of terms, particularly normalization, while at the same time
being amenable to elementary proof techniques by induction, rather than arguments
based on reducibility. Intersection types were originally proposed by Coppo and Dezani-
Ciancaglini [CD78] to study termination in the A-calculus. They are characterized by
the presence of an intersection type constructor T N o. Non-idempotent intersection type
systems are distinguished from their usual idempotent counterparts by the fact that
intersection is not declared to be idempotent, i.e. T and T N T are not equivalent types.
Rather, intersection behaves like a multiplicative connective in linear logic. Arguments
to functions are typed many times, typically once per each time that the argument will be
used. Non-idempotent intersection types were originally formulated by Gardner [Gar94],
and later reintroduced by de Carvalho [Car(07].

In this work, we will use a non-idempotent intersection type system based on
system W of [BKV17] (called system #H in [BKDR14]). Let us recall its definition. Terms
are as usual in the A-calculus (t ::= x | Ax.t | tt). Types 7,0,p,... are defined by the
grammar:

T = a | M—>T M = [g|, withn>0

where a ranges over one of denumerably many base types, and M represents a multiset
of types. Here [1;]7_, denotes the multiset containing the types T, ..., T, with their
respective multiplicities. A multiset [7;]_; intuitively stands for the (non-idempotent)
intersection 7y N ... N T, and @ stands for disjoint union. Type assignment rules for
system W are as follows.



vii
Definition 0.1 (System W).

var TO@: M)t T Tty — 1 (Aiks:o)i,
x:[t] b xt 1 PR )
Fr'FAxt: M—=1 '+ ,Aits:T

E

Observe that the —g rule has n + 1 premises, where n > 0. System )V enjoys various
properties, nicely summarized in [BKV17].

There are two obstacles to adopting system )V for studying derivation spaces. The
first obstacle is just a matter of presentation—typing derivations use a tree-like notation,
which is cumbersome. One would like to have an alternative presentation based on
proof terms. For example, one would like to write x* for an application of the var rule,
Ax.t for an application of the — rule, and t[sy, ..., s,] for an application of the — rule,
so that, for example, Ax.x[“* 7 [x%, x4] represents the following typing derivation:

x:[[a,a]ﬁﬁ]%x:[a,a]—)ﬁvar x:[zx]l—x:ocvar x:[zx]l—x:ocvar

x: [, 0] = B a,al Fxx:p

FAxaxx: [[o,a] = B a,a] — B

The second obstacle is a major one for our purposes: proof normalization in this system is
not confluent. The reason is that applications take multiple arguments, and a -reduction
step must choose a way to distribute these arguments among the occurrences of the
formal parameters. For instance, the following critical pair cannot be closed:

(A & B ][] [0z, 218 ]| eyl B o0 7] 20 )

T
Y= lal=B 1] M= 7))

The remainder of this work is organized as follows:

e In Chapter 1, we review some standard notions of order and rewriting theory, as
well as some basic notions of the A-calculus that we will use throughout the work.

e In Chapter 2, we introduce a confluent calculus, A¥, based on system W. The
desirable properties of system W of [BKV17] still hold in A*. Moreover, A* is
confluent. We impose confluence forcibly, by decorating sub-trees with distinct
labels, so that a f-reduction step may distribute the arguments in a unique way.

e In Chapter 3, we develop a theory of residuals for the A*-calculus and prove
that the derivation spaces of its terms have an orderly structure, namely they are
distributive lattices.

e In Chapter 4, we establish a correspondence between derivation spaces in the
A-calculus and the A*-calculus via simulation theorems, which defines a morphism
of upper semilattices.
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e In Chapter 5, we introduce the notion of a garbage derivation. Roughly, a deriva-
tion in the A-calculus is garbage if it maps to an empty derivation in the A*-calculus.
This gives rise to an orthogonal notion of garbage-free derivation. The notion of
garbage-free derivation is closely related with the notions of needed step [Ter(03,
Section 8.6], typed occurrence of a redex [BKV17], and external derivation [Mel97].
Using this notion of garbage we prove a factorization theorem reminiscent of Mel-
lies” [Mel97]. The upper semilattice of derivations of a term in the A-calculus is
factorized using a variant of the Grothendieck construction. Every derivation is
uniquely decomposed as a garbage-free prefix followed by a garbage suffix.

e In Conclusions, we end with a discussion of our results.

Note. Proofs including a # symbol are spelled out in detail in the appendix.



Chapter 1

Preliminaries

1.1 Order theory

We are interested in understanding the derivation spaces of A-terms. These derivation
spaces, as we briefly mentioned earlier, have an structure that can be seen as an order.
More specifically, the poset we will consider will be the one of derivations, where the
order is given by the amount of work each derivation does.

But the structures we will work with are more than just posets, they have a richer
structure, which we will define now.

An upper semilattice is a poset (i.e., a set A with an order <) with a least element or
bottom L € A, such that for every two elements a,b € A there is a least upper bound or
join (aVb) € A.

A lattice is an upper semilattice with a greatest element or top T € A, and such that
for every two elements a,b € A there is a greatest lower bound or meet (a Ab) € A. A
lattice is distributive if A distributes over V and vice versa.

In the introduction we claimed that derivation spaces of A-terms were upper semilat-
tices, but in general were not lattices.

A morphism of upper semilattices is given by a monotonic function f : A — B, i.e.
a < bimplies f(a) < f(b), preserving the bottom element, i.e. f(L) = L, and joins,
ie. f(avb) = f(a)V f(b) forall a,b € A. Similarly for morphisms of lattices (and
distributive lattices).

Any poset (A, <) may be regarded as category whose objects are the elements of
A and morphisms are of the form a < b for all a < b. The category of posets with
monotonic functions is denoted by Poset. In fact, we view it as a 2-category: given
morphisms f,g : A — B of posets, there is a 2-cell f < gif f(a) < g(a) foralla € A. (A
2-category is just a category with morphisms between morphisms). This notion is more
technical and will only be used in the last chapter.

1



2 CHAPTER 1. PRELIMINARIES

1.2 Rewriting theory

The A-calculus is a particular case of a more general mathematical concept, called
rewriting system. Informally, a rewriting system is a set of objects and a set of rules that
let you transform some objects into others.

More formally, an axiomatic rewrite system (cf. [Mel96, Def. 2.1]) is given by a set
of objects Obj, a set of steps Stp, two functions src, tgt : Stp — Obj indicating the source
and target of each step, and a residual function (/) such that given any two steps
R,S € Stp with the same source, yields a set of steps R/S such that src(R’) = tgt(5)
for all R" € R/S. Steps are ranged over by R,S,T,.... A step R" € R/S is called a
residual of R after S, and R is called an ancestor of R’. Steps are coinitial (resp. cofinal)
if they have the same source (resp. target). A derivation is a possibly empty sequence of
composable steps R ... R,. Derivations are ranged over by p, o, 7, . ... The functions src
and tgt are extended to derivations (noticing that there is a different empty derivation
for each element in Obj). We use ¢€; to denote the empty derivation with source (and
target) f, and we will often drop the subscript when it is clear from the context.

Composition of derivations is defined when tgt(p) = src(c) and written po. Residu-
als are extended for projecting after a derivation, namely R,, € Ro/S1 ... S, if and only
if there exist Ry, ..., R,—_1 such that R;;; € R;/S;41 forall0 <i <n—1.

Let M be a set of coinitial steps. A development of M is a (possibly infinite)
derivation R; ... R, ... such that for every index i there exists a step S € M such that
R; € §/R;...R;_1. Informally, a development of M is a derivation in which we only do
the work that the steps contained in M do. A development is complete if it is maximal.

The definition of an abstract rewriting system is very general, and because of that it
does not give us general properties for systems with such structure. In his PhD thesis,
Mellies gave a set of sufficient properties (which he called axioms) that a rewriting
system should have to behave properly.

An orthogonal axiomatic rewrite system (cf. [Mel96, Sec. 2.3]) has four additional
axioms!:

1. Autoerasure. R/R = @& for all R € Stp.

2. Finite Residuals. The set R/ S is finite for all coinitial R, S € Stp.

3. Finite Developments. If M is a set of coinitial steps, all developments of M are
finite.

4. Semantic Orthogonality. Let R, S € Stp be coinitial steps. Then there exist a complete
development p of R/S and a complete development ¢ of S/ R such that p and ¢ are
cofinal. Moreover, for every step T € Stp such that T is coinitial to R, the following
equality between sets holds: T/Ro = T/ Sp.

In [Mel96], Mellies develops the theory of orthogonal axiomatic rewrite systems. A

notion of projection p/c may be defined between coinitial derivations, essentially by

setting €/0 & ¢ and Rp' /o def (R/o)(p’'/(c/R)) where, by abuse of notation, R/¢

1In [Mel96], Autoerasure is called Petit axiome A, Finite Residuals is called Petit axiome B, and Semantic
Orthogonality is called Axiome PERM. We follow the nomenclature of [ABKL14]
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stands for a (canonical) complete development of the set R/c. 2 Using this notion, one
may define a transitive relation of prefix (0 C ), a permutation equivalence relation
(0 = 0), and the join of derivations (o LI ¢). Some of their properties are summed up in
the figure below:

Summary of properties of orthogonal axiomatic rewrite systems

Zﬁi‘; pEo gt p/o=c¢€ pCo — p/tCo/T
e/p = € p=0 g pCoANcCp pLo << tLl10

o _ def pUoc = oUp

e 2§ pre — eleio (puc)ut = pU(cUT)
p/ot = (p/o)/T p=0c = T/p=1/0 4 - gua

/T = (o/ /(t/ cC — dr.pT= =
L B il (uo) /T = (p/D)U(0/7)

Let [p] = {0 | p = 0} denote the permutation equivalence class of p. In an orthogonal
axiomatic rewrite system, the set D(x) = {[p] | src(p) = x} forms an upper semilattice.
The order [p] C [¢] is given by p C o, the join is [p] LI [c] = [p U ¢], and the bottom is
1 =[e].

We need to equip the A-calculus with a notion of residual if we want it to enjoy the
properties of an arbitrary axiomatic rewrite system. A position is a sequence of positive
integers; € is the empty sequence and p - g is the concatenation of sequences. If Q is a set
of positions, we write p - Q to mean the result of concatenating p with every position
in Q. We define pos(t) to be the set of positions of t, so by definition: pos(x) = {e},
pos(ts) = (0 - pos(t)) U (1-pos(s)), and pos(Ax.t) = 0 pos(t). The sub-term of ¢ in the
position p is called M|,. Given a step t — s in the A-calculus, we say that the term in
the position g € pos(s) is a descendant of the term in the position p € pos(t) (or simply,
that g is a descendant of p) in the following cases:

1. If the reduction is at the head, t = (Ax.u)r — u{x := r}, then q is a descendant of
p if and only if it is the case that:
1.1 g € pos(u) and ul|,; # x with p = 00g, or
1.2 g = q192, u|4, = x and g € pos(r), with p = 1qg>.
2. If the reduction is under a context, t = C(u) — C(u’) = s, with C|, = [J, thengis a
descendent of p if and only if p = rp’, g = rq’, and ¢’ is a descendant of p’ in the
step u — u'.
Given a step t — s, a redex s, is a residual of a redex t|, if and only if g is a descendant
of p.

The A-calculus is an example of an orthogonal axiomatic rewrite system [Mel96].
Our structures of interest are the semilattices of derivations from a given term ¢ of the
A-calculus, written DA (t). As usual, B-reduction in the A-calculus is written f — p s and
defined by the contextual closure of the axiom (Ax.t)s —g t{x := s}.

2The projection R/ ¢ essentially stands for the work from R that is left after doing ¢
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1.3 Lists and multisets

Throughout this work we will use lists and sets, so we establish here basic definitions
and notations.

Definition 1.1 (Lists and multisets). If A is a sort, we write A for the sort of (finite) lists
over A, defined inductively as:
Az=ec|A-A

We usually write [ay,...,a,], abbreviated [a;]_,, to stand for a; - (az-...(a,-€)). If @
and b are lists, @ + b stands for its concatenation, and |d| is the length of the list 4. If
a,b,c, ... are the names of the meta-variables ranging over a sort A, then 4, E, c,...are
the names of the meta-variables ranging over lists of A. When there is no possibility
of confusion, we may also write [4, b, ¢] for the list @ + [b] + ¢. We write 4 ~ bifdisa
permutation of b. Observe that ~ is an equivalence relation.

In some cases we will work with (finite) multisets, which are defined to be lists,
considered modulo arbitrary permutations of their elements and without regard of the
number of repetitions of each element. The notation for operations on lists will be lifted
to operations on multisets. In particular, 4 + b denotes the union of multisets, and ||
stands for the cardinal of 4. This notation is chosen to resemble the multiset notation of
existing intersection type systems. Whether we are referring to multisets or lists will be
clear from the context.

1.4 Typing

In the framework of typed calculi, a typing judgment is a statement of the meta-theory
that contains the knowledge that with a given typing context, we can prove that some
term has some type. For example, knowing I' I~ ¢ : T means that with the typing context
I' we can prove that ¢ has type 7.

Typing contexts, or contexts for short, ranged over by I', A, ®, . . . are (total) functions
from variables to finite multisets of types. We write dom I for the multiset of variables x
such that I'(x) # []. We write & for the context such that @(x) = [] for every variable x.
The notation I' + A stands for the sum of contexts, defined as follows:

(T+A)(x) ¥ r(x) +A®x)

The notation I' © A stands for the disjoint sum of contexts, i.e. it stands for I' +- A
provided domI'Ndom A = @. We also write I' 4+ ; A; for I + Y ; A;. Moreover, x : M
denotes the context such that (x : M)(x) = M and dom(x : M) = {x}.



Chapter 2

A distributive A-calculus

In this chapter we present a distributive A-calculus (A*), and we prove some basic proper-
ties it enjoys, most importantly confluence and strong normalization.

Terms of the A*-calculus are typing derivations of a non-idempotent intersection
type system, written using proof term syntax. The underlying type system is a variant
of system W of [BKDR14, BKV17], the main difference being that A* uses labels and a
suitable invariant on terms, to ensure that the formal parameters of all functions are in
1-1 correspondence with the actual arguments that they receive.

2.1 Types

We will now present the type system we will work with, which as we said, is a variant
of the system presented in [BKV17].

To make the notation easier, we will write 7y N ... N T, as the multiset [Ty, ..., T,].
Recall that we work in a non idempotent environment so we may have repetitions.

Definition 2.1 (Types). Let & = {¢,¢',¢", ...} be a denumerable set of labels. The sets of
types, ranged over by 7,0, p, ..., and finite sets of types, ranged over by M, N, P, ...,
are given mutually inductively by the following abstract syntax:

Tu=a' | M 41
M= [g]t, forsomen >0
In a type like a! and M A4 T, the label / is called the external label.

One remark that deserves mention is that the difference with the system W at type-
level is that we include labels. Like in system W, note that it will not be possible for a
term to have multiple types, like the name intersection type system would suggest. Rather,
what happens is that function terms will receive a parameter that can be interpreted as
having several types.

Later we will need to look closely at these types, for which purpose the following
definition will be useful.
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Definition 2.2. A type 7 is said to occur in another type o if T < ¢ holds, where (<) is the
reflexive and transitive closure of the axioms 7; < [1y,...,T,| — o foralli € {1,...,n},
and ¢ < [11,...,T,) — 0. This is extended to say that a type T occurs in a multiset
[01,...,04], defined by T < [0y, ...,0,] if T < 0; for somei € {1,...,n}, and that a type
T occurs in a typing context I', defined by 7 < T'if T < I'(x) for some x € domT.

2.2 Syntax

Generally, intersection type systems are used on the pure A-calculus. In such envi-
ronment, a term may be typed: for example, in system W, Ax.xx can have the type
((0 = B)Na) — B, but the term ) = (Ax.xx)(Ax.xx) cannot be typed.

In contrast, what we will do in this work is define a slightly different calculus, such
that all well-formed terms of that calculus can be typed using the non idempotent
intersection type system defined above.

The informal idea behind the definition of the terms of the calculus is that in an
application, for each type in the domain of the function there will be a different argument.
So if we have a term t with type (11 N 2) — 13, we will apply it to a list of arguments,
one with type 71 and the other with type 1.

Definition 2.3 (Distributive type system). The set of distributive terms, ranged over by
(t,s,u,...)is given by the following abstract syntax:

tu=x" | Alat |t
Typing rules are defined inductively as follows.
Fex: MkHt:o

var _>I
TEAxt: M5S0

x:[t]kFxtiT

Tht:(on.., 0] 5T  (AibFsiza)l,

T4+ A ts, . 8] T

—E
Moreover, we introduce a judgment of the form [I'y,..., T[] F [t1,..., ta] : [T, ..., T
with the following rule:
IiHti:tforalli =1.n
[Fl,...,l“n] = [i’l,...,tn] . [Tl,...,’fn]

t-multi

The most noticeable feature of these terms is that in applications we do not have an
argument that can be typed in many ways (as we did in system V). Rather, we have a
different term for each type that the function expects its parameter to be.

Example 2.4. Using integer labels,

2

F A @5 [0 3] 1102, 0% S 65,42, 0% L B8
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is a derivable judgment. Its complete derivation is as follows.

TR i g0 T, ————————ar
x:[[af,e’] = B x ot 0] = B Xt xcw X[’ xcw

v [[02,03] b B3, 02, 0] b Al 30 7] g5

+ /\1x.x["‘2""3]$ﬁ5 [x"‘s,x‘xz] : [[o?, &3] 4 B>, a2,a% N B>

—1

Note that writing all the labels can be tiresome (because writing all the labels is
essentially writing a proof that the term is typed), so we will omit or simplify them when
possible.

Correctness

Observe that the definition we gave has a fatal flaw: we cannot uniquely associate argu-
ments with variables in the body of the lambdas. For example, consider the following

term.

2

(Alx‘y[az,az]ia“ [xa , xaz] ) [a“z, baz]

We do not know which parameter to associate which each x—which parameter goes in
the first x, a or b?

To solve that problem we introduce an invariant that will ensure that problem does
not manifest. We will call that invariant correctness.

Note that the problem is that the function in the application expects two arguments
with exactly the same type. A related problem is that, in the body of the function, the
variable x has the same type twice (remember that in a non idempotent context repetition
matters). In fact, it is enough to ask that those two anomalies do not show up for the
system to work.

We will also ask that the labels of the lambdas do not repeat which will come in
handy later.

Definition 2.5 (Correct term). A multiset of types [7y, ..., T,] is sequential if the external
labels of 7; and 7; are different for all i # j. A typing context I is sequential if I'(x) is
sequential for every x € domI. A term t is correct if it is typable and it verifies the
following three conditions:
1. Uniquely labeled lambdas. If A’x.s and A" y.u are sub-terms of ¢ at different positions,
then £ and ¢ must be different labels. !
2. Sequential contexts. If s is a sub-term of t and I' I s : T is derivable, then I' must be
sequential.
3. Sequential types. 1f s is a sub-term of ¢, the judgment I' - s : T is derivable, and

there exists a type such that (M gy <T)or (M Lo =< 7), then M must be
sequential.

Essentially, correctness says that for any function that appears on the term, its
parameters should be uniquely identifiable.

I This is not strictly necessary for our current purpose, but will be useful later.



8 CHAPTER 2. A DISTRIBUTIVE A-CALCULUS

2
Example 2.6. x5 F [x"‘l] is a correct term. The example we gave above,

(Alx_y[a2,oc2]i>a4 [xocz

) a6
is not. One problem is that the type of y is not sequential. For a last example, Alx.)xly.yo‘z is not
a correct term since labels for lambdas are not unique.

Remark 2.7. We will consider T to be the set of all correct terms. In other words, we will
only consider correct terms during the rest of the work.

Having defined the types and the terms of our system sheds some light on the
resource management capabilities that we claimed it will enjoy: note that we can track
very precisely how (i.e. with which type) a term will be used or a bounded variable will
be evaluated. This will prove very useful to analyze the A-calculus.

The next lemma shows that a term is uniquely typable: this means that for a given
term there is only one type and typing context that satisfy the typing judgment. More-
over, all proof trees are the same.

Note that for all proof trees to be the same it is crucial that we only consider correct
terms, because otherwise when we apply the rule — we may have the possibility to
choose between different orders for the parameters.?

Lemma 2.8 (Unique typing). Let t be typable, i.e. suppose that there exist a context I and
a type T such that I = t : T. Furthermore, suppose that t is correct. Then there is a unique
derivation that types t. In particular, if U/ =t : T/, thenT =T" and T = 7'.

Proof. & By induction on ¢. O

2.3 The calculus

What we want to do know is to give the operational semantics for this calculus. The idea
is straightforward: in order to apply a lambda abstraction to a list of arguments we just
replace each occurrence of the variable bounded by the lambda with the corresponding
argument.

To do that we need to define notation for the type of occurrences of a free variable.
If t is typable, T, (t) stands for the multiset of types of the free occurrences of x in
t. If t1,...,t, are typable, T([t1,...,t,]) stands for the multiset of types of t1,...,t,.
For example, Tx(x[“l]l’ﬁ3 x]) = T([y*, z[“l}i’fﬁ]) =[] > B%,al]. To perform a
substitution t{x := [s1,...,s,|} we will require that T,(t) = T([s1,...,54])-

Let us define exactly what we mean by substitution.

2This implies that a weaker uniqueness result holds for incorrect terms: proof trees are equal modulo
permutations when the rule — is applied, but as we do not care about incorrect terms we do not need to
consider this.
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Definition 2.9 (Substitution). Let f and sy, ..., s, be correct terms such that T,(t) =
T([s1,...,51]). The capture-avoiding substitution of x in t by § = [s, ..., s,] is denoted
by t{x := 5} and defined as follows:

x™{x:=[s]} Lt g
yle=0) £ oy ifx #y
(Afy.u){x :=5} def Myu{x =5} ifx #yand y & fv(5)
o] {x := 5} L o {x o= 5} u{x = S,

In the last case, (), . ..,5y) is a partition of §'such that T (u;) = T(sj) forall j € 0,...,m.

For example,

o o 2 g3 D(l o 2 g3 Dcl
D = [P 2]y = g

and
1

(TP = [, ) = 2
Remark 2.10. Substitution is type-directed: arguments [s1, ..., s,| are propagated through-
out the term so that s; reaches the free occurrence of x that has the same type as s;.
There exists one such occurrence for each i € {1,...,n} because Ty(t) = T([s1,-..,5n])-
Moreover, the fact that f is correct ensures that such occurrence is unique, since Ty(t) is
sequential. The following lemma formalizes what we just said.

Lemma 2.11 (Substitution is well-defined). If T @ x : & - t : Tand A+ § : & are derivable,

then T + A F t{x := &} : T is derivable.
Proof. By induction on ¢, straightforward using the ideas in the last remark. O

Substitution as we presented it can be hard to work with in some environments, as
we have to track how substitution terms get distributed over the term they are being
substituted in.

The following alternative definition of substitution deals with this by taking advan-
tage of the fact that substitution is type-directed: it takes all terms all the way down
and does not split them in the application case, but rather “picks” the correct term to
substitute in the base case.

Definition 2.12 (Alternative definition of substitution). LetT',x : [ty,...,T,] F t : o and
let A; - s; : p; for eachi € {1,...,m} in such a way that T«(t) C T([s1,...,Sn]) and
[0, ..., 0] is sequential. Let us write § for [sq, ..., Sy]. Then an alternative definition for
substitution +{x := 5§} may be defined as follows:

xT{x =5} def Si where i is the unique index such that
T(Si) =T
T — def T .
yfx=5} =y ifx#y
(AMy.t){x =5} def Ay t{{x =5} if x # y and there is no capture

() ) fx =5} & =Y udx=5)5,.
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Moreover, [t1, ..., ty]{x := 5§} stands for [t; {x := 5}, ..., t,{x := 5}], whenever each
substitution #;{{x := 5} is well-defined.

Lemma 2.13. t{x :=§} = t{x := §'}} whenever T,(t) = T(5) and § is a sub-list of 5.
Proof. By induction on ¢.

1. Variable (same), t = x7. First x*{x := [s]} = s. Also, x™{x :=§'}} = s, because s is in &
and it must be the only one for which the external label is the external label of 7.

2. Variable (different), t = y. On the left hand side, y"{x := []} = y. On the right hand
side, y{x:=3} =y.

3. Abstraction, t = Aly.u. On the left, (A‘y.u){x := §} = Aly.u{x := §}. On the right
(Alyu){x :=5} = Myufx := &}. The right-hand side of both equations are the same
by inductive hypothesis.

4. Application, t = r[uy, ..., u,]. On the left side we have that (r[u;]"_ ;) {x :==5} = r{x :=
80t [ui{x := §;}]! ,, where 5y +1'_, §; is a permutation of §, Tx(f) = T(5p) and Tx(u;) = T(5;)

foralli = {1,..,n}. On the other hand, ((r[u;]"_,)){x = &} = rf{x := &} [u;fx =
SR
Noté: %hat for every i € {0,..,n}, §; is a sub-list of §. Then, by inductive hypothesis,
r{x =5} = rf{{x =5} and u;{x :=5;} = u;{{x := &'}, which is what we wanted.

O

Lemma 2.14 (Substitution lemma for the alternative notion of substitution). The following
variant of the substitution lemma holds when x & fv(if):

tx =Py == i}y = t{ly = i {x = s{y = i} }

This equation is intended to mean, in particular, that one side is well-defined if and only if the
other side is well-defined.

Proof.  Straightforward by induction on t. O

Remark 2.15. C{t)f{x := 5} = cf{x =P (tf{x :=5}).

Definition 2.16 (The A*-calculus). The A*-calculus (distributive A-calculus) is given by
the set of correct typable terms 7*. For each label £ € ., we define a reduction relation

i># C T# x T* as follows:
C((Mxt)s) Ly ct{x =7}
where C stands for a context. The binary relation —4 is the union of all the i>#:

def l
—H = U —#
le¥

We sometimes drop the subscript for —4, writing just —, when clear from the context.
The set of contexts is given by the grammar:

c:=0| AMx.c | C?| t[s1,.++,8-1,C,Sit1,- -, Sn)
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Contexts can be thought as terms with a single free occurrence of a distinguished variable
0. The notation C(t) stands for the capturing substitution of the occurrence of (J in C by
t.

In general an n-hole context is a term C with exactly n > 0 free occurrences of the
distinguished variable (1. If C is an n-hole context, C(t1, ..., t,) stands for the term that
results from performing the substitution of the i-th occurrence of [ (from left to right)
by ¢;. If C is an n-hole context for some 7, we say that it is a many-hole context.

2.4 Basic properties

The first lemma is about the shape of the typing context of a given typing judgment.
Specifically, that the typing context will contain x : T for each free variable x* that occurs
in the term, and nothing else.

This lemma will be very useful to prove several upcoming results.

Lemma 2.17 (Linearity). Let t € T* be a correct term, and let T & t : T be the (unique) type
derivation for t. Let x be any variable, and consider the n > 0 free occurrences of the variable x
in the term t, more precisely, write t as t = C(x™, ..., x™), where C is a context with n-holes
such that x ¢ fv(C). ThenT'(x) = {7y, ..., Tu}.

Proof. & By induction on t. O

Remark 2.18. Given that variables are labeled with their types, it is more or less easy to
obtain the type of a given (correct and typable) term. Moreover, Linearity (Lemma 2.17)
shows that it is easy to obtain the context of the typing judgment.

In summary, given a term ¢ that is correct and typable it is straightforward to obtain
its typing judgment I' - ¢ : 7. It is also straightforward to find out whether the term is
typable or not—the typability will manifest itself while we try to find 7.

The following property shows that the rewrite rule —4 is well-defined and well-
behaved.

Lemma 2.19 (Subject reduction). If T F C{(A’x.t)s) : T then T I C(t{x := §}) : T.
Moreover, correctness is preserved.

Proof. & By induction on C. O

Termination

The A*-calculus happens to be strongly normalizing. This is because substitution is
linear, i.e. the term t{x := [s1,...,5,]} uses s; exactly once foralli € {1,...,n}, hence
—r4 reduces the number of lambdas of a term in exactly one.

Proposition 2.20 (Termination). There is no infinite reduction tg —>4 t1 —4 tr —4 .. ..

Proof. It suffices to show that there is a function d : 7# — INy compatible with —4, i.e. such that
t —4 s implies d(t) > d(s). In particular, we will show that taking d(t) to be the number of As in



12 CHAPTER 2. A DISTRIBUTIVE A-CALCULUS

t works. More precisely:

d(x7) %o

d(A‘xt) 1 4 d(r)

A(tls1,. . sa]) = d(t) + ) d(sy)

This definition may be extended to contexts, by taking d([J) L0, Ttis straightforward to show,
by induction on C, that d(C(t)) = d(C) + d(¢t).
Now, to prove the proposition, suppose that

C{(A‘x.t)3) = C(t{x :=5})
We would like to see that d(C((A‘x.t)8)) > d(C(t{x := §})). But
d(c((AMx.t))) = d(C)+d((Alx.t)s)

d(C) +d(Alx.t) + X7 d(s;)
d(C)+14d(t)+ X d(si)

Moreover
d(c(t{x :=5})) =d(C) + d(t{x :=75})

So it suffices to show that 1+ d(t) + Y/ ; d(s;) > d(t{x := §}). As a matter of fact, a stronger
proposition holds: d(t) + Y1, d(s;) = d(t{x :=57}). & We can prove this by inductionon t. O

Corollary 2.21 (Bound for the length of derivations). Let t' € T* be a correct term. Then
there is a bound for the length of derivations starting at t'.

Proof. This is an immediate consequence of the fact that the distributive lambda-calculus is
strongly normalizing (Proposition 2.20) and finitely branching, by Kénig’s lemma. O

Remark 2.22. A possible bound—albeit not very good—is the number of lambdas of the
term. This fact stems from the proof of Proposition 2.20.

Confluence

As we stated in the introduction, the goal of labeling terms and types is that we obtain a
confluent calculus. Confluence means that every two reduction sequences from a term
can be extended to a common reduct. Indeed, the A*-calculus is confluent, and it is the
purpose of this section to prove so.

First, we need to prove an adaptation of the Substitution Lemma for our calculus,
which is a key tool to prove properties about coinitial steps. The substitution lemma for
the pure lambda calculus [Bar84, Lemma 2.1.16] states that, provided that x # y and
x & fv(u), then t{x :=s}{y :=u} = t{y := ul{x :=s{y := u}}

In our case variables get substituted by a [list of terms, so we need to adapt it.
Particularly, the list of terms that will take the place of u needs to be divided up in
several lists: one for the corresponding ys in t, and the rest for the ys in each of the
elements of s, which recall that now will be a list.
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Notation 2.23. We extend the substitution operator to work on lists, defining

— def -
[ty {x =8} = [B{x =83
where (51, ...,5,) is a partition of §'such that T,(¢;) = T(5;) foralli € {1,...,n}.

Lemma 2.24 (Substitution Lemma). Let x # y and x ¢ fv(if). If (i1, ii2) is a partition of ii

then
Hx:=sH{y =i} =t{y = ih H{x :=5{y =i }}
provided that both sides of the equation are defined. Note: there exists a list il that makes the

left-hand side defined if and only if there exist lists iiy, il that make the right-hand side defined.
Proof. & By induction on ¢. O

Example 2.25. For example, consider the term
b= (AW P [ 1P 2P, ).
We can perform the following substitution (where w, a, b are all variables):
Hz = [l =180, Y] {y 1= [af, 0]} = (Aol 1810 ][] [af, b,

Note that, as we replaced one z by a y, if we wanted to invert the order of the substitutions we
would need to separate the list [aP, b*] in two:

Hy = "] Hz = [0, yP )y = 0P} ) = (A w7 P o ] ] [af, 7).

Although we are going to prove that the A*-calculus is confluent, actually a strictly
stronger property holds: strong permutation. This property says that if we "open" a
diagram with two (different) steps, we can "close" it with two steps too; and it also gives
us information about which are those closing steps, via their labels. The fact that this
stronger property holds gives us the chance to develop a functorial residual theory, as
we will learn in the next chapter (cf. Full Stability, Lemma 3.20).

Proposition 2.26 (Strong Permutation). If tg A# t1 and to £—># ty are different steps, then

there exists a term t3 € T* such that t, g—># tz3 and tp £># t3. Diagrammatically,

to L>t1
|

ie' V4
Y

ty— Lot

!
Proof. LetR : ¢ £># t1and S : ty f—># t> be steps going out from ty, and let us show that the
peak may be closed. The step R is of the form:

R:ty=c((Ax.t)d) Sy c(t{x:=5}) =t

We proceed by induction on C, and within each case we separate in different cases depending on
where S is located (which is different than R by hypothesis). & O
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The Strong Permutation property may also be called Diamond Property in some
contexts. > As a consequence of strong permutation, reduction is sub-commutative, i.e.
(¢4 0 —4) C (=4 o <4~ ) where <4 denotes (—4) ! and R~ denotes the reflexive
closure of R.

Moreover, it is well-known that sub-commutativity implies confluence, i.e. (<—4*
o0 —4*) C (—#" o <) (cf. [Ter03, Proposition 1.1.10]). Note that the inverse does not
hold, hence confluence is weaker than strong permutation, as we previously stated.

Corollary 2.27 (Confluence). M is confluent, i.e., if tg —»4 t1 and to —»y to, then there exists
a term t3 such that t| —y t3 and ty —y t3. Diagrammatically,

t0*>>t1

o

ty — —>>13.

3There are also two similar properties, called sub-commutativity and WCR=! which are slightly different
properties from strong permutation, but equivalent: as they do not ask for the steps to be different, but
allow the closing steps to be at most one (instead of exactly one).



Chapter 3

Residual theory

In this section we will develop the theory of residuals of the A*-calculus. We do this as
it will help us to prove that derivation spaces of A* terms have a very simple structure.
This together with the fact that the A*-calculus can simulate the A-calculus in a strong
sense (as we will learn in the next chapter) will make the A*-calculus a very useful tool
to analyze the pure A-calculus.

The basic concepts of general rewriting theory were outlined in the preliminaries
(Section 1.2), and we will now concentrate in the specifics of our calculus.

Informally, the residual of a step after another is what is left of a step after executing
another one; it is a set of steps.

Example 3.1. If we consider the term of the pure lambda calculus:

(Ax.y)((Az.z)w)

Then there are two steps we can perform (we shall call them R and S).

R: (Axy)((Azz)w) — y
S: (Axy)((Az.z)w) — (Ax.y)w

The residual of R after S is the step (Ax.y)w — w. On the other hand, the residual of S after R
is the empty set: S was erased by R.

It is interesting to develop a theory of residuals for A* because residuals allow us to
trace a redex through the reduction of a term. Given that the purpose of A" is to be able
to track how resources are used in A-terms, it is crucial to be able to learn how these
resources interact during a reduction.

As it turns out, the theory of residuals of A* will prove to be powerful enough
to represent meaningful information, but simple enough to have a comprehensible
structure.

15
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Definition 3.2. If R : ¢ £># t' is a step in the distributive lambda calculus, then:

src(R) 4f 4 is the source of R
tgt(R) Lf 4 isthe target of R
name(R) 4f ¢ isthe name of R

Two steps R and S are coinitial if src(R) = src(S) and cofinal if tgt(R) = tgt(S).

Definition 3.3 (Residuals in the distributive lambda-calculus). Given coinitial steps R, S,
the set R/ S of residuals of R after S is defined as follows:

R/S = {R’|src(R") = tgt(S) and name(R) = name(R’)}

Remark 3.4. Recall that the name of a step is the label that decorates the lambda reduced
by the step, and that in correct terms all lambdas have pairwise distinct labels. Given
that our calculus has no duplication or erasure (as per the following lemma), names of
steps will be useful to name reductions.

Lemma 3.5 (Cardinality of the set of residuals).

0 ifR=S
1 otherwise

#(R/S) = {

Proof. Recall that, by definition, lambdas in a correct term have pairwise distinct labels. Consider

first the case when R = S. Then R = S : C((A%x.t)5) i># C(t{x :=§}). There is only one lambda
decorated with ¢ in the source, so there are no lambdas decorated with ¢ in the target. Hence
R/S = @.

On the other hand if, R # S, by the Strong Permutation property (Proposition 2.26) there
exists a step R’ € R/S with the same name as R. There are no other lambdas decorated with £ in
the target. Hence R/S = {R’}. O

3.1 Orthogonality of A"

Recall from the preliminaries that some abstract rewriting systems have the property of
being orthogonal. Being orthogonal entails a myriad of properties and results that make
working with orthogonal rewrite systems very pleasant. Informally, in an orthogonal
rewrite system residuals behave and have the properties that one would expect, some of
which are summarized in the table that follows.

Q.
o]
L8

;gig Co = plo=e pCo = p/tCo/T
e/p = € =g &4 pPCoATCp pCo < 1l
p/g =0 pUc def o(c/p) pUoc = oUp
p/ot = (p/o)/t p=0c = T/p=1/0 (pua)u; E gig‘TUT)

/T = (p/ /(t/ Co < 3It.por= =
p(;/:; = ép T)(U (T p)) ggg — pLg-TEU-U (PUO')/T = (P/T)U((T/T)
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As we stated in the preliminaries, one must check four axioms in order to prove
that a given system (in this case A¥)is orthogonal: Autoerasure, Finite Residuals, Finite
Developments, and Semantic Orthogonality.

Let’s see why the axiom called Finite Developments is interesting. As stated in
[Mel96], the Axiome FD, or finite developments axiom, asks that for every set of coinitial
steps M, then all developments of M are finite.

This axiom is important because suppose we have two coinitial steps R and S, such
that R : t — 5. Then S/R is a set of steps with the same source (s). The idea is that if we
had t and wanted to “execute” both R and S, if we didn’t have finite developments, then
in particular we don’t have finite complete developments, so a reduction that tries to
execute what’s left of S after R may not finish.

The A*-calculus not only enjoys of finite developments, but we can give the exact
length a complete development of a set of steps will have.

Lemma 3.6 (Finite developments). Let M be a set of coinitial steps. Then the length of every
complete development of M is precisely the cardinality of M. In particular, developments are
finite.

Proof. By induction on the cardinality of M. If M = &, the only complete development of
M is € and we are done. Otherwise, if p is a complete development of M, it is a non-empty
derivation, i.e. p = Ro where R € M and such that ¢ is a complete development of M /R.
Since residuals of distinct redexes have distinct names (and hence they are distinct) we have that
M /R = Wsep(S/R), where & denotes the disjoint union of sets. Moreover, #(S/R) = 1 if and
only if R # S by Lemma 3.5, so:

#(M/R) = Zsem#(S/R) = #(M\{R}) = #(M) —1
Hence by i.h. the length of o is #(M) — 1 and we conclude. O

Proposition 3.7. The distributive lambda-calculus is an Orthogonal Axiomatic Rewrite System
in the sense of Melliés.
Proof. There are four axioms to check:

1. Autoerasure. Immediate from the cardinality of residuals lemma (Lemma 3.5).

2. Finite Residuals. Immediate from the cardinality of residuals lemma (Lemma 3.5).

3. Finite Developments. Proved in the Finite Developments lemma (Lemma 3.6).

4. Semantic Orthogonality. A consequence of the Strong Permutation property (Proposi-

tion 2.26).
O

Example 3.8. Next we present an example that will be useful to illustrate some of the upcoming
propositions. Consider the following term:

(AL xl=9 [0 ) [A2yp®, (A32.2%) [w?]).

What follows is its derivation space, i.e., all possible derivations that have the previous term
as a source.
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(Alacxl=2 ) [A2y.y%, (A32.2%) [w?]] 4;> (AL x M= [ ]) [A2y.y, w]

s o

(A2yy®) (Az2) [wt]) —— (A2y.y%) [w*]
2| T 2| T
| |

(A3z.2%)[w*] w*

Some facts about these derivations:

e R creates T: we cannot perform T until we performed R. We will expand on the
topic of creation later.

e RS’ = SR’. Remember that two derivations p, ¢ are permutation equivalent if
p C o C p,ie. if they perform the same amount of work.

e S/R={S'}and S/RT = {S"}. Remember that in A*, residuals are either empty
or singletons, so we will often skip the curly brackets.

e name(T) = name(T') = 2.

3.2 Names and labels

The fact that in A* names of steps are given by labels of lambdas, which by correctness
are pairwise different, and that the calculus has no deletion nor duplication will make
names of steps suitable to name derivations (i.e. series of steps).

Furthermore, giving names to derivations will make them very easy to analyze, as
we will see in this section.

Definition 3.9 (Set of names of a derivation). If p is a derivation, its set of names is

names(p) = {name(R) | 3p1, 02 p = p1Rp2}

A more precise way to say that our calculus has no duplication nor deletion is the
following lemma.

Belonging

There are several notions that can define the fact that a step R is performed in a derivation
p (where R and p are coinitial).

One of this notions is the one that says that whatever R does, is also done by p, i.e.,
R/p = @: there is no more R-related work to do. This is usually written as R C p. This
notion can be easily extended to derivations: ¢ C pif o/p = €.
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Another (weaker) notion asks that some of the work that R does be done in p. This is
the notion of belonging. A step R belongs to a coinitial derivation p, written R € p, if
and only if some residual of R is contracted along p. More precisely, R € p if there exist
p1, R', p2 such that p = p1R’pp and R’ € R/p;. We write R ¢ p if it is not the case that
R € p.

As it turns out, these two notions are equivalent in our calculus, because there is no
deletion nor duplication of redexes.

Lemma 3.10 (Permanence). If R & p then R/ p is a singleton.

Proof. By induction on p. The base case is trivial, so let p = Sco. Note that R # S, so by
Lemma 3.5 we have that R/S = S/, where S’ ¢ 0. So R/So = S’ /¢ is a singleton by i.h.. O

Lemma 3.11 (Characterization of belonging). Let R be a step and p a coinitial derivation in
the distributive lambda-calculus. Then the following are equivalent:

1. Rep,

2. RCp,

3. name(R) € names(p).
Note: the hypothesis that R and p are coinitial is crucial. In particular, (1) and (2) by definition
only hold when R and p are coinitial, while (3) might hold even if R and p are not coinitial.
Proof. (1 = 2) Let p = p1S0, where S is a residual of R. Suppose moreover, without loss of
generality, that p; is minimal, i.e. that R ¢ p;. By Permanence (Lemma 3.10) R/p; is a singleton,
so R/p1 = S. This means that R/p;Sp, = &, so indeed R T p1Sp;.

(2 = 3) By induction on p. If p is empty, the implication is vacuously true, so let p = So and
consider two sub-cases, depending on whether R = S. If R = S, then indeed the first step of
p = Ro has the same name as R. On the other hand, if R # S, then by Lemma 3.5 we have that
R/S = R’, where name(R) = name(R’). Note that R C S so R/S = R’ C ¢. By applying the i.h.
we obtain that there must be a step in ¢ whose name is name(R) = name(R’), and we are done.

(3 = 1) By induction on p. If p is empty, the implication is vacuously true, so let p = So
and consider two sub-cases, depending on whether name(R) = name(S). If name(R) = name(S)
then R and S must be the same step, since terms are correct, which means that labels decorating
lambdas are pairwise distinct. Hence R € p = Ro. On the other hand, if name(R) # name(S),
then R # S so by Lemma 3.5 we have that R/S = R/, where name(R) = name(R’). By hypothesis,
there is a step in the derivation p = So whose name is name(R), and it is not S, so there must be
at least one step in the derivation ¢ whose name is is name(R) = name(R’). By i.h. R’ € ¢ and
then, since R’ is a residual of R, we conclude that R € So, as required. O

Name of a reduction

In this subsection we will see why the naming scheme we proposed for steps and
reductions is useful. Recall that the names of a reduction are the set of names of the
steps that form it. What follows is a list of different results that characterize properties
of reductions in terms of its name.

It is immediate to note that when composing two derivations p, o, the set of names
of po results from the union of the names of p and ¢

Remark 3.12. names(po) = names(p) U names(o)
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Indeed, a stronger results holds. Namely, the union is disjoint:

Lemma 3.13. names(pc) = names(p) & names (o)

Proof. Letp :t —4 s. By induction on p we argue that the set of labels decorating the lambdas in
s is disjoint from names(p). The base case is immediate, so let p = Tt. The step T is of the form:

T :  t=c((AMxu)?) =4 Clu{x:=7})

hence the target of T has no lambdas decorated with the label ¢. Moreover, the derivation 7 is of
the form:

T Clu{x:=7}) —>us
and by i.h. the set of labels decorating the lambdas in s is disjoint from names(7). As a conse-

quence, the set of labels decorating the lambdas in s is disjoint from both names(7) and {¢}. This
completes the proof.

Corollary 3.14 (The length of a derivation equals the number of distinct names along
it). If p is a derivation in the distributive lambda-calculus and |p| denotes the length of p, then
o] = #(names(p)).

Proof. Letp = Rj...R;. Thenby Lemma 3.13, names(p) = ¥J!'_; {name(R;) } and #(names(p)) =
n, as required. O

The names of a derivation are coherent and work well with all the usual residual
theory definitions: projections, prefix order, and permutation equivalence.

Lemma 3.15 (Names after a projection). If p and o are coinitial derivations, then names(p/0) =
names(p) \ names(0)
Proof.  First we claim that names(p/R) = names(p) \ {name(R)}. We proceed by induction on p.

The base case is immediate, so let p = S and consider two sub-cases, depending on whether
R =S.If R =S, then:

names(p/R) = names(Ro/R)
= names(0)
names(Ro) \ {name(R)}

On the other hand if R # S, then by Lemma 3.5 we have that R/S = R’ where name(R) =
name(R’) and, similarly, S/R = S’, where name(S) = name(S’). Hence:

names(p/R) = names(Sc/R)
= names((S/R)(c/(R/S)))
= names(S/R) Unames(c/(R/S))
= names(S’) Unames(c/R’)
= names(S’) U (names(c ) \ {name(R’)} Dbyih.
= names(S) U (names(c) \ {name(R)})
= (names(S) Unames(c)) \ {name(R)}

= namesES;f) \ {name(R

)
= names(p) \ {name(R)}

since name(R) # name(S)

}

which completes the claim. To see that names(p/c) = names(p) \ names(c) for an arbitrary
derivation o, proceed by induction on o. If o is empty it is trivial, so consider the case in which
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0 = Rt. Then:
names(p/Rt) = names((p/R)/T)
= names(p/R) \ names(T) by i.h.
= (names(p) \ {name(R)}) \ names(t) by the previous claim
= names(p) \ ({name(R)} Unames(T))
= names(p) \ names(RT)
as required. O

Proposition 3.16 (Prefixes as subsets). Let p, 0 be coinitial derivations in the distributive

lambda-calculus. Then p C o if and only if names(p) C names(0).
Proof. By induction on p. The base case is immediate since € C ¢ and @ C names(c’) both hold.

So let p = T. First note that the following equivalence holds:
TtCo <= TCoANTCo/T (3.1)
Indeed:

e (=) Suppose that Tt C ¢. Then, on one hand, T C Tt C ¢. On the other hand, projection
is monotonic,sot =Tt/TC o/T.

e (<)SincetCo/Twehavethat Tt C T(0/T) =0(T/0) =csince T/o = e.

So we have that:

TtCo <«<— TCoATCO/T by (3.1)
<= name(T) € names(c) A TCo/T by Lemma 3.11
<= name(T) € names(c) A names(T) C names(c/T) by i.h.
<= name(T) € names(c) A names(T) C names(c) \ {name(T)} by Lemma 3.15
<= names(TT) C names(0)

To justify the very last equivalence, the (=) direction is immediate. For the (<) direction, the
difficulty is ensuring that names(7) C names(c) \ {name(T)} from the fact that names(T7) C
names (o). To see this it suffices to observe that by Lemma 3.13, names(T1) is the disjoint union
names(T) W names(T), which means that name(T) ¢ names(T).

O

Corollary 3.17 (Permutation equivalence in terms of names). Let p, o be coinitial deriva-
tions in the distributive lambda-calculus. Then p = o if and only if names(p) = names(c).
Proof. Immediate since
p=0c <— pLoANcLp
<= names(p) C names(c) A names(c) C names(p) by Proposition 3.16
<= names(p) = names(0)

3.3 Stability (and creation)

In this section we will see two important lemmas that guarantee certain properties of
residues after steps or derivations.

The result that we will call full stability can be seen as a functorial extension to the
confluence result: confluence speaks about what happens to terms after two coinitial
derivations, while full stability speaks about what happens to steps after two coinitial
derivations.
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Creation

The first of this lemmas is creation. We say that a step R is created by another step S if
there is no step R’ coinitial with S such that R € R’/S. What this means is that we were
not able to do what R does before executing S. For example, in Example 3.8 we claimed
that the step T is created by R, which indeed is.

Having a lemma that characterizes creation is relevant because in proofs, it is com-
mon to have edge cases where a new redex is created. A creation lemma can help handle
those edge cases more easily.

The following lemma says that if S creates R, then S follows one of three general
forms.

Lemma 3.18 (Creation). There are three creation cases in the distributive lambda-calculus:
1. Creation case L. C{(Ax.x™) [\"y.t]5) —4 C(A'y.t)5) —4 C(t{y :=5}).
2. Creation case IL C{(A‘x A y.t)5i1) —y C((AYy.t')il) —y C(t'{y:= @}}), where:

t = t{x:=5}

3. Creation case IIL C; (A‘x.Co(xT1))8) —4 C1(CH{(AYyu) F)) —4 Cr{Ch{ufly :=
t'})), where:
Gfxi=3) = ¢
X fx:=5} = Ayu
Mfx:=35) = ¢
§ o= [51,A Yy, 8

Proof. Let R : C{(Afx.t)s) —4 C(t{x := §)}) be a step, and let S : C{t{{x := §}) —4 p another
step such that R creates S. The redex contracted by the step S is below a context Cy, so let
c(tf{{x := 8}) = c1((Ay.u)7), where (A" y.u)7 is the redex contracted by S. We need consider

three cases, depending on the relative positions of the holes of C and C;, namely they may be
disjoint, C may be a prefix of C1, or C; may be a prefix of C. #

Stability

We also would like to prove a property that we call full stability, which is a strong version
of stability in the sense of Lévy [Lev15] (which can in turn be traced back to Berry’s
notion of stability).

Recall that Lévy’s stability states that for any R # S, if T; and T, have a common
descendant T3, as in the figure below, then they have a common ancestor Tp.

A

To
1/ N\=
S/R A/S
T3¢
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In the figure above, T; and T, have a common descendant T3, which means that
T3 € T1/(S/R) and T3 € T»/(R/S). Informally, this means that T; and T, do the same
work, which means that that work is enabled by either performing R or S. The fact that
a system is stable means that we could actually perform the work that T; and T do,
without executing neither R nor S (by doing Tp).

Hence, what stability means is that steps are created essentially in a unique way.

Lemma 3.19 (Stability). If R, S are different coinitial steps such that R creates a step T, then
R/S creates the step T/(S/R).

More specifically:

S\L S/Ri S/RTJ(
R/S T/(S/R)

Note: It is easy to see that this is equivalent to stability in the sense of Lévy.

Proof. & Let R : C((Ax.t)5) —4 C(t{x := §}), let S # R be a step coinitial to R, and suppose
that R creates a step T. By induction on the context C we argue that R/S creates T/(S/R). [

Next we prove full stability, which is an extension to Lévy’s notion of stability,
from steps to arbitrary reductions. Informally, it says that if we are able to execute
the same step after two completely different derivations, then the step existed before
both reductions—i.e., a step is only created by a single reduction (modulo permutation
equivalence).

Lemma 3.20 (Full stability). Let p and o be coinitial derivations such that names(p) N
names(0) = @. Let Ty, Ty, and T3 be steps such that Ts = Ty /(0 /p) = To/(p/ 7). Then there
exists a step To such that Ty = To/p and T, = Ty /0. Diagrammatically:

ToA
2/ N
o/p /p/ff
T3J(

Proof. We first prove the proposition in the particular case in which p is a single step, i.e. p = R
By induction on ¢
1. Empty, 0 = €. Then T} = T3 = T, /R, so it suffices to take Ty := T5.
2. Non-empty, ¢ = S¢’. Recall that permutation diagrams in the distributive lambda-
calculus are square, (i.e. steps always have exactly one residual, except for the trivial case
R/R = &, as was proved in Lemma 3.5). Since name(R) ¢ names(S¢”’), we know that R
is not any of the steps along S¢”, so in particular R/S and R/S¢’ are singletons, which
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means that the situation is the following:

R S
Th
R/S o
S/R T,
U’/(R/S\ /R/Sa’
T3l

Observe that T3 = T;/((S/R)(¢’/(R/S))), so by taking T| := T;/(S/R) we have that
T3 = T{/(¢’/(R/S)). By i.h. on ¢’ we have that there exists a step T} such that T] =
T;/(R/S)and T, = T /0.
To conclude, note that R # S and T{ =T1/(S/R) = Ty/(R/S) so by the Stability lemma
(Lemma 3.19) there must exist a step Ty such that T; = Tp/R and T} = Tp/S. Moreover
T, = Ty/0' = Ty/Sc’, as required.
Having established the previous claim, let us now prove the main statement of the proposition
by induction on p.
1. Empty, p = €. Then T, = T3 = T7 /0 so by taking Ty := T; we conclude.
2. Non-empty, p = Rp’. First observe that, since names(Rp’) N names(c) = &, we have that
names(R) N names(c) = & and names(p’) N names(c) = @. The situation is the following:

SN
AV
\l/

Observe that T3 = T,/ ((R/0)(p’'/(¢/R))), so by taking T} := T,/(R/c) we have that
T3 = T3/ (p’'/(c/R)). By Lemma 3.15 we have that names(c/R) = names(c) \ {name(R)}

and name(R) ¢ names(c), so names(c/R) = names(c). In particular, names(p’) Nnames(c/R) =

@ so we may apply the i.h. on p’ to conclude that there exists a step T} such that Ty = T} /p’
and Tj = T{ /(0 /R).

To conclude, observe that T, = T{/(¢/R) = T»/(R/c), where name(R) ¢ names(c), so
by the previous claim we have that there is a step T such that To/R = T and Ty/o = T».
Moreover, Ty/Rp" = T|/R = Tj so we are done.

O
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3.4 Lattices and derivation spaces

In this section we are going to consider the derivation spaces of terms in the A*-calculus
as lattices and prove properties about those lattices.

In a general orthogonal rewrite system, the space of derivations of a term ¢ is the
set {p : src(p) = t} (usually modulo permutation equivalence), together with the order
relation C. Recall that p C o if and only if p/o = €.

In the preliminaries we defined a lattice to be partially ordered set with two oper-
ations: join and meet. Given two elements of the lattice, their join is their least upper
bound, and their meet is their greatest lower bound. Notice that those elements have to
be unique.

As a consequence of and axiomatic results [Mel96], derivation spaces of terms of
orthogonal abstract rewrite systems are upper semilattices. This means that they have
joins, but not necessarily meets.

Joins for these systems are given essentially by their confluence property: the join
(or least upper bound) of two reductions p, o is p(c/p) (or equivalently o(p/c)). This
can be rephrased in category theory by saying that the derivation space of terms of
orthogonal abstract rewrite systems have push-outs.

Example 3.21. Laneve’s counterexample from the introduction showed that the meet of deriva-
tions is not well defined for the pure lambda calculus (which is an orthogonal abstract rewrite sys-
tem [Mel96]). Let Q) = (Ax.xx)Ax.xx, and consider the reduction space of (Ax.(Ay.a)(xQY))(Az.b)
where the steps U; contract ):

(Ax.(Ay.a)(xQ))(Az.b)

th

5 (Ax.(Ay.a)(xQ))(Az.b) R
Uz

(Ax.(Ay.a)(xQ))(Az.b)

Us

(Ay.a)((Az.b)Q)) : (Ax.a)(Az.b)

|
(Ay.a)b
As we pointed out in the introduction, ST and R do not have a greatest lower bound: ST and

R are not comparable, and neither are S and R, and for all n € IN we have that Uy ... U, C R
and Uy ... U, T ST so the meet RT1 ST does not exist.

Let us write ID*(¢) for the set of derivations of ¢ in the A*-calculus, modulo permuta-
tion equivalence. Because of Orthogonality (Proposition 3.7) the set ID*(¢) armed with



26 CHAPTER 3. RESIDUAL THEORY

C and U is an upper semilattice. Following, we prove that moreover the space ID*(t) is
a distributive lattice.

Definition 3.22. A distributive lattice is a lattice (A, <,V, A) such that forall a,b,c € A,
aN(bVec)=(aAb)V(anc)andaV (bAc)= (aVb)A(aVc). Thatis, each operation
is distributive over the other.

Example 3.23. For example, if X is a set, then (P(X), C, U, N), its powerset, is a distributive
lattice.

If we want to prove that ID*(t) is a distributive lattice, we need to prove that it is
a lattice and that it satisfies the distributivity property. We know that D*(¢) is a join
semilattice (or upper semilattice), so to prove that it is a lattice we need to define a meet
that works.

Meets

The informal idea behind the definition below is that the meet of two derivations p and
o will be the work they both have performed.

Proposition 3.24 (Meet of derivations). Let p, o be coinitial derivations in the distributive
lambda-calculus. Then there exists an infimum for p, o with respect to the prefix order C. We
write p M o for the infimum of {p, o'} obtained by this construction.

Proof. If p and o are derivations, we say that a step R is a common (to p and ¢) whenever R € p
and R € ¢. Define p M ¢ as follows, by induction on the length of p:
M def )€ if there are no common steps to p and o
P ~ | R((p/R)M(c/R)) if the step R is common to p and ¢
In the second case of the definition, there might be more than one R common to p and o. We
suppose that one of them is chosen deterministically but make no further assumptions. To see
that this recursive construction is well-defined, note that the length of p/R is lesser than the
length of p by the fact that projections are decreasing (Lemma A.9). To conclude the construction,
we show that p M ¢ is an infimum, i.e. a greatest lower bound:
1. Lower bound. Let us show that p Mo C p by induction on the length of p. There are two

sub-cases, depending on whether there is a step common to p and ¢.

If there is no common step, then p Mo = e trivially verifies p Mo C p.

On the other hand, if there is a common step, we have by definition that p Mo = R((p/R) M

(0/R)) where R is common to p and ¢. Recall that projections are decreasing (Lemma A.9)
so |p| > |p/R|. This allows us to apply the i.h. and conclude:

pfo = R((p/R)M(¢/R)) by definition
C R(p/R) since by i.h. (0/R) M (¢/R) C p/R
= p(R/p)
= p since R C p by Lemma 3.11.

Showing that p Mo C ¢ is symmetric, by induction on the length of ¢.
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2. Greatest lower bound. Let 7 be a lower bound for {p,c},ie. T C pand T C 0, and let us
show that 7 C p N ¢. We proceed by induction on the length of p. There are two sub-cases,
depending on whether there is a step common to p and ¢.

If there is no common step, we claim that T must be empty. Otherwise we would have
that T = Tt/ C p so in particular T C p and T € p by Lemma 3.11. Similarly, T € o so T is
a step common to p and ¢, which is a contradiction. We obtain that T is empty, so trivially
T=€e¢lL plo.

On the other hand, if there is a common step, we have by definition that p Mo = R((p/R) N
(c/R)) where R is common to p and o. Moreover, since T C p and T C ¢, by projecting
along R we know that /R C p/Rand /R C ¢/R. So:

T C 7(R/7)
= R(t/R)
C R((p/R)MN(¢/R)) sincebyih. t/RC (p/R)M(c/R)
= pMo by definition

O

Remark 3.25. The infimum of {p, ¢} is unique modulo permutation equivalence, i.e. if T
is an infimum for {p,c} then T = pMo.

Names of join and meet

Names of derivations will be a helpful tool when computing meets and joins of deriva-
tions, as the next proposition allows us to easily get them by taking the intersection or
union of sets.

Proposition 3.26 (Names of join and meet). The following hold:
1. names(p LIo) = names(p) U names(0)
2. names(p M) = names(p) N names(c)

Proof. Ttem 1 is easy resorting to the definition of Ll and Lemma 3.15:

names(p(c/p)) by definition of U

names(p) U names(c/p)

names(p) U (names(c) \ names(p)) by Lemma 3.15
(o)

= names(p) U names(0)

names(p Ll 0)

For item 2., we first prove the following claim:

Claim. names(p/(pM o)) Nnames(c/(p M) = &. Proof of the claim. By Lemma A.10 it
suffices to show that (p/(pMc)) M (c/(pM0o)) = €. By contradiction, suppose that there is a step
T common to the derivations p/(p M) and o/ (p M o). Then the derivation (o M ¢)T is a lower
bound for {p,c},ie. (0N )T C pand (pMo)T C o. Since p Mo is the greatest lower bound for
{p,c}, wehave that (oM )T C pMo. But this implies that T C €, which is a contradiction. This
concludes the proof of the claim.

(pno)(p/(pM o)), and this in turn implies

Note that pM o C p, so we have that p =
y Corollary 3.17. Symmetrically, names(c) =

at p
that names(p) = names((pMo)(p/(pM0))) b
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names((pMo)(c/(pMc))). Then:

names(p) N names(o)
names((p 1) (p/ (p 117))) M names( (p 1 0)(¢/ (0 T17)))
(names(pMo) Unames(p/(pM0))) N (names(pMo) Unames(c/(pM0o)))
by Remark 3.12
= names(pMo)U (names(p/(pM o)) Nnames(c/(pM0)))
since (AUB) N (AUC) = AU (BNC) for arbitrary sets A, B, C
= names(pMo)
since (names(p/(p o)) Nnames(c/(pMc))) = & by the previous claim

This concludes the proof. O

Distributive lattice

Theorem 3.27 (Derivations modulo = form a distributive lattice). Let t € T be a correct
term. Then derivations modulo = form a lattice D*(t). More precisely, let X be the set of
derivations in the distributive lambda-calculus going out from t, modulo permutation equivalence:

def {p | sre(p) = t}

def

Let moreover [p] denote the equivalence class of a derivation p modulo =. Then D*(t) = (X, <

, N\, V) is a distributive lattice, where:

pl<l] & pco
o] A [o] % oMo

]Vl = pUc

Proof. It is straightforward to check that < is a partial order, and that [p] A [o] (resp. [p] V [¢]) is
the infimum (resp. supremum) of {[p], [¢]}.

To see that it is distributive, let us first prove the first distributive law: ([p] A [0]) V [1] =
(le] v [1]) A ([o] V [7]). Let p, o, T be arbitrary coinitial derivations. The following equality holds
trivially, since (AN B)UC = (AUC) N (AU B) is valid for arbitrary sets A, B, C:

(names(p) M names(c)) U names(7) = (names(p) Unames(7)) N (names(c) U names(7))
By Proposition 3.26 this entails:
names((p Me) U 7) = names((o 7)1 (0 L))
By Corollary 3.17 this in turn implies that:
(pNo)yuUT=(pUT)MN(cUT)
So by definition of A, V we obtain:
([} A lel) v [t] = ([o] v [z]) A ([e] v [])

The other distributive law, namely ([p] V [c]) A [t] = ([p] A [T]) V ([o] A [T]) is proved analogously.
O
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Remark 3.28. The function names that takes a derivation and returns a set of labels is
well-defined for permutation-equivalence classes, as a consequence of Corollary 3.17:

names([p]) def names(p)

Theorem 3.29 (The lattice of derivations is representable as a ring of sets). Ift € T" isa
correct term, then names : D*(t) — P(.Z) is a monomorphism of lattices, where D*(t) is the
lattice of derivations of t and P (L) is the lattice whose elements are sets of labels ordered by
inclusion, with set intersection and set union as the meet and join operators.

Proof. We are to show that names is monotonic, that it preserves meets and joins, and finally
that it is a monomorphism:

e Monotonic. If [p] < [o] then names(p) C names(c). This has been proved in Proposi-
tion 3.16.

e Preserves meets. names([p] A [0]) = names(p) N names(c) by Proposition 3.26.
e Preserves joins. names([p] V [0]) = names(p) U names(c) by Proposition 3.26.

e Monomorphism. It suffices to show that names is injective. Indeed, suppose that names([p])
names([c]). By Corollary 3.17 we have that p = ¢, so [p] = [0].

O

Example 3.30. If we consider the derivation space from Example 3.8, we see that we have 8
derivations modulo permutation equivalence, representable by the powerset of the set of labels
{1,2,3}. Some examples:

o O represents the empty derivation, €.
o {1} represents R.
e {1,2,3} represents [RS'T’|, which is equal to [RTS"] and [SR'T").

o As {1} represents R and {3} represents S, and {1} U {3} = {1,3}, we know that
RUS = [RY].
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Chapter 4

Simulation of the A-calculus

In this chapter we will focus on establishing a correspondance between the A-calculus
and the A*-calculus. Our goal is to be able to prove that we can map derivations in one
calculus to derivations in the other.

First, we will learn how to relate terms from one calculus to terms in the other, via
what we call refinements. Then, we will look at how the derivation spaces of two related
terms are connected. After that we will learn that the fact that a term of the lambda
calculus is related to another in the distributive lambda calculus says that it has a head
normal form. Finally, we will link and combine the residual theories of both calculi.

Notation 4.1. 1f t is a term of the distributive lambda calculus, we already defined ID*(#)
to be its derivation space, which we proved is a distributive lattice. 7* is the set of all
(correct) terms.

If s is a term of the pure lambda calculus, we write ID*(s) to mean the derivation
space of s, which is a join semilattice. 7 is the set of all terms of the pure lambda
calculus.

4.1 Refinements

Definition 4.2 (Refinement). A lambda-term t € 77 is refined by a distributive term
t' € T*, written t x t' according to the following inductive definition:

rvar txt txt sxsiforalli=1.n
- ———— r-lam r-app
XXt Ax.t x Alxt! ts x t'[sy,..., 8]

We write ' x tif t x . Refinement is also generalized to contexts, by declaring that
0 x O

Note that a term can have more than one refinement. For example, the following
terms refine (Ax.xx)y:

4

WaxlBEIEC] Alexl 17 [ B 50,y 8
2 4 2 2 4 2 2 4 2 2 2 4
(A o) [ [y o728, e (A eI [ [y, y 071

31
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Also, a term may have no refinements—for example, ) = (Ax.xx)(Ax.xx). We leave
this as an exercise to the reader.

The fact that a term doesn’t have a refinement doesn’t imply that sub-terms or terms
that contain it as a sub-term do not have refinements. For example Ax.xx is refined by
Alx.x174[], and (Ax.a)Q) is refined by (A‘x.a®)[].

4.2 Simulation

Having defined the correspondance between terms we have to somehow show how that
correspondance is compatible with the notions of reduction in both calculi.

For this, we put forth two simulation results, one that deals with simulating steps of
the A-calculus in the A*-calculus, and another that does the reverse.

Proposition 4.3 (Simulation). Let t,s € T* be lambda-terms and t' € T* be a distributive
term such that:
X t—pgs

then there is a distributive term s’ € T such that:

t/ — S/ X S
Diagramatically:
P

t———s

X X

poot g
Proof. & By case analysis. The proof is constructive, and the resulting derivation t' —»4 s’ is a
multistep (it is a complete development of a set of coinitial steps). O

Example 4.4. The following are simulations of the step x ((Ax.x)y) —p x y with —4-steps:

B B
x (Axx)y) ——xy x (Axx)y) ————=xy
1X2 1X2 112 43 * 1 1 # 1 2X3 1
AP =77 K2 (M) [y )] S TR ]
x ((Ax.x)y) P Xy
X X

A8 B3 (A5 Y [y], (ASx.xB) [y ]] o o BI yl 87)

Now we want to go the other way: we have t' x t and ' —4 s’. We would like to get
a term s such that t — s x s’. But that is not possible in general, to see that consider the
following counterexample:
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(Ax.xx)((Ay.y)a) P > g

X X
(ALx.xlo 7B [x2]) [(A2y.y 478 )alel =8, (A% )a%] < (ALx.xlo1 7B [x2]) 2] 8, (A%y.y%)a"]

Note that if s is to be refined by
(M2 ]) [a7F, (Ayyt)at]

then it must be an application, s = sys;, such that s; is refined by both al*1=F and
(Ay.y*)a*— but that is impossible, because the first says s, should be a variable, and the
second says it should be an application. So what we need is to reduce the term in the
lower right part of the diagram until it refines some term s.

The exact statement for what we want is the proposition that follows.

Proposition 4.5 (Reverse simulation). Let t',s' € T* be distributive-terms and let t € T be
a lambda-term such that:
txt —ys

then there is a distributive term s" € T* and a lambda-term s € T such that:
t—gsxs’

and the step ' —y s’ is contained in the multistep t' —y s''. Diagramatically:

o ox ot
I
# s B
#
£ v
s x s
Proof. & By induction on t'. The proof is constructive. O

Example 4.6. In the example above, we needed to apply one more step in order to be able to close
the diagram:

(Al =) [(AZyy M 2F)alel =6, (AByy)at] < (Axax)((Ayy)a)
#

(ALxxla1B [x]) [alel 8, (A3y.y)a] p

|

(ALxxl=P[xa])[al8] =P, 4] X (Ax.xx)a
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4.3 Head normal forms

When we defined what a refinement is, we saw that some terms had refinements and
others did not, but the reason behind that was not clear.

In this section we will see that terms that can be refined are exactly the terms that have
a normal form. This is coherent with the fact that typability in system WV characterizes
head normalization [BKV17, Corollary 5.5].

Definition 4.7 (Head normal forms). A term t € 7* of the lambda-calculus is a head
normal form if it is of the form:

t=Ax1.... Axpyty ..ty

where y might be or not be among the xy,...,x,. Similarly, a term ¢ € T# of the
distributive lambda-calculus is a head normal form if it is of the form:

b= ASxp A,y TR L

We say that a term has a head normal form if it can be reduced to a head normal form.
The claim that we are putting forward is that a term can be refined if and only if it has a
head normal form.

Note that for terms that are head normal forms this is easy. The idea is that if

Axi... Axpyty . by €T

then it is refined by
/\glxl....}\f”xn.yu#"g“1 N...0eT"

if x; # y for every i (otherwise the type of y is slightly different, but the term has the
same shape).

Lemma 4.8. Let t € T such that it is in head normal form. Then there exists t' € T* such
that t x t'.
Proof. Suppose t € T* is in head normal form. Then t = Axy.... Axp.yty ... ty.

We will prove that there exists a correct I' - ' : ¢ such that t' x t. To make the proof
easier, we are going to prove something stronger: (a) that there exists such #, (b) that for every
application in ' the argument list is empty, and (c) that if x; = y for any i, I' will be empty,
otherwise it will be a singleton of the form {y : [t]}.

We proceed by induction on the pair (1, m), that is, by induction on IN? with lexicographic
order. & O

The claim that terms that are refinable are exactly the ones that have a head normal
form is formally stated as follows.

Proposition 4.9 (Refinability characterizes head normalization). The following are equiva-
lent:

1. There exists t' € T* such that t'  t. |

2. There exists t' € T* such that t' x tand t' —y Axy.... Abx,yT[]. .. ).



4.4. SIMULATION RESIDUALS 35

3. There exists a head normal form s such that t —g s, i.e. t has a head normal form.

Proof. & (1 = 3) relies on Simulation (Proposition 4.3). (2 = 1) is obvious. (3 = 2)

uses that head normal forms are refinable, plus a subject expansion lemma. Subject expansion

requires formulating a strongeer property than correctness, invariant by —4-expansion (i.e. by
-1

—4 ) O

Note that, in general, there is no need to refine a head normal form using an empty
lists for all parameters. A head normal form has a corresponding Bohm tree, from
which one can obtain an approximant, Axp....Ax,.y QQ ... Q) [Bar84, DCGd98]. A
finite approximant is essentially any finite prefix of the Bom tree, given by the grammar
A= Q|Axy... . Ax A1 Ay ... Ay (2 <= 3) from Proposition 4.9 may be generalized
to arbitrary finite approximations. We did not delve into this theory.

4.4 Simulation residuals

Simulation (Proposition 4.3) ensures that every step t — s can be simulated in AF
starting from a term ' x f. Actually, a finer relationship can be established between
the derivation spaces ID*(t) and ID*(#'). For this, we introduce the idea of simulation
residual.

The input data of Proposition 4.3 consists of the term ¢, the step t — B S and the
refinement +' x t. Similarly as for the usual notion of residual, we define notation
to denote the output data of Proposition 4.3, namely the multistep t' —4 s/, and the
refinement s’ X s.

Definition 4.10 (Simulation residuals). Let t' x t and let R : t —4 s be a step. The
constructive proof of Simulation (Proposition 4.3) associates the — g-step R to a pos-

sibly empty set of —4-steps {Rj, ..., R,} all of which start from t'. We write R/t def

{Ry,...,R,}, and we call Ry, ..., R, the simulation residuals of R after t'. All the com-
plete developments of R/t have a common target, which we denote by #' /R, called the
simulation residual of t' after R.

Remark 4.11. If ' x tand R : t —g s, thent'/R € T* and src(R;) = ' forall R; € R/?'.

Recall that, by abuse of notation, R/t stands for some complete development of the
set R/t'. By Simulation (Proposition 4.3), the following diagram always holds given
txt— g S

ft——————3

R
X X
#
 —— " ¢t /R
R/Y /

Example 4.12 (Examples of simulation residuals). Let R : x ((Ax.x)y) —g x y.
0. Ift/ = xll e [], then R/t = @.
1. Ift = 1 5p [(A%x.x®)[y*']], then R/ = {R'}, where R’ : t' — MO ™).
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2. Ift = (x["‘l'ﬁz}i"f1 [(A%x.x®) [y, (ASx.xP*)[yF’]]), then R/t = {Ry, Ry} where Ry :
t' —y tpand Ry : t' —y t), where t] = xle 15 [y, (ASx.xP*)[yP’]] and t, =

o 15 [(A%x.x*")[y*'], yP°]. Moreover t' /R = t}, where t) = o )5 v, 7).

Simulation residuals #'/R and R/t are defined when R is a single step. Mimicking
the standard extension of residuals for derivations, we extend simulation residuals for
derivations, i.e. t'/p and p/t" as follows.

Definition 4.13 (Simulation residuals extended to derivations). If p : t —4 s is a deriva-
tion and t' € T" is a correct term such that #' x t then the simulation residual of ¢’ after
p is defined by induction on p as a term #'/p € T such that ' /p x s:

o '/ y

o t'/(Ro) ¥ (¥/R) /o

The simulation residual of p after t’ is defined by induction on p as a derivation p/#’
such thatp/t' : ' —4 t'/p:

o e/t e

o (Ro)/t ¥ (R/¥)(c/(F/R))

where, in the right-hand side, the expression R/ is an abuse of notation, and it
technically stands for a (canonical) complete development of the multistep R/

The diagram for the inductive case is:

t R 4 S
X X X
/ /R
t/ R/t >>-t//R (T/(t/ ) »t//Ro_i(t//R)/o_

This extension of the definition works as expected for compositions, as shown by the
following lemma.

Lemma 4.14 (Simulation residuals and composition). Let p, o be composable derivations
and let t' % src(p). Then:

1. t'/po=(t'/p)/c

2. po/t = (o/¥)(e/ (¥ /)
Proof. Item 1. is by induction on p. The interesting case is when p is non-empty, i.e. p = Rt.
Then:

t'/Rto = (t'/R)/TUh:'i' ((!/R)/t)/0c = (t'/RT)/0

as required.
Item 2. is by induction on p. The interesting case is when p is non-empty, i.e. p = R7. Then:

Rto/t = (R/¢)(to/(F/R) " (R/¥)(x/ (¥ /R))(c/((Y/R) /7)) = (RT/t)(¢/(f/RT))

as required. O
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The result can be summarized by the following diagram.

t b s 7 u
X X X
/t /(t/
t/ p t// (% ( ‘0)»_ <t// )/O_

Cube lemma

The following result resembles the usual Cube Lemma'. It is basically a coherence result
that relates different notions of residuals and checks they work together as expected.
We first enunciate a basic cube lemma that deals with single steps, which we later on
will generalize to arbitrary derivations.
But before that let us explain what the cube lemma does. The situation it speaks
about is as shown in the following diagram.

t'/R t'/S
S&%S \ /
t'/(RUS)

In the diagram before, a is a complete development of some set of steps M,. The
cube lemma reconciles the two possible ways of writing M. See that M, can be seen
as projecting R/S on the term #'/S, which would suggest M, = (R/S)/(#'/S). On the
other hand, if we only concentrate on the right hand side of the diagram, M, may be
seen as simply the residual of R/t after S/t', i.e., (R/t')/(S/t"). The basic cube lemma
states that this two different ways of seing M, yield the same set of steps.

Lemma 4.15 (Basic cube lemma for simulation residuals). Let R :t — sand S : t — u be
coinitial steps, and let t' € T* be a correct term such that t' x t. Then the following equality
between sets of coinitial steps holds:

(R/E)/(S/t)) = (R/S)/(¥'/S)
Observe that there are four notions of residual involved here:
R/ ) /@ (/D)= R/ s) /W (¢ /W)

1. Set of simulation residuals of a B-step relative to a correct term.
2. Set of residuals of a #-step after a #-step.

1 Recall that the usual Cube Lemma states that (o/c)/(t/0) = (o/7)/(c/7); see eg. [Bar84,
Lemma 12.2.6].
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3. Set of residuals of a B-step after a B-step.
4. Simulation residual of a correct term after a B-step.

Proof. If R = S then it is easy to see that the proposition holds, so we can assume that R # S.
Also, note that it is enough to see that names((R/t')/(S/t')) = names(((R/S)/(t'/S)), as we
will do that in some cases. We proceed by induction on ¢. & O

The following result relates complete developments from both worlds. It will be
useful to prove the generalized version of the cube lemma, and other intermediate
results.

Lemma 4.16 (Simulation residual of a development). Let M be a set of coinitial steps, let p
be a complete development of M, and let ' € T* be a correct term such that t' x src(p). Then
p/t" is a complete development of M /.

Proof. By induction on depth of M, i.e. the maximum length of any development of M.

1. n = 0. Necessarily, p = € and M = &. Then p/t' = €, which is a (complete) development
of an empty set of steps, like M /.

2. Inductive case. In this case, the longest development of M is non-trivial, so M must be
non-empty, let it be {Ry, ..., R,41} and let p be a complete development of it. Without
loss of generality, we may assume that R, is the first step executed by p, followed by
a complete development of M’ = {Ry/Ry+1,...,Ru/Ry+1}, which we will call p’. Note
that the longest development of M’ (let’s call it 0) is strictly shorter than the longest
development of M because R, 10 is a complete development of M.

By ih., o'/ (¥ /R,41) is a complete development of U} ; 1:,’//115”:11 , which by Lemma 4.15 is
equal to U}, % Then, (R,41/t)(0'/(t'/Ry+1)) is a complete development of M /#

(because by definition itis {Ry /¥, ... ,/R,H_l /t'}).

I Rn+1p, — Rn+1 P
But note that p/t' = =57~ = = P/R,; SO Weare done.

Having shown the previous lemma, we are able to prove that the operation of
projecting derivations from the pure A-calculus to the A*-calculus is compatible with
permutation equivalence.

Proposition 4.17 (Compatibility). Let p = o be permutation equivalent derivations in the
A-calculus, and let t' € T* be a correct term such that t' x src(p). Then:

1. t/p=V/o
2. p/t =0/t
Proof. & We proceed by induction on the proof that p = ¢. O

Corollary 4.18 (Simulation residuals and prefixes). If p C o then p/t' C o/t

Proof. Since p C o we have that pT = ¢ for some derivation 7. Then by item 2 of Proposition 4.17,
pt/t' =0 /t,so (p/t')(t/(t'/p)) = o/t This implies that p/t' C ¢/t as required. O

The cube lemma may be generalized for the case in which R and S are arbitrary
derivations:
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Lemma 4.19 (Generalized cube lemma for simulation residuals). Let p : t —4 s and

ot —»gu be coinitial derivations, and let t' € T be a correct term such that t' x t. Then the
following equality between derivations holds:

(p/t)/(a/t) = (p/0)/(t/0)
Proof. By induction on p using Lemma 4.15. We will prove this result in two steps. The first
step will be to prove it in the case where p is just one step, i.e.,

(R/E)/(a/¥) = (R/0)/(t'/0). )

We proceed by induction on ¢.

1. ¢ = e. Inthis case R/e = {R},'/e = t/,and €/t' = €, so we end up with the equality we
wanted, R/t = R/¢.

2. ¢ = So'. First, R/(S¢’) = (R/S)/c’ = {T/o’' : T € R/S}. Also, t'/o = (¥'/S)/c’.
Then, the right hand side of the equation is ((R/S)/c’)/((t'/S)/¢"), which in reality is
the set {(T/¢")/((¥'/S)/c’) : T € R/S}, which by inductive hypothesis equals (mod-
ulo permutation equivalence) the set {(T/(t'/S))/(¢’/(t'/S)) : T € R/S}, i.e. the set,
((R/S)/(F'/9))/(¢"/(F/)).

In turn, this set, by Lemma 4.15, equals the set ((R/t')/(S/t))/ (' /(t'/S)).

On the other hand, the left side of the equation is (R/#')/((Sc”) /'), which by definition
of simulation residual equals (R/#)/((S/t')(¢’ /(¢ /S))). That last derivation equals the
canonical development of the right hand side of the equation because of the general rule
x/(BY) = (2/B) /7.

Now we proceed to prove the full proposition, and we will proceed by inducion on p.

1. p = e. In this case both sides of the equation are the empty derivation.

2. p = Rp'. This case can be proven with a series of equalities, in which we will abuse
notation when necessary, writing R /¢ to mean a complete canonical development of the
actual residual set.

((Ro") /o) /(¥ /o) (Rp)/o

t/o
(R/0)(p'/(¢/R))
/o
= %g % by definition of simulation residual

R/c 0 /(c/R)
= Ve WIR/ (/R

— /(t'/R . . .
= %g % by inductive hypothesis
/(t/

by definition of residual

by the previous partial result (2)

= 1;; tf, W by the previous partial result (2)
/ /(t'/R . .
= 1;; tf W by the previous partial result (2)
= M by residual properties, in general: % B 77 = %
= % by definition of simulation residual
O

Corollary 4.20 (Algebraic Simulation). Let t' x t. Then the mapping ID*(t) — ID*(t') given

by [p] — [p/t'] is a morphism of upper semilattices.

Proof. We need to check that the morphism is monotonic and that it preserves joins. First, if

p C o then pt = o forsome 7. So p/t C (p/t)(t/(t/p)) = pT/t = 0/t by Compatibility (Propo-

sition 4.17).

( S)econdlyf (euo)/t =ple/p)/t = (p/t)((c/p)/(t/p)) = (p/t)((c/t)/(p/1)) = (/) U
o/t). O
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Example 4.21. Let [ = Ax.x and A = (A5x.x*)[2*"] and let us write 7 for y[“z]iuﬁﬁs. The

refinement t' := (Alx.g[x][])[A] x (Ax.yxx)(Iz) induces a morphism between the upper
semilattices represented by the following reduction graphs:

Ry Si?\xyxxﬂh)\s K (Mxg[x)[])[A] =
y(Iz)(Iz) —=y(Iz)z (Axyxx)z  g[A][] (AL g[x][])[2]

Sy \lez
yz(Iz) Tyzz% kﬁ[zaz][]

For example (R4 US)/t' = (R1511S2)/t' = R}S| = RjUS' = Ry /' US/t. Note that the
step Sy is erased by the simulation: Sy /(9[z][]) = @. Intuitively, Sy is “garbage” with
respect to the refinement 9[z*°][], because it lies inside an untyped argument.

Example 4.22. We can do a larger example. Consider the term (Ax.xx)((Ay.ya)(Az.z)), which
is refined by (A'x.x[])[(A%y.y[a])[A3z.z]], among others 2. Let’s take a look at the derivation
space of the distributive term. We use the labels of the steps to name the steps (R,,, R}, R}, ... are
steps that have the name n).

(W2 ]))[(A2yyla) [Vz2]] == (\yyla)) (Az2]]

®

(Axx]])[(Vzz)[a]] ——— (Az.2)[a]]

| iRg
; Ky

(e[ all

Next, the derivation space of the pure lambda term. We name the steps such that a derivation

below with a step S!' maps to the derivation with R} above. The steps with no name are mapped
to the empty derivation above.

(Ax.xx)((Ay.ya)(Az.z))

\
/

((/\yya)()»zz))((Ay.ya)(/\z.z))sl (Ax.xx)((Az.z)a)
/ T
(Az2)a)(Ayya)(Azz) 2 5 (Ayya)(Az2))((Azz)a)
/ T 53
a(yya)(rz2) (Az2)a) (Az2)a) S (Aygm)(Az2))a
\ /
a((Az.z)a) /é \ ((Az.z)a)a 5 (Ax.xx)a

&
an <

Note that, for example, the derivation S,S3S7 maps to the derivation RyR3RY.

3 5

2 The fully labeled term is ()\1x.xﬂi’3“1 [])[()\Zy(ﬂiﬁ)ﬂ(ﬂi’m.y[aﬂﬁ’ﬁ})[A3z.zﬂi“4“.
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Notice how the unlabeled steps in the second diagram correspond to the empty derivation in
the first one. That means something: the unlabeled steps are not necessary if we want to arrive to
the head normal form aQ), which is “casually” the head normal form represented by al|.

We will study this phenomenon more carefully in the next chapter.
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Chapter 5

Factorization of derivations

As we observed in the two examples at the end of last chapter, when we take a derivation
from the lambda calculus and project it to the distributive lambda calculus, we may end
up with the empty derivation.

Remember that if we have a term ' € T* that refinesa t € T*, ¢/ represents in some
way a head normal form of t. Intuitively, derivations in ID*(¢) that map to the empty
derivation in D*(#') will be derivations that do not do work towards carrying # to the
head normal form represented by .

5.1 Garbage

We shall call these derivations that map to the empty derivation garbage.

Definition 5.1 (Garbage). Let t' x t. A derivation p : t —» s is said to be t'-garbage if
and only if p/t' = €.

Notation 5.2. If the correct term #' is clear from the context, we will often say that p is
garbage, without specifying with respect to which term. In particular, if (0- o) : t = s
and t' x t:

e To say that p is garbage means that p is t'-garbage.
e To say that ¢ is garbage means that o is (#'/p)-garbage.

Example 5.3. Let (Az.Ax.xz)(II) € T*, which has the following derivation space.

(Az.Ax.xz)(II)
R S
)Lx.x(II/ \()\z./\x.xz)l
Ax.xl

43
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The term above may be refined by many terms. Two of those possible refinements are
(AMzA2x.x[])]] Y and (AM'z.A%x.x[z]) [(A3y.y) [\ w.w]] 2. Their derivation spaces are, respec-
tively:

(AMzA%x.x]))][] (AMz.A%x.x[z])[(A3

(AMz.A2%x.x[z]) [A fw.w]

/

Note that the step S is garbage with respect to the first reﬁnement, but not with respect to the
second.

A2xx[(Ay.y)]

A?x.x]]

Foreach t' x t, the set of t'-garbage derivations forms an ideal of the upper semilattice
D (t). More precisely:

Proposition 5.4 (Properties of garbage). Let t' x t. Then:
1. If p is t'-garbage and o T p, then o is t'-garbage.
2. The composition po is t'-garbage if and only if p is t'-garbage and o is (' / p)-garbage.
3. If pis t'-qarbage then p/ o is (t' / 0)-garbage.
4. The join p U o is t'-garbage if and only if p and o are t'-garbage.
Proof. We prove each item separately.
1. Let ¢ C p. Then ot = p for some 7, s0 o/t C (¢/¥)(t/(t'/0)) = ot/t' = p/t' by
Compatibility (Proposition 4.17).
2. Note that po/t' = (p/t')(c/(¥'/p)). So pa/t" is empty if and only if p/t' and ¢/ (¢'/p) are
empty.
3. Su}fpgse thatp/t = e. Then (o/c)/(t' /o) = (p/t')/ (¢ /') by the Cube Lemma (Lemma 4.19).
4. By the Cube Lemma (Lemma 4.19):

(pue)/t' =p(a/p)/t = (o/t)((c/p)/(t'/p) = (p/¥)(a/¥)/(p/F)) = (p/¥) LU (a/F)

So (pU )/t is empty if and only if p/t' and o/t are empty.
O

Our aim is to show that given any derivation p : ¢ —4 s in the A-calculus and
any t' x t, there is a unique way of factorizing p as p;p2 where p, is garbage, and
p1 “has no garbage”. The notion of garbage of Definition 5.1 is fine for our purposes.
Note, in particular, that the notion of garbage is well-defined modulo permutation
equivalence, i.e. if p = o then p is garbage if and only ¢ is garbage (this is a consequence
of Proposition 4.17).

However, the notion of “having no garbage” is not so easy to pin down, as seen in
the following example.

! The fully labeled term is (Alz.)\zx.xﬂi“ M-
2 The fully labeled term is (A1z.A2x.x[l ] 5a%] 5 [zl e })[(A3y.y[“5]$“5)[)\4w.w”‘5]}.
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Example 5.5. Consider the reduction space for (Ax.yxx)((Ax.x)z). Dotted arrows will corre-
spond to steps that are garbage:

(Ax.yxx)((Ax.x)z)

Consider moreover the following refinement:
3 4 5

ALy 2028 e ) [(A%x) 2] % (Axyxx) ((Ax.x)z)

It has the following derivation space (letting T = [&?] KA ] 4 Bo):

Alxy “IMIA

\ /

Then we can observe that:

YT [(A%xxt) "] )]

e Ry,Ry, S, 511, S12 are not garbage.
o Sy1, 52 are garbage.

In particular, the naive notion of “having garbage” is not well-defined modulo permutation
equivalence: the derivations R1S11S2 and SRy are permutation equivalent, but the former
contains a garbage step, while the latter does not.

The following notion of “having no garbage” will be proven to be well-defined
modulo permutation equivalence.

Definition 5.6 (Garbage-free). Let ' x t. A derivation p : t —4 s is t'-garbage-free if for
every derivation ¢ such that o C p:

p/cis (t'/o)-garbage implies p/o =e.
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Intuitively, what the definition of garbage-free says is that we cannot strip p in some
way such that a part is garbage: if we divide p in two parts ¢ and p/¢ and the second
part is garbage, then it actually was the empty derivation.

For example, in the situation of Example 5.5 the derivation SR> is not garbage-free,
since R1511 € SRy and SR>/ R1S11 = Sy which is garbage but non-empty. In contrast,
R1S11 is garbage-free.

Lemma 5.7 (The notion of garbage-free is well-defined modulo permutation equivalence).
Letp:t —gsand p = 0. Then p is t'-garbage-free if and only if o is t'-garbage-free.

Proof. (=) Suppose that p is garbage-free, and let us show that o is garbage-free. Let T C o such
that o/ is (¢ /T)-garbage. Then T C p and p/T is (' /T)-garbage. Then, since p is garbage-free,
we have that p/T = €, which in turn implies that 0/7 = €. (<) Symmetric. O

5.2 Sieving

In this subsection, we will characterize garbage-free derivations by giving a procedure—
sieving—that, in some sense, erases all the garbage from a derivation.

Definition 5.8 (Sieving). Let t' x t where t' is a correct term, and let p : ¢ —p s be an
arbitrary derivation. A step R is coarse for (p,t') if R C pand R/t # @.

We define the sieve of p with respect to ', written p | t/, as a derivation in the
A-calculus, going out from ¢, as follows, considering two cases, depending on whether
there exists a coarse step for (p, t').

e If there are no coarse steps for (p,t'). Then (p | t) def e,

o If there exists a coarse step for (p,t'). Let Ry the leftmost coarse step. Then:

def

(p L ) = Ro((p/Ro) | (¥'/Ro))

Note that, in the recursive invocation, the expression is well-formed because
('/Ry) x src(p/Rp), which is immediate from Definition 4.10.

This definition is shown to be well-defined (terminating and well behaved) in the
following lemmas.

Lemma 5.9 (Sieving is well-defined). The operation p | t' is well-defined.
Proof. & We show that the recursion is well-founded using the measure M(p,t') = |p/t/|. O

Lemma 5.10 (Sieving is compatible with permutation equivalence). Let p = 0. Then

plt=clt.
Proof. & By induction on the length of p | #, observing that (R C p) <= (R/p = 9) <
(R/o=@) <= (RCo). O

Example 5.11. In Example 5.5, S | t' = Sand SRy | t' = R1511.

In the next section we will prove some further results about sieving.
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5.3 Some properties

What follows are two results that describe what happens when one executes a garbage
step or garbage derivation. In short, if a garbage derivation creates or duplicates a step
R, then R is garbage. This makes sense, as one should not need to execute garbage in
order to create a “needed” step.

Lemma 5.12 (Garbage only creates garbage). Let R and S be composable steps in the A-
calculus, and let t' x src(R). If R creates S and R is t'-garbage, then S is (t'/ R)-garbage.

Proof. According to Lévy [Lév78], there are three creation cases in the A-calculus. We need to
consider those three cases separately. # O

Lemma 5.13 (Garbage only duplicates garbage). Let R and S be coinitial steps in the A-
calculus and let t' x src(R). If R duplicates S, i.e. #(S/R) > 1, and R is t'-garbage, then S is
(t'/R)-garbage.

Proof. & By inspecting how R looks like given that it duplicates S. O

We now prove two propositions that give different characterizations for both garbage
and garbage-free derivations. Finally, we give some general and useful properties of the
sieving operation.

Proposition 5.14 (Characterization of garbage). Let p : t —p s and t' x t. Then the
following are equivalent:

1. plt=e

2. There are no coarse steps for (p, t').

3. The derivation p is t'-garbage.

Proof. It is immediate to check that items 1 and 2 are equivalent, by definition of sieving, so we
focuson2 = 3and3 = 2. & O

Proposition 5.15 (Characterization of garbage-free derivations). Let p : t =g sand t' x t.
Then the following are equivalent:
1. pis t'-garbage-free,

2.p=plt,
3. p = o |t for some derivation o.
Proof. We prove each direction separately. # O

Proposition 5.16 (Properties of sieving). Let t' x tand p : t —4* s. Then:
1. p | t'is t'-qarbage-free and p | t' C p.
2 p/(p L #)is () (p | t'))-garbage.
3. pis t'-garbage if and only if p | t' = €.
4. p is t'-garbage-free if and only if p | ' = p.
Proof. We use some technical lemmas spelled out in the appendix ().
1. Note that p | t' is t'-garbage-free by Proposition 5.15. Moreover, p | #' C p by Lemma A.27.
2. This is precisely Lemma A.31.
3. Animmediate consequence of Proposition 5.14.
4. An immediate consequence of Proposition 5.15.
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5.4 Factorization of garbage

Notice that now, given two terms t x ' and a derivation p : t — s, we can obtain via
sieving a garbage-free prefix of p, namely p | t'. The question is if we can somehow get
a garbage derivation ¢ such that (p | t')o = p.

The answer is yes, as the following theorem states. We could prove it now, but in
the next section we will prove a more interesting generalization of the result, that will
consider not only single derivations but of derivation spaces. When we are done with
that, the following theorem will be a mere corollary.

Theorem 5.17 (Simple factorization of garbage). Let p : t —4 s and t' x t. Then there exist
01, p2 such that:

1. p = p102

2. py is t'-garbage-free,

3. po is t'-garbage.
Moreover, p1 and p, are unique modulo permutation equivalence, and we have that p1 = p | t/

and pp = p/(p L t).

5.5 Lattices

As we previously said, we want to enunciate a general factorization theorem for deriva-
tion spaces. The factorization will consist in writing any derivation as the concatenation
of two derivations, such that the first one is garbage-free, and the second one is garbage.

This factorization can be considered over derivation spaces because it glues well: the
factorizations of two different derivations will be compatible in a strong sense.

Let us recall why this factorization theorem is important. If we have a term ¢ refined
by another #', then ' represents some head normal form s of ¢, and the fact that a
derivation is garbage with respect to ' means that it does not contribute to arrive to s.

We introduce the following definitions mostly to fix nomenclature and notation:

Definition 5.18 (Upper semilattices). An upper semilattice is a triple (X, <, V) where
X is a set, < is a partial order on X, and there are binary joins x V y for all x,y € X. An
upper semilattice with bottom is an upper semilattice with a bottom element L € X.
As customary, by abuse of notation, we write X for both the structure and the underlying
set, when clear from the context. We may write L x to emphasize that L is the bottom
element of X.

A morphism of upper semilattices is a monotonic function f : X — Y (ie. x <y
implies f(x) < f(y)) preserving joins, thatis f(x Vy) = f(x) V f(y). A morphism of
upper semilattices with bottom moreover preserves the bottom element, i.e. f(L) = L.

Upper semilattices provided with morphisms form a category USL. Upper semi-
lattices with bottom provided with morphisms form a category USLB. Any upper
semilattice may be regarded as a category whose objects are the elements of X, and such
that there is a (unique) morphism x — y if and only if x < y. We write x — y for such
morphism.
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As usual, if X and Y are posets, the set of functions f : X — Y is also a poset with
f < gdefined as f(x) < g(x) forall x € X. Thus USL forms a 2-category in which 0-cells
are upper semilattices, 1-cells are morphisms of upper semilattices f : X — Y, and there
isa2-cell f = gifandonlyif f < g.

Definition 5.19 (Lax 2-functor). Let ¢ be a category and 2 a 2-category. A lax 2-functor
F: % — 2 isapair (Fi,F,) where F; : Ob(¢) — Ob(2) is a function, and for every
morphism f: X = Yin &,

E(f):FR(X)— F(Y) isal-cellin 2

such that functor laws hold up to 2-cells. We will be interested in the following notion of
lax 2-functor:
1. Fz(ldx) = idFl(X) forall X € Ob((g)
2. K(fog) < FE(f)oF(g)isa?2-cell for any two morphisms g: X — Y, f: Y — Z
in%.
As usual with functors, we may write F to stand for either F; or F,, when clear from the
context. Related lax functor definitions can be found in [Str72].

Recall that we will have a factorization for each derivation, and we want to somehow
glue those factorizations such that factorizations behave well under semilattice opera-
tions. That can be done with an adaptation of Grothendieck’s construction for partially
ordered sets.

The Grothendieck construction allows us to perform a “twisted product” between a
structure and a functor from that structure. This is what we want to do because we have
a structure that represents garbage-free derivations from a term, and we have a functor
from that structure to the category of semi-lattices: for every garbage-free derivation p
we have a semi-lattice that represents the garbage derivations {c | src(o) = tgt(p)}.

Definition 5.20 (Grothendieck construction for partially ordered sets). Let A be a poset,
and let B : A — Poset be a mapping associating each object a € A to a poset B(a).
Suppose moreover that B is a lax 2-functor. More precisely, for each a < b in A let
B(a < b) : B(a) — B(b) be a monotonic function such that:

1. B(a < a) =id, foralla € A.

2. B((b—c)o(a— b)) <B(b—c)oB(a—b)isa2-cell foralla < b < cin A.
The Grothendieck construction [, B is defined as the poset given by {(a,b) |a € A, b €

B(a)} and such that (a,b) < (a', V') & < a'and B(a—a')(b) <V

It is routine to check that [, B is indeed a poset.

Proposition 5.21 (Semilattices of garbage-free and garbage derivations). Let t' x t. Then:
1. Theset (', t) = {[p] | src(p) = tand p is t'-garbage-free} is a finite lattice, with the
order [p] < [0] LN p/ois (t'/o)-garbage, the join [p]V[c] = [(pU o) | t'], and the
meet [p] A [o] given by the join of all the [T] such that [t] < [p] and [T] < [o].
2. Theset G(t',t) = {[p] | src(p) = t and p is t'-garbage} is an upper semilattice, with the
structure inherited from D (t).



50 CHAPTER 5. FACTORIZATION OF DERIVATIONS

Proof. @ The proof relies on the properties of garbage (Proposition 5.4) and sieving (Proposi-
tion 5.16). 0O

Suppose that ¢’ x t, and let F f F(#, t) denote the lattice of t'-garbage-free deriva-

tions. Let G : F — Poset be the lax 2-functor G ([p]) = G(t'/p,tgt(p)) with the action
on morphisms G([p] = []) : G([p]) = G([o]) given by [«] — [pa/c]. Then:

Theorem 5.22 (Factorization). The Grothendieck construction [, G is an upper semilattice.
The join is given by (a,b) V (a’,V') = (ava',G(a —F ava')(b)UG(a' —z ava')(V')).
Moreover, the following is an isomorphism of upper semilattices:

D't) > [,G [ — D\p)
bl = UpbtLlo/(el)]  (pllo]) = [oo]

Proof. & The proof consists in verifying that G is a lax 2-functor, then that [, G is an upper
semilattice, and finally that the mappings above are an isomorphism. O

As an immediate consequence of this theorem, any derivation p in the A-calculus
may be decomposed as p = p1p2, where p; is t'-garbage-free and p» is (' /p1)-garbage.
Moreover, p; and p; are unique, modulo permutation equivalence. Note that this is
exactly what we stated in the factorization theorem in last section, Theorem 5.17.

Example 5.23. Let t = (Ax.yxx)(Iz) and t' be as in Example 4.21. The upper semilattice
DA () can be factorized as [ 7§ as follows. Here posets are represented by their Hasse diagrams:

€] ([, [e])
[Ri] — [R [S] ~  ([R],[e]) —=([R1],[Sa1])  ([S],[e])
! v ! !
[R1S11] = [R1 U S] ([R1511], [€]) = ([R1511], [S22])

Note for example that ([S], [€]) < ([R1S11], [S22]) because [S] < [R1S11], that is, S/R1511 =
Sy is garbage, and G([S] — r [R1S11])([€]) = [S/R1S11] = [S22] C [Sx]-
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Conclusions

In this thesis we defined a calculus based on non-idempotent intersection types, which
we called A*. Admittedly, its syntax is complex because of the labeling of variables
and the correctness invariant, which where ad hoc additions so that the calculus was
confluent. However the derivation spaces of this calculus are very simple structures,
they are distributive lattices (Theorem 3.27), and are representable as rings of sets
(Theorem 3.29),

Then we proved that derivation spaces in the A-calculus can be mapped onto these
simpler derivation spaces, via a strong simulation result (Corollary 4.20). Using this, we
proved how the derivation space of any A-term that has a head normal form can be fac-
torized as a “twisted product” of garbage-free and garbage derivations (Theorem 5.22).

We think this validates the hypothesis that explicitly representing resource manage-
ment can shed some light on the structure of derivation spaces. We would like to know
what would happen if we changed A* for another resource calculus, whether or not
similar results can be found.

The Factorization theorem (Theorem 5.22) is reminiscent of Mellies’ [Mel97] external-
internal factorization. It should be possible to establish a formal correspondence between
these notions. As noted by Mellies, any evaluation strategy that always picks external
steps is hypernormalizing. It should be easy to show that this holds for evaluation
strategies picking non-garbage steps, using the terminology of this work.

Open is the question that we posed after Proposition 4.9, to study the relationship
between refinements of a term of the A-calculus and its approximants. It should not
be hard to prove that there is a correspondence, i.e. that for a given term t and an
approximant A, we can find one refinement of t whose normal form refines a head
normal form of t that corresponds to A.

A related question is the one of whether it is possible to characterize garbage in the
same way we did in this work without using the A*-calculus. We believe a plausible
way to do this would be to use approximants: instead of defining garbage with respect
to a refinement we define garbage with respect to an approximant. Such a result would
not have any A* traces in its statement, but A* may help to prove it easily.
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Appendix A

Proofs of selected statements

A.1 Proof of Lemma 2.8 — Unique typing

We will prove that given two typings of a term, they are the same.
Proof. By induction on ¢.

1. Variable, t = x. If ' F x7 : T, then the last rule in the derivation must be var so it must
be the case that T = ¢ and T' = {x : [t]}. The same is true for v/ and I'". Note that the
derivations are equal.

2. Abstraction, t = Ay.u. AsT = Ay.u : 7, then for some [py,...,px] and 7y it must be the

case that T = [py,..., o] —/> uy. Given that the last rule in the derivation must be —p, we
know that
Toy:lpy,...,on)Fu:m

1
T+ Ay for,..., 00 Lo

The same way, there are [p], ..., p},] and 7{ such that
Uey:[o],....0hFu:1

But now we can use our inductive hypothesis, that tells us that T &y : [p1,...,0n] =
I'®y: [p},...,pn] and 11 = 7/, which implies that T = I and 7 = 7’. Moreover, the
inductive hypothesis tells us that the derivations are the same.

3. Application, t = ulry,...,ry]. Given that the last rule in the derivation must be —g, we

know that
Tobu:o,..., 0 b (Ti b ri:03)iy
—E
F=To+ Titufry,...,m):7
The same way,
ré}—u:[ﬂ'{,...,ﬁ}g]g”[/ (ﬂ"”iiffil)?ﬂ
=S

I'=To+" Titufry,... r: 7

!
Using the inductive hypothesis for 1, we get that Ty = I'j and [o;]7_, L= o) 50,
In particular, T = 7. The inductive hypothesis also tells us that the derivations are the

same.
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Lastly, using the inductive hypothesis n times for each r;, we get that I; = I’} (given that
the derivations are the same), so adding everything we can see that I'o +/_; I'; = Iy, +_; I,
i.e. I = I’ (and more generally that the derivations are the same).

O

A.2 Proof of Lemma 2.17 — Linearity

Let t € 7" be a correct term, and T I t : 7 its (unique) type derivation. Let x be
any variable, and consider the n > 0 free occurrences of the variable x in the term ¢,
more precisely, write f as t = C(x™, ..., x™), where C is a context with n-holes such that
x & fv(C). We will prove that T'(x) = {7y, ..., T }.

Proof. By induction on ¢.

1.

2.

Variable (same), t = x". By uniqueness of derivations, we have that {x : {t}} F x7: 7.
Also, ¢ =Uand t = €(x”). And we also have that T'(x) = {7}, so we are done.

Variable (different), t = y*. By uniqueness of derivations, we have that {y : {t}} Fy" : 7.
Also, ¢ = y© (that is, C does not have any holes) and t = €. And we also have that
I'(x) = @, so we are done.

Abstraction, t = Ay.u. By uniqueness of derivations, we have that the derivation of ¢ is
the following.

F'ey:lp1,.-..,on)Fu:m

%I
¢
THAyu:for,...,00 =1

Given that u is a subterm of ¢, it is correct. So we may use the inductive hypothesis, which
tells us that there is a context €1 such that u = C;(x™,...,x™) (where x ¢ fv(C)) and
(TEB]/:[p1,...,pAn])(x)Z{T{,...,Tn}. A

Then, we take & to be Afy.6;. Note that x ¢ fv(¢), and also that T(x) = T@y :
01, on])(x) ={T0,..., Tu}

Application, t = ulry, ..., ry]. By uniqueness of derivations, we have that the derivation
of ¢ is the following.

0
Tobu:fo,...,on] =1 Cibrio)i,

—E
IF=To+ Titulr,....ra]: 7

Given that u and all r; are subterms of ¢, they are correct; so can use inductive hypothesis on
them. By inductive hypothesis on u, we get that u = Co(x™0,...,x™) (where x & fv(Cp))
and To(x) = {10,0,--.,T0,m, }- On the other hand, by inductive hypothesis on r;, we get
that r; = C;(x0,...,x™"i) (where x ¢ fv(C;)) and T;(x) = {Ti0, ..., Tiym, }-

If we take C to be Cy[Cy, . .., Cy], we have that x ¢ fv(C) and

F=ulry,... 1
Co(x™0, ..., x0m ) [Cq (x™0, .., xTm), . Cy(x™0, ..., xTmm)]

= (Co[Cq, ..., Cu])(x™0, .. xOm0, . x™0, . xTnmn)
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To end the proof, we check the condition on the context.
T'(x) = (To +i2q Ti)(x)
= To(x) +i2, Ti(x)
= {TO,OI - ,T()’mo} _Hﬂ:l {Ti,Ol . rTi,mi}

= {TO,OI ey TO,mgl e /TH,OI e rTn,mn}

A.3 Proof of Lemma 2.19 — Subject reduction

We are to prove that if C{(A’x.t)3) is correct then C({t{x := 5}) is correct, and, moreover,
that their unique typings are under the same typing context and have the same type. We
need a few auxiliary results:

Lemma A.1. If§is a permutation of il, then t{x := 5} = t{x := ii}.
Proof. By induction on ¢. O

Lemma A.2. Ift is correct, then any subterm of t is correct.

Proof. Note, by definition of correctness (Definition 2.5), that if ¢ is a correct abstraction t = AMxs
then s is correct, and if ¢ is a correct application t = s[uy, ..., uy] then s and uy, ..., u, are correct.
This allows us to conclude by induction on t. O

Lemma A.3 (Relevance). IfI' -t : Tand x € domT then x € fu(t).
Proof. By induction on ¢. O

Definition A.4. A(t) stands for the multiset of labels decorating the lambdas of ¢:

A7) € )
ANt €+ A®
Atlsil) & A +1, Als))

For example, A((Alx.x[“z]imz)[A3x.x”‘2]) =[1,3].
Lemma A.5. Let t,s1,...,s, be correct terms. Then A(tH{x := [s;]" 1 }) = A(t) +1; A(si).
Proof. By induction on ¢. O

To prove Lemma 2.19, we first show that substitution preserves typing, and then that
it preserves correctness.

Substitution preserves typing

More precisely, let us show that if T' I C{(A’x.t)s) : T is derivable, then T I C(t{x :=
S§}) : T is derivable. By induction on the context C.
1. Empty, C = [. By induction on ¢.
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1.1

1.2

1.3
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Variable (same), t = x7,5 = [s]. Wehave thatx : [t] Fx": Tand Ak s: 0
are derivable, so we are done.

Variable (different), t = y*, y # x,5 = [|. We have thaty : [t] -y : T is
derivable, so we are done.

Abstraction, t = A'yu. LetT @ x : [0 = Afwu 0 M X T be derivable
and A; F s; : 0; be derivable for all i = 1..n. By inversion of the —; rule,
we havethat T @y : M @ x : [] - u : Tis derivable, soby ih. ([ Dy :
M)+, A B ou{x := [s],} : Tis derivable. Observe that y ¢ fv(s;) so
y & dom A; by Lemma A.3. Hence the previous judgment can be written as
T+, M) @y : M Eu{x:=[s;]' ;} : 7. Applying the —| rule we obtain
T +0 A Alyau{x = [s]"}: M L Tas required.

Application, t = u[r]iL;. Let T @x : [o]f; b u[rj]fL; : T be derivable
and A; = s; : 0; be derivable for all i = 1..n. By inversion of the — rule,
the multiset of types [0;]_; may be partitioned as [¢;]!_; = ¥i"y M;, and
the typing context I' may be partitioned as I' = } i’y I'; in such a way that

To®x : Mo b u: o]y X 7 is derivable and [i@x: Mjlr:pjis
derivable for all j = 1..m. Consider a partition (8, ...,5;) of the list § such
that for every j = 0..m we have T(sj) = M. Observe that this partition exists
since T(Sp + ... +5;) = T(5) = Lo M; = [o3]lL; = Tx(t).

Moreover, let ©; = Zizsiegj A; for all j = 0..m. By i.h. we have that I'y + ©p -
ufx := 5o} [ojliL, X, Tis derivable and [ +0; F ri{x :=5j} : pjis derivable
for all j = 1.m. Applying the — rule we obtain that )", I'; + ;2 ©; -
u[r]-] {x:= Z]m:o §]-} : T is derivable. By definition of I'y, ..., T, and ©y, ..., Oy,
this judgment equals I' +_; A; b u[rj]{x := }/L(5} : T. By definition of
80, - -.,8n and Lemma A.1 this in turn equals I +7_; A; - u[rj[{x := 5} : 7, as
required.

2. Under an abstraction, C = A"y.C'. Straightforward by i.}..
3. Left of an application, C = C'ii. Straightforward by i.h..
4. Right of an application, C = u[ry,C, 7,]. Straightforward by i.h..

Substitution preserves correctness

More precisely, let us show that if C((A‘x.t)s) is correct then C(t{x := §}) is correct. By
induction on C:

1. Empty, C = (0. Let§ = [sq,...,s,]. Observe that if (A‘x.t)[sy,...,s,] is correct then:

o [cllT®x:[o] Ft:Tand A; F s; : 0; are derivable for all i = 1.1,

e [c2]t,s1,...,5, are correct,

e [c3] there are no free occurrences of x among sy, ..., Sy,

o [c4] all the lambdas occurring in t,s4, . .., s, have pairwise distinct labels,

e [c5] I+, A, is a sequential context.
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Condition [c1] holds by inversion of the typing rules, condition [c2] holds
by Lemma A.2, condition [c3] holds by Barendregt’s convention, and conditions
[c4] and [c5] hold because the source term is supposed to be correct.

By induction on ¢, we check that if (Afx.t)[sq,...,sn] is correct, then t{x := 5} is

correct.

1.1 Variable (same), t = x7, § = [s]. Note that t{x := §} = s. Conclude by [c2].
1.2 Variable (different), t = y*, § = [| with x # y. Note that t{x := §} = y".
Conclude by [c2].

1.3 Abstraction, t = A y.u. Then T = M 4 p and by inversionI' @y : M Fu:p
is derivable. Note that (A‘x.u)s is correct, so by i.h. u{x := §} is correct. The
variable y does not occur freeins,so (T @y : M)+ A= T+, 0) @ (v :
M). Let us check that A y.u{x := &} is correct:

1.3.1

Uniquely labeled lambdas. Let ¢1 and ¢» be two labels decorating different
lambdas of )\Wy.u{x := 5}, and let us show that ¢ # /5. There are two
subcases, depending on whether one of the labels decorates the outermost
lambda:

1.3.1.1 If /; or /; decorates the outermost lambda. Suppose without loss of

generality that /1 = ¢ is the label decorating the outermost lambda.
Then by Lemma A.5, there are two cases: either ¢, decorates a lambda
of u, or ¢» decorates a lambda of some term in the list 5. If ¢, decorates
a lambda of u, then ¢; # ¢, since we knew that /\E/y.u was a correct
term by [c2]. If /; decorates a lambda of some term in the list , then
{1 # {5 by condition [c4].

1.3.1.2 If /1 and /> do not decorate the outermost lambda. Then ¢; and /,

1.3.2

1.3.3

decorate different lambdas of the term u{x := 5}, and we conclude
by i.h..
Sequential contexts. Let t' be a subterm of A’ x.u{x := &}. If t’ is a subterm
of u{x := 5}, we conclude by i.h.. Otherwise t' is the whole term and the
contextis I' +7_; A;, which is sequential by hypothesis [c5].
Sequential types. Let t' be a subterm of A x.u{x := §}. If t’ is a subterm
of u{x :=§}, we conclude by i.h.. Otherwise ' is the whole term. Then
I+, A; =t : T is derivable, since we have already shown that substitu-

tion preserves typing. Let A/ 4 ¢ be a type such that A/ 4 ¢ <T+L A
or N é—”> ¢ < 7, and let us show that N is sequential. In the first case, i.e.

if N 55 ¢ < T+, A; holds, then either V' 53 ¢ < Tor V' 55 ¢ < A, for
some i = 1..n, and we have that N is sequential because all the terms

"
t,s1,...,sn are correct by [c2]. In the second case, i.e. if N 4 p =T
holds, then we have that V' is sequential because t is correct by [c2].

1.4 Application, t = u7. Let7 = [ry,...,7,]. Note that (A‘x.u)sj is correct and
(Af x.rj)8;j is correct for all j = 1..m, which means that we may apply the i.h.
in all these cases. Let us show that u[r]-];-”:l{x := §} is correct:
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1.4.1 Uniquely labeled lambdas. Let {1 and ¢, be two labels decorating different
lambdas of u[rj];ﬁ:l{x := §}, and let us show that ¢; # {;. Observe
that the term u[r]-]}”:l{x =8} = u{x := So}[ri{x := 5’]-}];.":1 has m + 1
immediate subterms, namely u{x := 5} and r;{x := §;} for each j = 1..m.
We consider two subcases, depending on whether ¢; and ¢, decorate
two lambdas in the same immediate subterm or in different immediate
subterms.
1.4.1.1 The labels /1 and ¢, decorate the same immediate subterm. That
is, /1 and /¢, both decorate lambdas in u{x := 5y} or both decorate
lambdas in some 7;{x := §;} for some j = 1..m. Then we conclude,
since both u{x := gy} and the r;{x := §;} are correct by i.h..
1.4.1.2 The labels /; and ¢, decorate different subterms. Let ry := u. Then
we have that /; decorates a lambda in 7j{x := 5;} for some j = 0..m
and ¢, decorates a lambda in r¢{x := 5i } for some k = 0..m, j # k. By
Lemma A.5, {1 decorates a lambda in r; or a lambda in a term of the
list 57, and similarly ¢, decorates a lambda in 7y or a lambda in a term
of the list 5;. This leaves four possibilities, which are all consequence
of [c4].
1.4.2 Sequential contexts. Similar to item 1.3.2.
1.4.3 Sequential types. Similar to item 1.3.3.

2. Under an abstraction, C = A‘y.c’. Note that T' - A‘y.c/(t{x :=5}) : M 5 tis
derivable. Let us check the three conditions to see that A*'y.C’ (t{x := §}) is correct:
2.1 Uniquely labeled lambdas. Any two lambdas in C'(t{x := §%}) have different
labels by i.h.. We are left to check that ¢’ does not decorate any lambda in
C'(t{x :=§}). Let ¢1 be a label that decorates a lambda in C'(¢t{x := §%}). Then
we have that ¢, decorates a lambda in €', or it decorates a lambda in t{x := 5}.
By what we proved in item 1 this in turn means that it decorates a lambda in
t or a lambda in some of the terms of the list 5. In any of these cases we have

that £, # (' since A y.C'((A‘x.t)8) is correct.

2.2 Sequential contexts. Let ' be a subterm of A”y.C’(t{x := §}) and let us check
that its typing context is sequential. If ' is a subterm of C'(t{x := §}) we
conclude by i.h.. We are left to check the property for #’ being the whole term,
ie. that I is sequential. By i.h., I' ® y : M is sequential, which implies that I
is sequential.

2.3 Sequential types. Let t' be a subterm of A’y.C’(t{x := 5}) and let us check that,

if N5 p is any type occurring in the typing context or in the type of ', then
N is sequential. If ' is a subterm of C'(t{x := §}) we conclude by i.h.. We are
left to check the property for ' being the whole term.
N5 p < T, then N 4 p <T@y : N which is the type of C'(t{x :=5}),
so by i.h. NV is sequential.
IfN é—ﬂ> p XM E—H> T, there are three subcases:

231 If N = M, then note that M is sequential because I @ y : M is the
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typing context of C'(t{x := §}), which is sequential by i.h..

232 UN 5 p = o where ¢ is one of the types of M, then N/ 4 p =M L1
which is the typing context of C'(t{x := §}), and we conclude for this
term has sequential types by i.h..

233 UN 5 p = T, note that 7 is the type of C'(t{x := 5}), and we conclude
for this term has sequential types by i.h..

3. Left of an application, C = C'il. Note that I' - C'(t{x := 5}) : [oj]7", 5 tis
derivable. Moreover the list of arguments is of the form i = [uj, ..., u;,| where all
the u; are correct and A; & u; : 0 is derivable for all j = 1..m. Then T +iL1 45k
C'(t{x :=5}) [u]-];.”:l : T is derivable. Let us check the three conditions to see that
C'(t{x :=5})[u;]Z, is correct:

3.1 Uniquely labeled lambdas. Let {1 and ¢, be two labels decorating different
lambdas in C'(t{x := §}) [uj];.":l. There are three subcases.

3.1.1 If ¢; and ¢, both decorate lambdas in the subterm C'(t{x := §}) then
0 # 0y since C'(t{x := §}) is correct by i.h..

3.1.2 If ¢ and ¢, both decorate lambdas somewhere in [u, . .., u,] then {1 # £,
since C'(t)[u1, ..., U] is correct by hypothesis.

3.1.3 If ¢ decorates a lambda in C'(#{x := §}) and ¢, decorates a lambda in one
of the terms u; for some j = 1..m, then note that /; must either decorate
a lambda in ¢’ or a lambda in t{x := §}. By what we proved in item 1
this in turn means that it decorates a lambda in t or a lambda in some of
the terms of the list 5. In any of these cases we have that {1 # ¢, since
¢/ ((Afx.t)3) [W],”Ll is correct by hypothesis.

3.2 Sequential contexts. Let t' be a subterm of C'(t{x := §})[u;]{" | and let us show
that its typing context is sequential. If ¢’ is a subterm of ¢'(t{x := §}) we
conclude by i.h.. If t is a subterm of one of the u; for some j = 1..m, we
conclude using that u; is correct by hypothesis. It remains to check that the
whole term is correct, i.e. that T’ +]m:1 Aj is sequential. Observe that I —l—;»”:l Aj

is also the typing context of C'((A‘x.t)3) [u]-];-”:l, which is correct by hypothesis.
3.3 Sequential types. Let t' be a subterm of C'(t{x := 5}) [u]-]}":l and let us show

if N L p is a type that occurs in the typing context or in the type of ', then
N is sequential. If #' is a subterm of C'(t{x := §}) we conclude by i.h.. If
is a subterm of one of the u; for some j = 1..m, we conclude using that u; is
correct by hypothesis. We are left to check the property for ¢’ being the whole
term.

N 5 p = I'+7., Aj, we conclude by observing that I' +7; A; is also the
typing context of C'{(A‘x.t)3) [14j]71, which is correct by hypothesis, so it has
sequential types.

Similarly, if A/ 4 p = 7, we conclude by observing that 7 is also the type of
C'((Afx.t)3) [u]-];-":l.
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4. Right of an application, C = u[Fy, C’, 7,]. Similar to item 3.

A.4 Proof of Proposition 2.20 (cont.) — Termination

We wanted to prove that d(t) + Y1 ; d(s;) = d(t{x := 5}), where d counts the number
of lambdas of its paramter.
Proof. We proceed by induction on ¢.

e Variable (same). t = x7. Then, § = [s] and x"{x := [s]} = s. So what we want to show is
true:

d(x") 4+ d(s) =d(s)
e Variable (different). t = y© # x. Then, 5§ = [| and y"{x := []|} = y". So:
d(y*) +0=d(y")

e Abstraction. t = Aly.r. Then, (Aly.r){x := &} = Aly.r{x :=5}.
By inductive hypothesis on r and 5, we have that d(r) + Y. ; d(s;) = d(r{x := 5}), but
that is what we needed, because

d(A'y.r) + id(si) =1+d(r)+ i d(s)) =1+ d(r{x :=38}) = d(Ay.r{x :=5})
i=1 i=1

e Application. t = u[r;]" ;. Then,

ulrilii {x =5} = ufx = so}[ri{x == §}i,

where §) +_, 5 is a permutation of 5 such that Ty(u) = T(5p) and Tx(r;) = T(5;) for all
ie{l1,...,n}. Letl(i) = |5;|.
By inductive hypothesis

- on u and §y, we have that d(u) + 2;(:0% d(50,) = d(ufx

~— ~=
I
P énl
—~
~—

- onr;and§; (foralli € {1,...,n}), we have that d(r;) +
Note thats'= 3" , Zj(:l)l 8

Using all that we can finally show what we wanted:

d(ulrifiy) +d(5) = d(u) +
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A.5 Proof of Lemma 2.24 — Substitution lemma

We want to prove that if x # y and x ¢ fv(if), then

Hx:=sH{y: =i} =t{y = ih H{x =5{y :=ir}}
where i is a permutation of if; + ii5.

Recall that the equation above requires that both sides be defined; in particular
|ii1] = #,(t) and |ilz| = #,(5). When read from left to right, the equation means that
given if, it can always be written as some permutation of i + . When read from right
to left, it means that given ii; and ily, taking i/ to be any permutation of if; + i, verifies

the equality.
Proof. By induction on ¢.
1. Variable (same, first case) t = x. Then § = [s] and if; = [], so il = il.
Firstly,
x{x:=5H{y =i} =s{y := i}
Also,
Hy = [Hx = [sH{y = u}} = x{x = [s{y == i}}
— x{x:= [s{y = T}
=sly:=i}
2. Variable (same, second case) t = y. Thens = [], so il = [u].
Firstly,
ylo=[IHy = [u]} = yly = [ul}
Also,
yly = [uHx = [Hy = [I}} = wlx:=[[{y:=[1}}
= ufxi= 1)

3. Variable (different) t = z. Then§ =[] and il = [].
Firstly,

2= [Hy =} ==2{y:= I}

Also,

2y = [IHx=[Hy = [} = z{x:= [Hy = [1}}
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4. Abstraction, t = Alz.r.

Az {x: =5y =it} = Mzr{x:=8}){y =i}

= AMzr{x =5y =i}

M {y =i M =5y = i)}
= Mzr{y =i N{x =5y :=ih}}
= Mz {y =i Hx =5{y = ir}}

5. Application, t = r[ry,...,1y].

(rfra, . ora{x = 5Hy r= i1} = (r{x == So}[ri{x = &} {y == iI}
=r{x =5 Hy = io}[ri{x =5 Hy :== Wi }io
My = digy Hx = So{y = o} [y = i Hoe o= Sy 1= @2}l
= (rly = Ton)rly = B} x 1= L5y = i)}

Because )} 5; is a permutation of § and we can perform the substitution of each i,
simultaneously, defining 7, as Y f; », the last term can be rewritten to:

(r{y := toq Hri{y = thip Hizp) {x == §{y := 0o }}

Lastly, if we define 7; to be Y} ii; 1, we get the desired term:

(rir, ..., {y = H{x :=5{y :=%}}
To conclude observe that 7 + ¥, is indeed a permutation of ii; indeed:
(2?:0?1‘,1) T (Xito i2)
Yo Hig + i
Yol by i.h. on each index i = 0..n
i

U1+ 0o

e

A.6 Proof of Proposition 2.26 — Strong Permutation

Let us extend the operation of substitution to operate on contexts by declaring that
Ty(O) =[] and O{x := []} = 0. We need two auxiliary lemmas:

Lemma A.6 (Substitution lemma for contexts). If both sides of the equation are defined and
(81,52) is a partition of S then C(t){x := 5} = C{x := §1 }(H{x := 5»}).
Proof. The proof is similar to the Substitution Lemma, by induction on C. O

Lemma A.7 (Reduction inside a substitution). Let 1 < i < nand s; i> sg. Then:

/
tH{x = [s1,...,8i1,8i,Si41,- -, 50|} = t{x:=[51,.-.,8i-1,8,8i+1,---,5u] }
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Proof.  Straightforward by induction on s. O

The proof of Proposition 2.26 proceeds as follows. Let R : tg i># trand S : tp g—l># tr
be coinitial steps, and let us show that the diagram may be closed. The step R is of
the form ty = C((A‘x.t)3) Ly C(t{x :=§}) = t1. Recall that R # S by hypothesis. We
proceed by induction on C.

1. Empty context, C = (0. Then R : ty = (A‘x.t)3 Lo t{x := §} = t;. There are two
subcases, depending on whether the pattern of S is inside ¢ or inside s
1.1 The pattern of S is in t. Using Lemma A.6, the situation is:

(ALx.c{(ACy.r)il))s d (Alx.clr{y == il}))§
0 ly
c((Ay.r)it){x =5} c(r{y :=i}){x:=5}

H H
c{x =5 (AN yr{x =5 i{x:=5}) c{x:=8}0{y:=i}{x:=5})
v

C{x =51} {r{x:= §2v}{y = il{x :=53}})

where (51, 53,53) and (51,54) are partitions of 5. Note that (52, 53) is a partition
of 54, so it suffices to show that r{y := }{x = 54} = r{x := L }H{y =
il{x := 53} }, which is an immediate consequence of the Substitution Lemma
(Lemma 2.24).

1.2 The pattern of S is inside 5. In this case, § = [, C((A"y.r)ii), 5).

(ALx.t)[51, ¢ iAf’y.r)ﬁ>,§2] L (M t)[5, r{y = @i}, )]
l ZV
tH{x := [51, C{(ALy.r)il), 5]} . tH{x = [51,r{y :=il},5]}

The arrow of the bottom of the diagram exists as a consequence of Lemma A.7.

2. Under an abstraction, C = A’"y.C’. Straightforward by i.h..

3. Left of an application, C = C'il. There are three subcases, depending on whether
the redex S is at the root, to the left of the application, or to the right of the
application.

3.1 The pattern of S is at the root. Then C'((Ax.t)5) must have a lambda at
the root, so it is of the form A’y.c"”((A'x.t)5). Hence, the starting term
is (AYy.c" ((Ax.t)8))il. The symmetric case has already been studied in
item 1.1.

3.2 The pattern of S is inside C'. Straightforward by i.h..

3.3 The pattern of S is inside . It is immediate to close the diagram since the
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steps are at disjoint positions:

C/((Alx.t)g) [ﬁvj’%(ﬂ’y-rw»ﬁz] (A at)B) [, ¢ (r{y = PY), i)
4 4

C'(H{x 1= §}) [, C" (A y.r)B), o] - € {1 {x o= §}>[ﬁ1,é”<r{y = P}), ]

4. Right of an application, C = r[uy,...,u; 1,C', u;y1,...,uy|. There are four sub-
cases, depending on whether the redex S is at the root, to the left of the application
(that is, inside ), or to the right of the application (that is, either inside C’ or u; for
some j).

4.1 The pattern of S is at the root. Then r has a lambda at the root, i.e. it is of
the form A‘y.u. Hence the starting term is (A" y.u)[u1.;_1, C'((ALx.t)s), iy 1]
The symmetric case has already been studied in item 1.2.

4.2 The pattern of S is inside 7. The steps are disjoint, so it is immedjiate.

4.3 The pattern of S is inside u; for some j # i. The steps are disjoint, so it is
immediate.

4.4 The pattern of S is inside C'. Straightforward by i.h..

A.7 Proof of Lemma 3.18 — Creation

Proof. 'We wanted to check that the cases of creation in the distributive lambda-calculus were
1. Creation case L C((Afx.x™) [ALy.t]5) —4 C((A'y.t)8) —y C(t{y :=5}).
2. Creation case IL C((Alx A y.t)5i1) —y C((A'y.t')il) —4 (' {y:= i}), where:
t = t{x:=5}
3. Creation case IIL C; ((A‘x.Co(xT1))3) —s C1(CH((A'yu) #)) —4 C1(Ch(ufly == F})),
where:
Coffx:=5} = ¢
fx:=5} = Alyu
x:=3) = ¢
§ = [s1,AYyu, )

We supposed that R : C{(A‘x.t)8) —4 C(t{x := §}) was astep,and S : C(t{{x :=5}) —4 p
was another step such that R creates S. We said that the redex contracted by the step S is below a

context C1, and C(t{x := §}}) = ¢ (A”y.u)7), where (A" y.u)7 is the redex contracted by S.

We are to consider three cases, depending on the relative positions of the holes of C and Cj,
namely they may be disjoint, C may be a prefix of C, or C; may be a prefix of C:

1. If the holes of C and C; are disjoint. Then there is a two-hole context C such that

c=¢8(0, W\ 'y ¢ =Cetf{x:=35}0)
So the situation is the following:
(A )3, (A y.a)F) = S(H{x := 5P, (A yu)P) =g C(tf{x == 5, ufly == r})

Observe that S has an ancestor Sy, contradicting the hypothesis that R creates S. So this
case is impossible.
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2. If Cis a prefix of C;. Then there exists a context C, such that C; = C(C;), and we have that
t{{x := 5} = G (A" y.u)7). We consider two subcases, depending on whether the position
of the hole C; lies inside the term ¢, or it reaches a free occurrence of x in t and “jumps” to
one of the arguments in the list 5.

2.1 If the position of the hole of C; lies in t. More precisely, there is a context C; and a
term #' such that:
E= o)

G Cof{x =5}
Ayu)F = t{x:=5}

We consider three further subcases for the term #': it cannot be an abstraction, so it
may be a variable x7, or an application. Besides, if it is an application, the head may
be a variable x* or an abstraction.
2.1.1 Variable, i.e. ' = x7. Then the list § may be split as § = [§7, (A’ y.u)7, 53], and
the situation is:

(A x.Ch (x5, A ya)7, 5]) —4 CC((Aya)7)) =4 C(Caufly :=T}))

Observe that S has an ancestor S, contradicting the hypothesis that R creates S.
So this case is impossible.

2.1.2 Application of a variable, i.e. ' = x7 7. Observe that, since (A’ y.u)7 = ' {x :=
§)}, we have that 7 = r/{{x := 5}, and the list § may be split as § = [s], A’ y.1, 53]
The situation is:

C{(Ax.Ch(x™ 1)) (51, A"y, 53]) =4 C(Co{(Ayar) 7)) =4 ClCa(ufly :=T}))

and we are in the situation of Creation case III._ /

2.1.3 Application of an abstraction, i.e. t' = (A‘y.u’) '. Observe that, since (A" y.u)7 =
t'{x := 5}, we have that il = v/ {x := 5} and 7 = ' {x := §}}. Then the situa-
tion is:

(A xCy((Aya) ))8) =4 C(Col(Ayan) 7)) —4 ClCa{ufz:=T}))

Observe that S has an ancestor Sy, contradicting the hypothesis that R creates S.
So this case is impossible.
2.2 If the position of the hole of C; “jumps” through a free occurrence of x. More
precisely, there exist C3, T, 1, 53, and C4 such that:

t=Cy(x™) &= [s1,Ca{(A"yt)7), 5]

in such a way that T(C4 (A" y.u)7)) = Tx(x7), and C; = C3{{x := §}(C4). Hence the
situation is:
c<(Mx.c3<xT>)[sq,c4</(ﬂy.u)7>,s;}>
=4 C(Caf{x =P (Ca((A y)7)))
=4 C(Caf{x =R (Ca(ufly :=7})))

Observe that S has an ancestor S, contradicting the hypothesis that R creates S. So
this case is impossible.
3. If C; is a prefix of C. Then there exists a context C; such that C = C1(C;). This means
that C (t{{x := §}}) = (A’ y.u)?. We consider three subcases, depending on whether C; is
empty, or the hole of C; lies to the left or to the right of the application.
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3.1 Empty, C; = [I. Then C = C; so C is a prefix of C;. We have already considered this
case.
3.2 Left, C; = C, 7. Then the step R is of the form:

R: Ci{CH{(A'x.t)5) 7) —g Cr{Ch(H{x :=F})7)

in particular we know that C}, (t{x :=5}) = AYy.u. There are two cases, depending
on whether C} is empty or non-empty.
3.2.1 Empty, ¢} = 0 Then we have that t{{x := 5} = A y.u. We consider two further
subcases, depending on whether f is an occurrence of the variable x.
3.2.1.1 If t = x7 for some type 7. Then the list § must be of the form [A"y.u] where
the external label of T is precisely ¢'. Then the situation is:

CL{(A xx) A yau] 7) =4 CL (A y) P) =4 CL(uf{y :=7})

and we are in the situation of Creation case I. )
3.2.1.2 If t # xT for any type . Then t must be an abstraction, namely t = A’ y.u/’
where u'{x := §}} = u. The situation is:

CL{(A XAy ) 57) =4 CL{A yad {x =S} 7) =4 C (' {x =3By :=7})

and we are in the situation of Creation case II.
3.2.2 Non-empty, C, # O Then necessarily C; must be an abstraction, namely C}, =

Aly.cY. The situation is:

Ci{(A"yC (M) )7) =4 (A ycy(tHx :=5h)7P)
= GG (H{x:=5h){y:=7})

Observe that S has an ancestor S, contradicting the hypothesis that R creates S.
So this case is impossible.
3.3 Right, C; = (A" y.u)[71, Ch, 7). The situation is:

Ci{(Ayu) [P, Ch (M x0)3), Tal) —4 Co((Ayu) [P, Ch(H{x == §}), Pa))
=4 Co(ufly = [A, Gy (tfx = 5}), 7))

Observe that S has an ancestor Sy, contradicting the hypothesis that R creates S. So

this case is impossible.
O

A.8 Proof of Lemma 3.19 — Basic Stability

We are to prove that if R, S are different coinitial steps such that R creates a step T, then
R/S creates the step T/(R/S).
An auxiliary lemma can be found at the end of the section
Proof. LetR:C((A‘x.t)8) —4 C(t{x :=§}),let S # R be a step coinitial to R, and suppose that R
creates a step T. We proceed by induction on the context C we argue that R/S creates T/(S/R).
1. Empty context, C = [. Then R : (A‘x.t)§ —4 t{{x := §}. There are two cases for S,
depending on whether it is internal to ¢ or internal to one of the arguments of the list 5.
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1.1 If S is internal to . Then t = C;(X) where ¥ is the redex contracted by S. Let ¥’
denote the contractum of X. Then the situation is:

(Alx.01(Z))§ —2 >y (B) fx = 5} ——~

| S/Rl

(A1 (2))§ R 0 () o 1= 5 L

By Creation (Lemma 3.18), T must be created by case IlI, since there are no applica-
tions surrounding the subterm contracted by R. This means that C1(X) = Cp(x" if)
where, moreover, § may be split as [51, A’ .7, 5] in such a way that ¢/ is the external
label of 7.
We consider three subcases, depending on whether the contexts C; and C; are disjoint,
Cy is a prefix of Cy, or C; is a prefix of C;.

1.1.1 If C; and C; are disjoint. Then there is a two-hole context € such that

¢Ox"d)y=c; CE0O) =¢C

Given any term, context, or list of terms X let us write X* to denote X{{x := §}}.
Then the situation is:

(Ax.&(%, xTil)) § — s & (2%, (AL yr)it*) — L 65 (2%, rfy := i1 })

Sl s/x|

(A6, xvit)) 5 L5 e mre, (A yr)it) L R 5 ity = )

Then it is indeed the case that R/S creates T/(S/R).

1.1.2 If C; is a prefix of Co. Then C; = C1(C}) which means that ¥ = ¢} (x7i/). Recall
that X is a redex, so let us write X = (/\Wz.p)q'. We consider two further
subcases, depending on whether the hole of C} lies to the left or to the right
of the application (observe that it cannot be at the root since A’ z.p is not a
variable).

e If the hole of C} lies to the left of ()\Wz.p)é’. More precisely, we have that
¢, = (A""z.¢Y)fand p = ¢ (x7if). Given any term, context, or list of terms
X let us write X* to denote X{{x := §}}. Then the situation is:

(Alxy (A 2.0 (TNT)§ — > ¢ (A 260 (A yr)T)T) —= S (A 2.l (rfly i= T 1))

sl S/Ri
RIS . o ~ T/(S/R) N . )
(Alxcy(c) (xTii)fz == 1) § —> ¢ (A yn)i* ) fz =7 W) — c; (¢ (H{y == @iz =7}

and it is indeed the case that R/S creates T/(S/R). Observe that we use
the Substitution lemma (Lemma A.6).

e If the hole of C/ lies to the right of ()\Zﬂz.p)ﬁ. More precisely, we have that
ch = (A" 2.p)[1, ¢4, G2) and § = [, CY (xT i), §>]. Given any term, context,
or list of terms X let us write X* to denote X{{x := §}}.

Moreover, by the parameter /argument correspondence (Lemma A.8) there
is exactly one free occurrence of z in p whose type coincides with the type



68 APPENDIX A. PROOFS OF SELECTED STATEMENTS

of ¢/ (xTii). Let p = C3(z”) where the hole of C3 marks the position of
such occurrence. Observe that C3(z7){{z := §}} = C3{z := 7} (c(x7 i1)).
Observe that:

C3(z)f{z:=7q"} Caf{z := g R ((Cy (x"10))")

= Gf{z =7 (A yr) 7))

Moreover, if we write C for the context C3{z := 7}, then we have that

(C3)" (Caf{z:=q})"

CGilz:=q} by the Substitution lemma (Lemma A.6)

Then the situation is as follows:

(Alx.C1 (A 205 (7)) 7)) § — R C1 (AL 2.03(27))7*) — >

si /x|

(AL (G (7 1)) § —L55 ey () (ol (A gy ) )y L2

Observe that the names of the steps T and T/(S/R) are both ¢/, which
means that indeed R/S creates T/ (S/R).

1.1.3 If C; is a prefix of C;. Then C; = C,(C}) which means x™ if = C|(X). Since X is a
redex, €} must be of the form x7 [if1, C}, il] and il = [il,C{ (), ifz]. Given any
term, context, or list of terms X let us write X* to denote X{x := 5}}. Then the
situation is:

(AL (¥ [y, € (2), 1)) —= €3 (A yr) i, €I (2), 7)) —> 3 (rfly = [}, €} (£*), 5] })

T/(S/R)

(M xco ([, S (X)), T2]))§ S O3 (A yn) [y, € (£, W3]y —> 5 (rfy = [, ¢} ("), 1)

Note that indeed R/S creates T/(S/R).
1.2 If Sis internal to 5. Then § = [57,C1(X), 5| where X is the redex contracted by S. Let
¥/ denote the contractum of X.. Then the situation is:

(ALx.t) [51,C1(E), 5] —X > H{x = [1,C1 (Z), 5] — >

5 l S/Ri
(M) 51, €1 (2), 53] L tfx =[5y, 0 (), 8] L

By Creation (Lemma 3.18), T must be created by case III, since there are no appli-
cations surrounding the subterm contracted by R. This means that t = Cy(x7 if),
and there is a term in the list [51, C; (), 53] of the form A”y.r such that ¢’ is also the
external label of the type 7. There are two subcases, depending on whether such
term is C; (X) or a different term in the list [y, C; (X), 53].
1.2.1 If Ay.r = C1(Z). Note that C; cannot be empty, since this would imply that
Al y.r = ¥; however ¥ is a redex, and in particular an application, so this cannot
be the case. Hence the context C; must be non-empty, i.e. C; = /\Z/y.C/1 with
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r = C}(X). Given any term, context, or list of terms X let us write X* to denote
X{x := [51,52]}. Then the situation is:

(Alx.Co (x7 i8))[51, AL y.C) (E), 5] —— C5 (AL y.CL (Z)) it*) ——

| s/x|

N[ 4 f o1 R/S ., / i\ T/(S/R)
(Afx.Co(xT i) [5y, AL y.C1 (X)), 5] RS C2<(/\€ y.Ci (X)) i) —

Note that indeed R/S creates T/(S/R).

122 If AYy.r # €1 (). Then A y.r is either one of the terms in the list §] or one of
the terms in the list 5. Given any term, context, or list of terms X let X* denote
X{x := [51,C1(X)%] } and let X' denote X{{x := [51, C1(X')5>] }}. The situation is
as follows:

(Afx.Co(xT ) [1,C1 (R), 52] — = C3{(ALyor) i¥) —= C5(r{{y := @ }})

sl /x|

(A0 (x7 1)) [51, € (), 5] L2 e (A yr) 1) LDt gy o= 1)

Note that indeed R/S creates T/(S/R).

2. Under an abstraction, C = A‘y.C’. Let A be the redex contracted by R, and let A’ denote its
contractum. The step R is of the form A‘y.C'[A] —4 Aly.C’[A']. The steps S and T cannot
be located at the root of the term since the root of the term is not an application. Hence the
positions of 5 and T are necessarily internal to the outermost abstraction, i.e. the situation
is as follows:

Ay.'[A] =B Aly.c[A] —L= Alys

| s/

Ay RS , T/(S/R)

Ay = Alyu”

Consider the diagram without the outermost abstraction, where R’, S’, and T are the steps
isomorphic to R, S, and T respectively:

! !
c[A] 2~/ [A] —=s
S/ S//R/\L
R'/S ,I/(S/R) -,
u u

Note that R’ creates T', so by i.h. R’ /S’ creates T'/(S'/R’). Hence we conclude that R/S
creates T/(S/R), as required.

3. Left of an application, C = C'ii. Let A be the redex contracted by R, and let A’ denote its
contractum. The step R is of the form C'(A)ii —4 C'(A’)il. We consider three subcases,
according to Creation (Lemma 3.18), depending on whether T is created by the creation
case I, II, or III.

3.1 Creation case I. Then C’ is empty and A has the following particular shape: A =

(Alx.xT)[A?y.r]. The step S can be either internal to the subterm r, or internal to one
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of the subterms in the list iZ. If S is internal to 7, let ' denote the term that results
from r after the step S. Then the situation is:

(A xa®)A yr) it — = (A yr) it ———— rfly = T}
S\L S/R
T/(S/R) .
—"{y=a}
Note that indeed R/S creates T/(S/R), as required. If, on the other hand, S is
internal to i, the situation is similar.
3.2 Creation case IL. Then C’ is empty and A has the following particular shape: A =
(A'x.A"y.r) 5. The step S can be either internal to 7, internal to 5, or internal to &. If
S is internal to r, let ¥’ denote the term that results from r after the step S. Then the
situation is:

(AMlxx™) Ay it LN (Aly.r')it

A Ayr) 5t —B s (A yrfx =) il —— r{{x := S} {y == i1}

| s/x|
_T/(S/R

(AlxAlyr") s N5 Ayr'fx:=3)) i —Qr’{{x =5h{y = u}

Note that indeed R/S creates T/(S/R), as required. If, on the other hand, S is
internal to § or i/, the situation is similar.

3.3 Creation case IIL Recall that the step R is of the form R : C'(A) il —4 C'(A’) #i. Since
the step T is created by creation case III, it does not take place at the root of C'[A'] i7,
but rather it is internal to C’[A’]. We consider three subcases, depending on whether
the step S takes place at the root, to the left of the application or to the right of the
application.

3.3.1 If S takes place at the root. Then C'(A) is an abstraction, so C’' cannot be empty,
i.e. we have that ¢’ = A’'y.c"". Moreover, since T is created by Creation case III,
we have that A has the following specific shape: A = (Afx.Co(x7 7)) § where
§ = [51, A" 2.p, )] and such that ¢” is the external label of .

Given any term, context, or list of terms X let X* denote X{x := §}} and let x*
denote X{{y := ii}. Note also that by the Substitution lemma (Lemma A.6) we

have that X {{x := &' }} = x*". Then the situation is the following:

Ay (AxCo(x™ ) §) = (A"y.c" (5 (A 2.p) 7)) ) it (ALy.C"(C5 (pflz =7 })))

sl o

" T/(S/R
oM rch (7)) 51 RS ot et (A zpt) ) L et

(" (P {z=7"})

Note that, indeed, R/S creates T/(S/R).
3.3.2 If S is internal to C'(A). Observe that in such case all three steps R, S, and T are
internal to the left of the application. Then situation is:

CAY i —S =AY —— il
e
R/S , T/(S/R) .
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and we may conclude by i.h., similarly as in item 2 of this lemma.
3.3.3 If S is internal to ii. Then the situation is:

AT —Rs A —T s pil
|
R/S T/(S/R)

(A7 —=C'(A)7
It is immediate to note in this case that R/S creates T/(S/R), since the two-step
sequences RT and (R/S)(T/(S/R)) are both isomorphic to C'(A) —4 C'(A) —4
p, only going below different contexts.

4. Right of an application, C = u[F,C/,7,]. Let A be the redex contracted by R, and let A’
denote its contractum. The step R is of the form u[Fy, C'(A), 7] —4 u[fy, C'(A'),72]. We
consider three subcases, depending on whether the step S takes place at the root, to the
left of the application, or to the right of the application.

4.1 If S takes place at the root. Then u is an abstraction u = )\f/y.u’ . Moreover, by the
parameter/argument correspondence (Lemma A.8), there is a free occurrence of y in
u’ whose type is also the type of the argument C'(A). Let us write 1’ as 1’ = C1(y"),
where the hole of C; marks the position of such occurrence. Given any term, context,
or list of terms X let X* denote X{{x := 71,7, }}. Then we have that the situation is:

ALy Ci{y )1, C{A), Fo] —S= (ALy.Co(y)) [F1, € (D), Fa] — = (A" y.Cr(y")) [P, p. o)

| o
CH(C'(A)) R/S o (c(AT) T/(S/R)

Ci(p)

It is then immediate to note that R/S creates T/ (S/R), since the two-step sequences
RT and (R/S)(T/(S/R)) are both isomorphic to C'(A) —4 C'(A’) —4 p, only going
below different contexts.

4.2 If S is internal to the left of the application. Then the situation is:

u[f1, ' (A), Fo] —= > ulfy, ¢ (A), Fo] ——> ulF1, p, 7]

T
T/(S/R
W7, (A, Ta) L w7, (), o LR 7y, p, 7]
Then since RT and (R/S)(T/(S/R)) are isomorphic, it is immediate to conclude,
similarly as in item 3.3.3 of this lemma.
4.3 If S is internal to the right of the application. We consider two further subcases,
depending on whether § is internal to the argument C'(A), or otherwise.

4.3.1 If S is internal to the argument C'(A). Then the situation is:

ulfy, € (A), 7] —== ulfy, C'(A'), 7] — = u[fy, p, 7]

sl S/Ri
R/S ) 1 T/(S/R)

ulf1,q,72) ———ulf1,q, 7o)l ———ulfy, 9", 7]

and we may conclude by i.h., similarly as in item 2 of this lemma.
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4.3.2 If S is not internal to the argument C'(A). Then it is either internal to 7; or to
7. If it is internal to 77, the situation is:

ulfr, € (A), o] —== ulfy, C'(A'), Fo] —= u[f1, p, P2

s /R
- . R/S . T/(S/R) -
ulfy, C'(A), Fa] ——u[ry, C'(A"), 7a] ——ulf}, p, 72]

Then since RT and (R/S)(T/(S/R)) are isomorphic, it is immediate to conclude,
similarly as in item 3.3.3 of this lemma.
O

Lemma A.8 (Parameter/argument correspondence). If (A‘x.t)[sy,...,s,] is a correct
term then there are exactly n free occurrences of x in t. More precisely, t can be written as
C(x™, ..., x™) where C is an n-hole context and type T; is the type of s; forall 1 <i < n.

Proof. Consider the (unique) type derivation for (A‘x.t)[sy,...,s,]. The last rule must be:

[,x:[oq,...,00] Ft:T

/ —1 AjFsi:o;  foralli=1.n
Fl—/\fx.t:[ﬁl,...,o’n}—)”[ .
: E
T+ A (Mxt)[sy,... 0] : T
It is then easy to conclude by resorting to Linearity Lemma 2.17. O

A.9 Auxiliary lemmas for Section 3.4 — Lattices and Deriva-
tion Spaces

Below the reader can find some auxiliary lemmas used in the proofs of the main results
in Section 3.4.

Lemma A.9 (Projections are decreasing). Let R € p. Then |p| =1+ |p/R].
Proof. Observe that R C p by Lemma 3.11. So p = R(p/R), which gives us that:

o] = #names(p) by Corollary 3.14
#names(R(p/R)) by Corollary 3.17, since p = R(p/R)
= #(names(R) Wnames(p/R) by Lemma 3.13
1+ #names(p/R)
= 1+ |p/R] by Corollary 3.14

O

Lemma A.10 (Properties of disjoint derivations). Let p, o be coinitial derivations. Then the
following are equivalent:

1. names(p) N names(o) = @.

2. pMNo =e.

3. There is no step common to p and ¢.
In this case we say that p and o are disjoint.
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Proof. The implication (1 = 2) is immediate since if we suppose that p M ¢ is non-empty
then the first step of pM o is a step T such that T € p and T € . By Characterization of
belonging (Lemma 3.11), this means that name(T) € names(p) N names(c), contradicting the fact
that name(T) and names(p) are disjoint.

The implication (2 = 3) is immediate by definition of p M ¢.

Let us check that the implication (3 == 1) holds. By the contrapositive, suppose that
names(p) and names(c) are not disjoint, and let us show that there is a step common to p and
. Since names(p) N names(0) # &, we know that the derivation p can be written as p = p1Rp
where name(R) € names(c). Without loss of generality we may suppose that R is the first step in
p with that property, i.e. that names(p1) N names(c) = &. Moreover, let us write ¢ as ¢ = 01 S0
where name(R) = name(S).

Observe that the name of R does not appear anywhere along the sequence of steps py, i.e.
that name(R) & names(p1 ), as a consequence of the fact that no names are ever repeated in any
sequence of steps (Lemma 3.13). This implies that name(S) & names(p;/07). Indeed:

Lemma 3.15)

name(S) = name(R) & names(p;) 2 names(p;) \ names(oy) =! names(p1/01)

This means that S is not erased by the derivation p;/07. More precisely, S/(p1/07) is a singleton.

Symmetrically, R/ (07 /p1) is a singleton. Moreover, name(S/(p1/01)) = name(S) = name(R) =
name(R/ (o1 /p1)) so we have that S/ (p1/01) = R/(01/p1)- The situation is the following, where
names(p1) N names(oq) = @:

P1 (%1
P2 R S (%)
-~ < —_—
Ul/x %/01

R/(‘Tl/Pl)_S/(Pl/‘Tl)l

By Full stability (Lemma 3.20) this means that there exists a step T such that T/p; = R and
T/oy =S. ThenT € pjRpp = pand also T € 07502 = 0 so T is common to p and ¢, by which
we conclude. O

Lemma A.11. Let p and o be coinitial derivations. Then names(p M o) C names(p).

Proof. By induction on the length of p Mo
1. Empty, pMo = €. Then names(p M) = & C names(p) is immediate.
2. Non-empty, pMo = T(p/TMc/T), where T is a step common to p and ¢. Then since T
is common to p and ¢, we have that name(T) € names(p). Moreover, by i.h. names(p/T N
o/T) C names(p/T). So:

names(p M o) {name(T)} Unames(p/TMc/T)

; names(p) U names(p/T)
= names(p) U (names(p) \ {name(T)} by Lemma 3.15
= names(p)

as required.
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A.10 Auxiliary lemmas for Section 4.1 — Refinements

Lemma A.12 (Refinement of a substitution). If ' x t and sg X sforalll < i < n then
tH{x:=1[s],...,s,]} x t{x :=s}.
Proof. By induction on ¢.

1. Variable (same), t = x. In this case, t' = x. Then, [s/]! | = [s'] and x{x := [']} = ¢/,
which by hypothesis refines s = x{x := s}.
2. Variable (different), t = y. In this case t' = y. Then, [s]]" ;| = [] and y{x := []} =y,

which refines y = y{x := s}.
3. Abstraction, t = Ay.r. In this case t' = Aly.r’, where r x 1.
Also (Ay.r){x := s} = Ayr{x := s}, and My {x = [s],...,s}]} = Ay {x =
[s1,...,sy]}. By inductive hypothesis r'{x := [s],...,s;]} x r{x := s}, so we are done.
4. Application, t = ru. In this case t' = r'[u}, ..., u},], where r x +" and u > u!.
Also, (ru){x = s} = r{x = s}tu{x := s} and (¥'[u},..., u}]){x := s} = r'{x =
Soui{x :=5i}.
But by inductive hypothesis r{x := s} x r'{x := 5y} and u{x := s} x u;{x := s;} for all
i€{l,...,n},soweare done.
O

Lemma A.13 (Refinement of a context). The following are equivalent, which relates refinement
and contexts:
1. t' x C(s),
2. t"is of the form C'(s}, .. .,s;,), where C' is an n-hole context such that C' x Cand s; x s
forall 1 <i < n. Note that n might be 0, in which case C' is a term.
Moreover, in the implication (1 = 2), the decomposition is unique, i.e. the context C', number
of holes n > 0, and terms s, . .., s,, are the unique possible such objects.

Proof. Remark that, in general, if C' x t, where C’ is a many-hole context and t is a term, then C’
must be actually a 0-hole context. This can be easily checked by induction on C’. We prove each
direction separately:

e (1 = 2) By induction on C.

1. Empty, C = . Then ¢’ x s. Taking ¢’ = O and s} := #/, we have that t' = C/(s}).
Moreover, the decomposition is unique.

2. Abstraction, C = Ax.C;. Then # must be of the form Ax.u’ where 1’ x C(s). By
ih., write u’ as u’ = C{(s},...,s)) where C] x Cj and s, x sforalll < i < n.
Taking ¢’ := A‘x.C] we conclude. By i.h. the decomposition is unique for s/, so the
decomposition is also unique for ¢'.

3. Left of an application, C = Cj u. Then t' must be of the form r'[u], ..., u},] with
' x Ci(s) and uj x u forall 1 < i < m. By i.h., write ' as v’ = C{(s},...,s),) with
€y x Crands! x sforall 1 <i < n. Taking ¢’ := C{ [u},...,u},] we conclude. By i.h.
the decomposition is unique for /, so the decomposition is also unique for t'.

4. Right of an application, C = u C;. Then t’ must be of the form v’ [, ..., )] where
u' x wand r; x C(s) forall 1 < i < m. By i.h., we can write each of the r/ as
v = Cl(l,i) <S/(i,1)’ ey Sl(i,k,~)> where Cl(l,i) is a context of k; holes such that C/(l,i) X C1 and
s’(i,].) x sforalll <i<mandalll <j<k. Taking ¢’ = u’[C’(Ll),. ) "Cl(l,m)]
context with m = }I' ; k; holes we conclude. By i.h. the decomposition fo reach u/ is
unique, so the decomposition is also unique for #'.

as a
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e (2 = 1) By induction on C.

1. Empty, C = 0. Then ¢’ = Oand 5] = #, so we are done.

2. Abstraction, C = Ax.C;. Then ¢’ = A’x.C| where C} x Cy. By i.h. Cj(s},...,s}) x
Ci(s), sot' = Alx.Ci(s), ..., s)) x Ax.Cq(s).

3. Left of an application, C = C;u. Then ¢’ = ¢} [u},...,u},] where C| x C;(s)
and ug X u forall 1 < i < m. Note that the ug are terms (i.e. they are 0-hole
cs)nt/exts), ‘E)y t¥1e pre\;ious remark. Then by i.h., C{(s},...,s),) x Ci(s), sot' =
Cy(sh, - sp)[ul, - up,] X Cr(s) u.

4. Right of an application, C = uC;. Then ¢’ = u’[C’(l,l),...,CELm)] where 1/ X u

and C/(1j) x Cp forall1 < j < m. Note that u’ is a term (i.e. it is a 0-hole con-
/

(1)
is a context with k]- > 0 holes, in such a way that Z;-":l kj = n. Let us split the
list [sq,...,s),] in m lists, such that the j-th list has k; elements, ie. [s],...,s,] =
[S/(l,l)"'"Sl(l,kl)""’S/(m,l)""’sl(m,km)]' By i.h., for each 1 < j < m we have that

C/(l,j) <s’(].,1),...,s’(j’kj)> X Cy(s). So:

text), by the previous remark. Moreover, for each 1 < j < m, the context C

= ”/[C/(1,1)<S/(1,1)""’Sl(l,k1)>""’czl,m) (s/(m,l),. "’szj,km)” X 1 Cq(s)
which concludes the proof.

O

Lemma A.14 (Contexts refined by terms may be filled). Suppose that t' x C where t' is a
term (with no holes). Then t' x C(X) for any term or context X.

Proof. By induction on C.

1.
2.

3.

4.

Empty, C = [J. This case is impossible, since it implies ' = [J.
Abstraction, C = Ax.C". Then t’ = Alx.t” wheret” x C'. By ih, t" x C'(X)sot' = Alx.t" x
Ax.C'(X) = C(X).
Left of an application, C = C's. Then t' = t"[s],...,s)] with t” x ¢" and 5] x s for all
1<i<nByih,t"xCc(X)sot' =t"[s],...,s)] x C'(X)s = C(X).
Right of an application, C = C’'s. Thent' = ' [t{,...,t,] with s’ x s and ¢/ x ¢’ for all
1<i<nByiht!xc(X)foralll <i<mn,sot' =s"[t],..., 1] x sC(X) = C(X).

O

A.11 Proof of Proposition 4.3 — Simulation

We want to prove thatift,s € 7" and t' € T* be a distributive term such that #' x t — B S,

then there is a distributive term s’ € 7% such that#’ —»4 s’ X s.
Proof. Lett = C((Ax.p)q) — C(p{x :=q}) = s. We proceed by induction on C.

1.

Empty context, C = (. Then t = (Ax.p)qg — p{x :=q} =s. Thent' = (\'x.p")[q},...,q}],
for some /£, p’ x pand g} x q.

We can do the step t' —4 p'{x := [q],...,q7,]}. We choose s’ to be the latter term, which by
Lemma A.12 refines s.

2. Under an abstraction, C = Ay.C’. Then t = Ay.C'((Ax.p)q) — Ay.C'(p{x :=q}) =s. If

t' % t, then t’ = Aly.r, withr x C'{(Ax.p)q).
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By inductive hypothesis, there is a term 7’ such that

¢ (Ar.p)g) — = ¢ (p{x := q})
X X

r >t
Then,
B
Ay.C'((Ax.p)q) —— Ay.C'(p{x = q})
X X

Aly.r # > Aly.r’

. Left of an application, C = C'u. Then t = C'{(Ax.p)q)u — C'(p{x :=q})u =s. Ift' x ¢,

then t' = rfu, ..., uy], withr x ¢'((Ax.p)q) and u} x u.
By inductive hypothesis, there is a term 7’ such that

¢ (Ar.p)g) — > ¢ (p{x := q})
X X

r > 7
Then,

O ((Ax.p)q)u — = ¢/ (p{x = q})u
X X

rlug, ... up) # >r'[ul, ..., up)

. Right of an application, C = uC’. Then t = uC’'((Ax.p)q) — uC'(p{x :=¢q}) =s. Ift' x t,

then t' = u'[u},...,uy], withu’ x uand u] x ¢'((Ax.p)q).
We can apply the inductive hypothesis to every u}, obtaining

¢((Ar.p)g) — = ¢ (p{x := q})

Then,

u C'((Ax.p)q) Ly c'(p{x=q})

u' [uf, ... up) L (W, ... uy,l
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Because

/ / /! / / ! !/ " / / !/ /!
WUy, .o g Uy Uy, oo U] =g W U], g, U, UG, U]

!/ " ! / !
=y WUy, U U Uy, U]

/ " " / !/
_»#u[ul,...,ui_l,ui,ui_,’_l,...,un}
u

AP " " "
—>4 U [l/ll,...,uiil,ui,ul'+l,...,

!/ " " " "
=y WUy, U U g, Uy

A.12 Proof of Proposition 4.5 — Reverse simulation

We repeat the statement of reverse simulation in its entirety.
Let t/, s’ € T* be distributive-terms and let t € T* be a lambda-term such that:

txt —ys
then there is a distributive term s” € 7% and a lambda-term s € 7% such that:
t—gsxs’

and the step t' —4 s’ is contained in the multistep t' — s”. Diagramatically:

o ox ¢
!
# g B
#
E v
s x s

Proof. By induction on .
1. Variable t' = x. This case cannot happen because a variable cannot be reduced.
2. Abstraction, t' = A‘y.r’. In this case t = Ay.r, where r x . Also, we have that t —4 s/, so
then necessarily s’ = A‘y.r} where 1’ —y 7/.
Then, by inductive hypothesis we have that

!

X
l#
# r B
| L #
EN v

o ox o on
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So adding a lambda at the beggining of every term in the diagram we get our desired
result
AMyr x  Ayr

|

# )L[y.r’l B

Wy
NV v
Ayl x Ayn

3. Application, t' = u'[r}, ..., r},]. In this case we have several subcases, depending on where
the reduction step is done. It can be done inside u’, inside a rf for somei € {l, ., m}, or
in the head of the term (in the case that 1’ is a lambda). Let R : t —4 s’ be the name of the
step.

Also, t = ur,such thatu x v’ and r x ] foralli € {1,...,m}.
3.1 Risinside . So then 1’ —4 u}, and by inductive hypothesis we have that

X u
. l#
# Ul B
4
N ;

ul!  xoow

So adding the arguments at the end of every term in the diagram we get our desired

result

uwlirlm, o ur

#uq[ri]iy p
o a
NV v
uf [, % wr

3.2 R is inside 7} for some i € {1,...,m}. We have that v} —4 r,, so by inductive

hypothesis
rhooxor
#
# T B
#
¥ ;
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Now, we would like to reduce the rest of the r]’» to something that refines r1. Luckily,

we can do that using simulation.
As for every j # i we have that r; x rand r —g r then because of simulation we get

the following diagram for every j # i.

Using all those reductions we obtained, we can construct the following diagram,
which proves what we wanted.

A / !
WG, o T i T

11, / / / /
u [1’0,...,ri_l,rirl,riH,...,rm]

#
¥
17,0 / / / /
u [1’0,1, e T T T 1)
v
#
¥
1. / / / /
u [”0,1"'"ri—l,lf”i,lf”z‘+1"'"”m} B
#
¥
7. / /! / /
u [”0,1/ e T T o
#
¥
1AV / 1/ / /
u [”0,1/ e T T 71
yv#
#
v v

17,0 / /! / /
u [roll,. TV SVL IR TIR ,rmll] X urq
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3.3 Ris at the root. In this case u’ = A’x.s, and we have the following diagram.
Axs)rh, ..o x (Axs)r
i# lﬁ
s{x:=1[r},...,m]} s{x:=r}

Buts'{x:=[r],..., 7]} x s{x := r} because of Lemma A.12, so we are done.
O

A.13 Proof of Lemma 4.8 — Head normal forms have refine-

ments

We had a term ¢ € T that is in head normal form, i.e. f = Axj....Axy, Yt oot
We wanted to prove that:

e there exists ' € T such that t/ x t,
e for every application in ' the argument list is empty, and

e if x; = y for any i, I' will be empty, otherwise it will be a singleton of the form
{y: [7]}-
Proof. We proceed by induction on the pair (1, m), that is, by induction on IN? with lexicographic
order.
1. Base (0,0). In this case t = y, so we can simply choose t’ to be y*.
2. Inductive step. We want to see that the property holds for (n,m) > (0,0) given that it
holds for all (n’,m") < (n,m). Here there are two cases, either n = 0 or n > 0.

21 n = 0. We have thatt = yt; ... t,,, m > 1. Lets = yt; ... t;;—1. By inductive
hypothesis, there exists a correct term s’ that refines s.
We can suppose, without loss of generality, that s’ = y*f; ... f,_1, where each
element of £; refines t;. If s’ wasn’t like that, it simply would not refine s. If m = 1,
then s’ = y and the type of y is T.
If m > 1, the inductive hypothesis tells us that all ; are empty, so s’ = y[]1 ... []m_1
(we number them to make it more clear which is which). Because of Unique typ-
ing, the type of y has tobe [|; — ... = [];—1 — T, where 77 is the type of s

Diagramatically,
y:[h—=...= [lna = ar byl len ) e — 7 N
E
y:[lh—=...= [l = a}ryth2len 00w

Now, we can give a typing derivation for the following term, if we consider a
derivation very similar to the last one but where 71 has been replaced by [] — 1.

y:lh == = [l = o}yl lenlzn g ], ] - g

{y:lli—...o w1~ [ = o} Fyh2lel=n ], ()i

—E

Let t' = ylh=-=lna=0=2 ][]0 [).
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Note that the derivation fo # can be completed very easily in the same way that s’
was done, and it’s easy to check that #' is correct (contexts are sequential, there are no
lambdas, and types are sequential, because the derivation is essentially the same that
the one of s’). Moreover, t' refines t, so we are done.

22 n > 0. Wehave that t = Axy.... Ax,.yty ... ty. Lets = Axp.. . Ax,yty ...ty By
inductive hypothesis, there is a term I' - s’ : T that refines s. The same way as before,
we know that s’ = A2xy... . Alx,y[] .. [].

Let t' = Alxy.s’, where £ is fresh. If x; = y and x; # x; forall 1 < i < n, then / is the
external label of y, and in any other case it is a fresh label. Here to make the proof
tidier we will divide in two new cases, depending on whether x; = y and x1 # x;
forall1 < i < n,or not.
221 xy =yand x; # x; forall 1 < i < n. In this case, by inductive hypothesis T’
must be a singleton {y : 7 }.

{y:m}ks:t

—1
ok Axs o] St

We have that t' x t, and that the derivation of ' has sequential types and
contexts, because by inductive hypothesis s’ does. Finally, ¢’ has pairwise
distinct labels in all lambdas because s’ does and ¢ was chosen to be a fresh
label.

222 x1 #yorx = x; forsomel <i<mn.

{y:m}pks:t

—1
{y:m}FAlxs [ 5t

Like in the previous case, we have that t’ x t, and that the derivation of #' has
sequential types and contexts, because by inductive hypothesis s’ does, and that
t' has pairwise distinct labels in all lambdas because s’ does and ¢ was chosen to
be a fresh label.

O

A.14 Proof of Proposition 4.9 — Refinability characterizes head
normalization

Before proving Proposition 4.9, we need a few auxiliary results.

Lemma A.15 (—y-normal forms refine head normal forms). Let t' € T* be a —y-normal
form and t' x t. Then t is a head normal form.

Proof. Observe, by induction on ¢’ that if # € 7% is a —s-normal form, it must be of the form
Axy . Al Xn.Y'87 .. .5y, as it cannot have a subterm of the form (Aé/z.u)?'. Then

Aixg. .. ./\é”xn.yré’l eS8 X F

. So t is of the form Axy....Ax,.ys1 .. .5y, thatis, t is a head normal form. O

The following lemma is an adaptation of Subject Expansion in [BKV17].
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Lemma A.16 (Subject Expansion). IfT - C{t{x := §}) : Tis derivable, then T - C{(A’x.t)3) :
T is derivable.

Proof. The proof proceeds by induction on C, and the base case by induction on ¢, similar to the
proof that substitution preserves typing in the proof of Subject Reduction (Section A.3). O

Correctness is not necessarily preserved by —s-expansion. We need a stronger
invariant, strong sequentiality, that will be shown to be preserved by expansion under
appropiate conditions:

Definition A.17 (Subterms and free subterms). The set of subterms sub(t) of a term ¢ is
formally defined as follows:

sub(x7) o {x7}
sub(Afx.t) L {Afxt} Usub(t)
sub(t[s;]? ;) {#[si]11 } Usub(t) U UL sub(s;)
The set of free subterms sub®(t) of a term ¢ is defined similarly, except for the abstraction

case, which requires that the subterm in question do not include occurrences of bound
variables:

def

sub®(x") & {x7}
sub® (Ax.t) def {Mxt}U{uesub®(t) | x & fu(u)}
sub(¢[si]7 ;) % {#[si,} Usub®(£) UL sub®(s;)

Definition A.18 (Strong sequentiality). A term f is strongly sequential if it is correct
and, moreover, for every subterm s sub(t) and any two free subterms s1, s, € sub® (s)
lying at disjoint positions of s, the types of s; and s, have different external labels.

Example A.19. The following examples illustrate the notion of strong sequentiality:
1. Theterm t = (Alx.y"‘z) [] is strongly sequential. Note that t and y"‘2 have the same type,
namely a?, but they do not occur at disjoint positions.
2. The term t = (ALx.x**)[y*’] is strongly sequential. Note that x** and y** both have type
a2, but they are not simultaneously free subterms of the same subterm of t.

3. Thetermt = /\1y.x["‘21%["‘21i55 [y**][2*°] is not strongly sequential, since y** and z** have
the same type and they are both free subterms of x5 [y*][2*"] € sub(t).

Lemma A.20 (Refinement of a substitution: decomposition). If u’ x t{x := s} and u’ is
strongly sequential, then u' is of the form t'{x := [s}]"_, }. Moreover, given a fresh label ¢, the
term (A\'x.t')[s!]IL_, is strongly sequential, t' x t and s\ x s for all i = 1..n.

Proof. By induction on ¢.

1. Variable (same), t = x. Then 1/ x s. Let T be the type of u’. Taking ' := x* X x we
have that (A‘x.x7)[u] is strongly sequential. Regarding strong sequentiality, observe that
xT and u have the same type, but they are not simultaneously the free subterms of any
subterm of (Afx.xT)[u’].

2. Variable (different), t = y # x. Then u’ x y, so #’ is of the form y*. Taking t’' := y* we
have that (A‘x.y7)[] is strongly sequential.
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3. Abstraction, t = Ay.r. Then u' x Ay.r{x := s} so i’ is of the form A’ y.u” where u"
r{x := s}. By ih., u” is of the form r'{x := [s/]"_,} where (A‘x.r")[s/]"_, is strongly
sequential, 7 x rand s/ x s for all i = 1..n. Taking ' := A”y.r’, we have that t = A" y.r’ x
Ay.r = t. Moreover, the term (A‘x.t')[s;], = (AlxAlyr )[si]!"_; is strongly sequential.
Typability is a consequence of Subject Expansion (Lemma A.16). The remaining properties
are:
3.1 Uniquely labeled lambdas. The multiset of labels decorating the lambdas of (A‘x.A"y.r")[s;]_,
is given by A((Aex.}\f/y.r’)[si]?zl) = [0, 0]+ A(r") +1; A(s;). Tt suffices to check
that this multiset has no repeats. The label ¢ is assumed to be fresh, so it occurs
only once. By ih., u” = r'{x := [s]]_;}, so using Lemma A.5 we have A(u') =
AN ya) = W]+ AW") = [0]+ A {x = [$]1}) = [0+ A7)+ Als).
Moreover, the term u' = A’y.u" is correct, so this multiset has no repeats.

3.2 Sequential contexts. Let q be a subterm of (A‘x.A"y.r")[s/]’_,. If q is a subterm of 7’ or

a subterm of s/ for some i = 1..n we conclude by i.h. since (A‘x.r')[s]]%_; is known

to be correct. Moreover, if ' & x : M @y : N is the typing context for 7/, the typing
contexts of )\ely.r’ and /\Ex.)tﬁ/y.r’ are respectively I' © x : M and I', which are also
sequential. Finally, if A; is the typing context for s/, for each i = 1..n, the typing
context for (A’x.r')[s!]"_, is of the form T +"_; A; +y : A, and it is sequential by i...
Hence the typing context for the whole term is I' +}' ; A;, and it is sequential.

3.3 Sequential types. Let q be a subterm (Ax.A"y.r")[s/]"_, and let P “ p be a type that
occurs in the typing context or the type of 4. As in the previous case, we have that
IT@x: o)y ®y: N Fr':tisderivable and A; I- s/ : 0; is derivable for all i = 1..n.
Moreover, they are correct by i.h., so if g is a subterm of 7’ or a subterm of some s,
we are done. There are three cases left for g:

3.3.1 Caseq = A"y.r'. The typing contextis T @ x : [o;]/", and the type ' L
3.3.2 Caseq = A'xA"y.r. The typing context is I and the type 07|, LN 5T
3.3.3 Caseq = (A‘x.Aly.r") [si]"_;. The typing context is I and the type N’ e

In all three cases, if P 4 p occurs in the typing context or the type of g, then P can
be shown to be sequential using the i.h..

3.4 Strong sequentiality. Let q € sub((/\fx.)//y.r’)[sl-]f’zl) be a subterm, and let 41,42 €
sub®(g) be free subterms lying at disjoint positions of 4. We argue that the types of g,
and g, have different external labels. Consider the following five possibilities for g;:

3.4.1 Caseq; = (A'x.A"y.r")[s;]",. Impossible since g, must be at a disjoint position.

3.4.2 Case g1 = A'x.A”y.r'. Then the external label of the type of g; is the label ¢,
which is fresh, so it cannot coincide with the type of any other subterm.

3.4.3 Caseq; = )\‘ﬂy.r’. Then g, must be a subterm of s; for some i = 1..n. Note that g
must be the whole term, and n > 0, so there is at least one free occurrence of x
in )\fly.r’ . This means that q; & sub®(g), so this case is impossible.

3.4.4 Case q is a subterm of . If g is also a subterm of ’, we conclude since by i.h.
(Afx.r")[s!]P, is strongly sequential. Otherwise, g, is a subterm of s; for some
i = 1..n, and we also conclude by i.h..

3.4.5 Case q; is a subterm of s; for some i = 1..n. If q; is a subterm of s; for some

j = 1..n, we conclude since by i.h. (A‘x.r")[s/]"_, is strongly sequential. If g is

any other subterm, note that the symmetric case has already been considered in
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one of the previous cases.

4. Application, t = rp. Then u’ x (rp){x := s}, so it is of the form u[u(]"; where uj x

r{x := s} and u;. x p{x := s} for all j = 1..m. By i.h. we have that u is of the form
r'{x := 5y} and for all j = 1..m the term u; is of the form pi{x :=5;}, where r' x r and

p;. x p for all j = 1..m. Moreover, the length of the list §; is k; and §5; = [sfj )]f]: , for all
()
1
(Afx.r")3y is strongly sequential and (A'x. p;)sj is strongly sequential for all j = 1..m.
Lett := r’[pﬂ;’;l, letn:= Y kj and let[s},...,s;] := ¥ Sj. Note that ' = r’[p;];”:l X
rp =tands] x sforalli=1.n.

Moreover, we have to check that u’ = t'{x := [s],...,s}]}. To prove this, note that t'{x :=
[, ... sn]} = (r’[p;]]fil){x :=[s},...,5,]}. Suppose that the multiset T([s},...,s},]) were
sequential. Then the list of terms [s7, . . ., s},] would be partitioned as (iiy, . . ., il;;) where i
is a permutation of §; for all j = 0..m, and we would have indeed:

H{x:=1[s),...,s)]} = (r’[p;»]]m:l){x = [s,...,sn]}
= {x:= ﬁo}[p;-{x i=i}]iL;) by T([s},...,s)]) sequential
= r{x:= §0}[p}{x = §']}]]m:1)
= r{x:=5}pi{x:=5}",) by Lemma A.1

u{)[u’-]}":l =u by i.h.

j = 0..m, and we have that s;”” x s forall j = 0..m,i = 1..k;. By i.h. we also know that

]

To see that T([s], ..., s},]) is sequential, note that for every i # j, the terms s/ and s; are free

subterms of 1’ and they lie at disjoint positions of u'. Since 1’ is strongly sequential, the
types of s/ and s;» have different external labels. Hence T([s},...,s;]) is sequential.

To conclude, we are left to check that (A‘x.t')[s}, ..., s}] is strongly sequential:

4.1 Uniquely labeled lambdas. The multiset of labels decorating the lambdas of (A‘x.t')[s}, . ..

is given by A((Alx.t)[s}, ..., sh]) = [€] + A(') +7_, A(s!). It suffices to check that
this multiset has no repeats. The label ¢ is assumed to be fresh, so it occurs only once.
We have already argued that ' = t/{x := [s],...,s}]}, so using Lemma A.5 we have
A(u') = A(t') +1_, A(s}). Moreover u is correct, so this multiset has no repeats.
4.2 Sequential contexts. Suppose that Tp @ x : My F ¢/ : [pj];”:l Lotis derivable,
Iieox: M+ p;- : pj is derivable for all j = 1..m, and A; - s} : 0; is derivable for all
i = 1..n. Note that } " , M; = [oj]}L;.
Let g be a subterm of (Ax.r’ [p;];":l) [s},...,s,]. Consider four cases for g:

421 Case q = (/\éx.r’[p;-]le)[s’l, ...,5y]. The typing context is }i" (T’ + Y A;.
By Subject Expansion (Lemma A.16) the typing context of (¥ [p;];":l){x =
[53,--- 5]} = u'isalso Ij"  T; + YLy A; and u” is correct by hypothesis. So

71:0 [; + YL, A is sequential.

422 Case g = Alx.r/ [p;];":l The typing context is } " ; I'j, which is sequential be-
cause Z}ﬁ:o I+ Y. 4 Ajis sequential.

423 Caseq = r'[p]]!" ;. The typing contextis } /'  I'j & x : [0j]i_;, which is sequential
because Z}”:O I'; is sequential and, moreover, [;]?_; = T([¢7,...,03]) which we
have already shown to be sequential.

4.2.4 Otherwise. Then g is a subterm of 1/, a subterm of p]’- for some j = 1..m, or a
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subterm of some s} for some i = 1..n. Then we conclude since by i.}. (Alx.r")5y
and all the (A xp;)E'] are strongly sequential.

4.3 Sequential types. Let q be a subterm of (Agx.r’[p}];?;l)[s’l,. ..,Sh]. We claim that if

N 4 ¢ occurs in the context or in the type of g, then NV is sequential. The proof is
similar as for subcase .

4.4 Strong sequentiality. Let g € sub(()»ex.r’[p}]le)[s’l,...,s;]) be a subterm, and let
41,92 € sub®(q) be free subterms lying at disjoint positions of q. We claim that the
types of g1 and g, have different external labels. The proof is similar as for subcase .

O

Lemma A.21 (Backwards Simulation). Let t,s € T* be A-terms and let s' € T* be a strongly
sequential term such that t —g sand s’ x s. Then there exists a strongly sequential term t' € T*
such that:

B
t——s
X X
¢ #>>S/

Proof. Lett = C((Ax.u)r) =4 C(u{x :=r}) = s. The proof proceeds by induction on C.
1. Empty, ¢ = 0. By Lemma A.20 we have that s’ is of the form u'{x := [r],...,r},]} where

' x wand 7} x rforall i = 1..n. Moreover, taking ¢ to be a fresh label, (A‘x.u’)[r},..., ]

is strongly sequential and (A‘x.u')[r}, ..., 7] x (Ax.u)r.

Under an abstraction, C = Ax.C'. Straightforward by i.h..

Left of an application, C = C’ u Straightforward by i.h..

4. Right of an application, C = uC' Thent = ur =3 up = s wherer —5 pands’ x s. Then
s’ is of the form u/[p}, ..., p;,] where p! x p forall i = 1..n. By i.h., for alli = 1..n we have
that there exist r7, . .., ), such that:

® N

B B
r——p Sowehave: ur———up
E T e . X
/ / 11,0 1T,,/11
i Py wlriiy ' [pi]iy

Moreover, u'[r}]"_, is strongly sequential, which can be concluded from the facts that
u'[pi]!_, is strongly sequential by hypothesis, r} is strongly sequential for all i = 1..n by
i.h., and r} and p} have the same types by Subject Expansion (Lemma A.16).

O

To prove Proposition 4.9 recall that it states that the following are equivalent:
1. There exists ' € T* such that t' x t.
2. There exists ' € T# such that t/ x tand t —4* Afxy... . Abx,.y7[] ... [].
3. There exists a head normal form s such that t —5* s.
Let us prove the chain of implications1 — 3 —= 2 = 1

e (1 = 3)Lett x t. By Strong Normalization (Proposition 2.20), reduce
t' —4* ¢’ to normal form. We claim that there exists a term s such that t — g" s
and s’ x s. Observe that, since A* is strongly normalizing (Proposition 2.20) and
finitely branching, Konig’s lemma ensures that there is a bound for the length of
—y-derivations going out from a term #' € T*. (Alternatively, according to the
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proof of Strong Normalization in Proposition 2.20, the bound may be explicitly
taken to be the number of lambdas in #'). Call this bound the weight of #'.

We proceed by induction on the weight of #'. If the derivation is empty, we are done
by taking s := t. If the derivation is non-empty, it is of the form t' —4 u’ —4* 5.
By Simulation (Proposition 4.3) there exist terms u and #” such that u’ —4* u” x u
and t —p u. Since the A -calculus is confluent (Proposition 2.26) and s’ is a normal
form, we have that u” —4 s’. Note that the weight of #' is strictly larger than the
weight of u”, so by i.h. there exists s such that u —4* s and s’ x s:

Finally, since s is a —4-normal form and s’ x s, Lemma A.15 ensures thats is a
head normal form, as required.

e (2 = 1) Obvious.

e (3 = 2)Lett —g" sbe a derivation to head normal form. We claim that
there exists ' € T* such that # is strongly sequential, and the normal form
of t' is of the form A“x;....A%x,.y7[]...[]. By induction on the length of the
derivation t —4* s. If the derivation is empty, f = s is a head normal form and
we conclude by Lemma 4.8, observing that the constructed term ' x ¢ is strongly
sequential. If the derivation is non-empty, conclude using the i.h. and Backwards
Simulation (Lemma A.21).

A.15 Proof of Lemma 4.15 — Basic cube lemma for simulation
residuals

We are to prove thatif R : t — s and S : t — u are coinitial steps, and t' € T*is a correct
term such that t' x t. Then the following equality between sets of coinitial steps holds:

(R/E)/(S/t) = (R/S)/('/S)
Recall that there are four notions of residual involved:
R/ ) /@ (s/V ¢y =R/ s) /W (¢ /W)

1. Set of simulation residuals of a B-step relative to a correct term.
2. Set of residuals of a #-step after a #-step.
3. Set of residuals of a B-step after a B-step.
4. Simulation residual of a correct term after a S-step.
An auxiliary lemma is proven afterwards.
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Proof. If R = S then it is easy to see that the proposition holds, so we can assume that R # S.
Also, note that it is enough to see that names((R/#')/(S/t")) = names(((R/S)/(¥'/S)), as we
will do that in some cases. We proceed by induction on ¢.
1. Variable t = x. This case is trivial (there are no steps with a variable as a source).
2. Abstraction, t = Ax.u. In this case we have R : Ax.u — Ax.uj and S : Ax.u — Ax.up. It
also must be the case that:

o ' = )\gx.u’,

o R/t : AMxu' — )\éx.u’l, and

o S/t Mxa! — Alxad.
Where 1/ x u, 1} x u1, and u} x up. Note that using all that we can apply the inductive
hypothesis on u (taking R and S to be the same steps but restricted to u). The inductive
hypothesis yields that (R/u")/(S/u’") = (R/S)/(u’'/S), which we can trivially extend to
(R/¥)/(S/¥) = (R/S)/(t'/S), because there aren’t any other subterms in t’ that may
contain redexes other than u’'.

3. Application, t = pg. We will look at several cases, depending on where R and S are

located.

3.1 Ris at the root. So we have thatt = (Ax.r)g, and R : (Ax.r)qg — r{x := q}.
3.1.1 Sisinr. In this case r = C((Ay.u)v).

R

—

x (Ax.c(uly == v}))q

(Ax.C{(Ay.u)v))q c((Ay.u®)v°)

SR/ ° 0,0 0Y,,0
(AMx.c(Aryauy)oy, ..., (A yay)v,))§ A (AMryau)os, ..., (Alyu)os))

K

AMx(w{y :=o},..., m{y =0 }))7

Note that (R/t")/(S/t') is a set comprised of only one element, and that element
is the step that reduces the lambda labeled with ¢. Note that R/ S also happens to
have only one element, (Ax.C(u{y := v}))g — C°(u°{y := v°}), and is easy to
see that the simulation of that step onto (A‘x.C'(u1{y := v1},...,u1{y :=0v1}))7
yields the step that reduces the ¢-lambda, i.e., the desired step.
3.1.2 Sis in g. In this case g = C((Ay.u)v), so t = (Ax.r)C{(Ay.u)v). Also, by
Lemma A.13, ' must be of the form (Afx.r")[C;((A%ty.u;1)viq, ..., (Aéf'"fiy.ui,mi)vi,mi, M.

(Ax.r)C(()\y.uQr{x: c((Ay.u)o)}
S
(Ax.r)c(u{y := v})

Note that (R/t")/(S/t'), as before, is a set comprised of only one element and
that element is the step that reduces the lambda labeled with ¢, and has source
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/S = (AMxr)[Ci(un{y == vi1}, .., tim{y = vim })]",. Note that R/S also
happens to have only one element, ((Ax.r)C(u{y := v}) — r{x := C(u{y :=
v})}) and is easy to see that the simulation of that step onto t'/S yields the step
that reduces the ¢-lambda, i.e., the desired step.
3.2 Risin p. We separate in cases depending on where S is located.
3.2.1 S is at the root. Here we have that p = Ax.C((Ay.u)v), hence the following

diagram.
(Ax0{(Ay-u)o))q £ (AxC(ufy == o}))g
\
R/S
X C((Ay.u®)v°) c®(u{y:=0°})
(Al (A yug)oy,. .., (Al yauy )on))§ g- M (uy{y :==0v1},..., up{y == o }))q

X\
SR /(574 »
—>C

co((ah yus)os, ..., (Afny.ug)og) (ui{y :==2o%},..., us{y == vy })

As seen in the diagram, names((R/#')/(S/t")) = {¢1, ..., ¢, }. But the lambda
reduced by R/S is refined by each A‘iy.u;, then names((R/S)/(t'/S)) = {¢1,...,{n},
proving that the two sets are the same.

3.2.2 Sisin p. This case is summarized by the following diagram.

By inductive hypothesis, restricting R and S to p, we obtain (R/p’)/(S/p’) =
(R/S)/(p'/S), which we can extend to ¢/, yielding the desired result.
3.2.3 Sising. Again, we can summarize this case with a diagram.

C{(Ax.u)v)g %— Ccluf{x:=v})q

\
R/S

X C((Axau)v)s —————> C{u{x:=0v})s

0 R/
(A xuq)or, ..., (A Xy Yo, )§ —> ¢ (ug {x:=01},..., up{x =01 })q

R/t)/(S/H)

(A xuq)oy, ..., (Al x.zrn)vn&? —> (up{x:=0v1},..., up{x:=0v1})s
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We know that (Af}?fs")vi = u;{x := v;}. Thenby Lemma A.22, ¢/ (A x.uq)vy, ..., (A x.u, )0y ) / (R/S)
equals C'(u1{x:=v1},...,u1{x :=0v1}).

In other words, tgt((R/S)/(t'/S)) = tgt((R/t)/(S/t")), which is enough be-

cause their sources are the same by hypothesis.

3.3 Risin g. As before, we separate in cases depending on where S is located.
3.3.1 Sisattheroot. Then p = Ax.sand t = (Ax.s)C((Ax.u)v).

(Axs)Cl(Ayan)o) ——— S (Axs)c(ufy =0}

\
R/S

x s{xi=c{(Ayu)o)} —————> s{x:==clu{y:=o})}

0; m; R/Y 0 m;
(Alxs')[ci((A Ty oij)) it iy —>> (Afxs)[ci(uijly == oii )it

x\
(R/t")/(S/F

/
0. .
s' = [ei{(A l’]y-”i,jvi,j»;;];’:l} — 5){7( = [Ci(uj{y = 7’[,/}>;”:’1]}’:1

First, note that R/S has as many elements as xs in s, in other words, S may
erase or multiply R. Some of those xs are refined in ' (the number is exactly 7,
i.e., the cardinality of the argument of the application).

Also, for each step in R/S, using Lemma A.22, we know that its projection onto
t'/S yields the steps with name {e; 1, ..., e;,, }. Hence,

names((R/S)/(t'/S)) = U {ei1, ..., eim} = names((R/t')/(S/t))

3.3.2 Sisin p. This case can be summarized using a diagram.

R
7

pq p
\
S/R

X sq sr

R/t
Pl .., qn] %Pl[ﬁr-nﬂ’n]

K

) (5/t)/(R/Y)
s'lgu, - gn] ———

s'[r1, ..., )

And can be solved in a similar manner to 3.2.3., using the same reasoning for
each element of the argument of the application.
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3.3.3 Sisin g. The situation is as follows.

R
pq pr
\
X ps
R/

Pl qn) ————=p'[r1,..., 7]

K

p'ls1, .., Sn]

By inductive hypothesis, we know that for each i € {1,...,n}, (R/S)/(g;/S) =
(R/qi)/(S/4:)-
The diagram also shows that names((R/t')/(S/t")) = Ui, names((R/q;)/(S/4i)),
because we have to execute those steps and the calculus has no erasure or dupli-
cation.
Finally, by Lemma A.22, names((R/S)/(t'/S)) = U, names((R/S)/(q;/5)),
so we can join all previous equalities, and obtain names((R/S)/(t'/S)) =
names((R/t)/(S/t)).

O

Lemma A.22 (Simulation of contexts). Let C’ be an n-hole context in T* and C be a context
inTA. Alsoletty,...,t, € T*and t € T such that t; x t foreachi € {1,...,n},C" x C,
and C'(ty, ..., ty) X C(t). Also, let R : C(t) — C(s).
Then, C'(t1,...,tn) /R =C'(i/R, ..., t,/R), and names(R/C'(t1,...,t,)) = Ul names(R/t;).
Proof. By induction on C.

1.

2.
3.

C = U. There is nothing to check here, as the result is trivially true: {;/R = #;/R and
names(R/t;) = UL, names(R/t;).

C = Ax.C". This case is straighforward using the inductive hypothesis.

¢ = rC”. Using Lemma A.13 this case reduces to the following diagram.

rC’ (t) R rc’’(s)
X
7’[C1 <t1,l/ ceey tl,m1>/ sy Cl’l<t'rl,1/ ey tn,mn”
By inductive hypothesis, Ci<ti,1/ ceey tirmi>/R = Ci<i’i’1/R, ceey ti,mi/R> and names(R/Ci<t,-,1, ey ti,mi>) =
i ;names(R/t;).
Finally, by the construction of the simulation,
T’[C1<t1,1,. . -/tl,m1>/~ . .,Cn<i’n,1,. . '/tn,mn”/R = T[C1<f.‘1,1,. . '/tl,m1>/R/' . .,Cn<tn’1,. . -/tn,mn>/R]

and

n
names(R/([Ci(t1,1,--- s timy)r-- s Caltuts - tnm,)])) = U names(R/Cy(ti1, .-, tim,))
i=1

which finishes our proof.
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4. ¢ = C"r. This case is straightforward using the inductive hypothesis.

A.16 Proof of Proposition 4.17 — Compatibility

We are to prove that the operation of taking simulation residuals on two derivations
of the lambda calculus is compatible with permutation equivalence. With symbols, if
p=octhenp/t =c/t.

We first prove the result for complete developments and then for arbitrary deriva-
tions.

Lemma A.23 (Compatibility for developments). Let M be a set of coinitial steps, and let p
and o be complete developments of M, and let t' € T* be a correct term such that t' x src(p).
Then p/t' = o /t.

Proof. This is an immediate consequence of Lemma 4.16, since p/t' and ¢/t are both complete
developments of M/, hence permutation equivalent. O

Proposition A.24 (Compatibility). Let p = o be permutation equivalent derivations in the
A-calculus, and let t' € T* be a correct term such that t' x src(p). Then:

1. V/p="Vt/c

2. p/t =0/t
Proof. Recall that permutation equivalence is defined as the reflexive and transitive closure
of the permutation axiom 11 Ro = 71SpTp, where 71 and 1, are arbitrary derivations, o is a
complete development of S/R, and p is a complete development of R/S [Mel96]. We prove each
item separately:

1. For item 1., we proceed by induction on the derivation that p = ¢. Reflexivity and
transitivity are trivial, so we concentrate on the permutation axiom itself. The interesting
case is the permutation axiom. Let TjRcT, = 71507, where 71 and 7, are arbitrary
derivations, o is a complete development of S/R, and p is a complete development of R/S,
and let us show that t'/yRoty = '/ 7 Sp1y. By Lemma 4.14 we have that:

t'/tRotm, = (('/71)/Ro)/7n  and t/1Spm = ((/71)/Sp)/ w2

so, without loss of generality, it suffices to show that the following holds for an arbitrary
terms’ € T

s'/Ro=5"/Sp
Note that, by definition of simulation residual, the derivations below have the indicated
sources and targets:

Ro/s' : s —5s'/Ro
Sp/s" 8 —=s'/Sp
Moreover:
Ro/s" = (R/s')(c/(s'/R))
= (R/$)((S/R)/(s'/R)) byLemma A.23
= (R/s")((S/s")/(R/s")) by the basic cube lemma (Lemma 4.15)
= (S/s)((R/s")/(S/s")) since A(B/A) = B(A/B) holds in general
= (S/¢)((R/S)/(s'/S)) Dby the basic cube lemma (Lemma 4.15)
= (8/)(p/(s'/S)) by Lemma A.23

Sp/s’
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So Ro /s’ and Sp /s’ are permutation equivalent. In particular, they have the same target,
sos’'/Ro = s'/Sp as required.

2. The proof of item 2. is also by induction on the derivation that p = 0. Let 1R, = 11Sp 12,
where 71 and T, are arbitrary derivations, ¢ is a complete development of S/R, and p
is a complete development of R/S, and let us show that mRon/t' = 1 Spa/t'. By
Lemma 4.14 we have that:

TRon/t' = (/t')(Ro/s)(rn/u') and 7Sen/t = (1/t)(Sp/s')(wa/u")

wheres’ =t /7, u’ =s'/1yRo, and u” = s' /11 Sp.
In a manner similar as before, we can prove that Ro /s’ = Sp/s’. And, with that and Item
1, we can see that u’ = u”, hence (1, /u’) = (12 /"), which finishes the proof.

O

A.17 Proofs from Section 5.2 — Sieving

Proof of Lemma 5.9 — Sieving is well-defined

The operation p | t' is well-defined.

Proof. Proving this amounts to showing that the recursion scheme is well-founded. It suffices
to show that there is a measure M ranging over the non-negative integers such that M(p, ') >
M(p/Ro, ' /Ry) whenever Ry is the leftmost coarse step for (p, '). Indeed, if we define:

Mo, #') L p/¢|

where |p/t'| stands for the length of the derivation p/t' in the distributive lambda-calculus, then
we may conclude by checking that the following inequality holds:

lo/¥'| > [(p/Ro)/(t'/Ro)]

First observe that Ry C p so, by Corollary 4.20, Ry/t' C p/t and, by Proposition 3.16,
names(Ro/t') C names(p/t'). Then we have:

lo/t| = #names(p/t') by Corollary 3.14
> #(names(p/t') \ names(Ro/t')) since Ry/t' # & and names(Ry/t') C names(p/t")
= #names((p/t")/(Ro/t")) by Lemma 3.15
= #names((p/Rg)/ (¥ /Ry)) by Corollary 3.17 and Lemma 4.19
= |(p/Ro)/(t/Ro)| by Corollary 3.14

O

Proof of Lemma A.33 — Sieving is compatible with permutation equivalence

Letp=o0.Thenp |t =0 | t.
Proof.  First observe that, given two permutation equivalent derivations p and o, a step R is
coarse for (p,t') if and only if R is coarse for (o, '), since:

(RCp) <= (R/p=9) <= (R/c=0) <= (RCo0)

We proceed by induction on the length of p | /. There are two cases, depending on whether
there is a coarse step for (p, ).
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1. If there are no coarse steps for (p, t'). Then there are no coarse steps for (c,t'),s0p | t' =
e=clt.

2. If there exists a coarse step for (p,t’). Let Ry be the leftmost coarse step for (p,t'). By the
preceding observation, Ry is also the leftmost coarse step for (o, t').
Note also that p/Rg = /Ry, as a consequence of the well-known properties of permuta-
tion equivalence. Moreover, the length of (p/Rp) | (#'/Ry) is shorter than the length of
plt,sobyih., (p/Ro) | (f/Ro) = (¢/Ro) | (¥/Rp). To conclude the proof, note that:

p Lt =Ro((p/Ro) | ('/Ro)) ™ Ro((¢/Ro) L ('/Rp)) = | ¥

A.18 Proofs from Section 5.3 — Some properties

Lemma A.25 (Different redexes have disjoint simulation residuals). If R # S, then
names(R/t") and names(S/t') are disjoint.

Proof. LetR:C((Ax.r)s) — C(r{x :=s}). We proceed by induction on C.

1. ¢ = [0. We have that R : (Ax.r)s — r{x := s}. Furthermore, ' = (A‘x.r')Sand /R =
r'{x := 5}, hence names(R/t') = {{}. Now there are two cases depending on where S is
located.

1.1 Sisinr. Sor = C((Ay.u)v). Now, S : (Ax.C,((Ay.u)v))s — (Ax.Cr(u{y := v}))s.
That implies that ' = (A‘x.CL((A“1y.uy)vy, ..., (Ay.uy)v,))5, and, in turn, the simu-
lated step yields ' /S = (A‘x.CL{ui{y := v1}, ..., un{y := vn}))5, s0 names(S/t') =
{l1,...,¢,}, which does not contain ¢ because labels are pairwise distinct.

1.2 Sisins. Sos = Cs((Ay.u)v)). Like before, S : (Ax.r)Cs{(Ay.u)v) — (Ax.r)Cs(u{y :=
v}). By Lemma A.13 we have that

i éim-
¥ = (/\[x.r')[Cé(()\[bly.uill)vill,...,()\ Y U ) Vi)

then names(S/t') = UL {¢i1, - - ., Lim, }, which does not contain ¢ because labels are
pairwise distinct.
C = Az.Cq. This case is straightforward by inductive hypothesis.
3. C = p C;. Now we have that R : p C1{(Ay.u)v) — p C1(u{y := v}). And we can again
separate in cases depending on where S is.

3.1 Sisin p. What that means is that S : p C; ((Ay.u)v) — q C1((Ay.u)v). Using the same
reasoning as before, we know thatt' = p’ [Ci,i<()xef/1 YUi1)0i,- ., (ALimi Yok, )0i )1y
As S/t only reduces lambdas in p’, and S/t only reduces lambdas on the argument
list of the application, the set of names are disjoint.

3.2 Sisin Ci((Ay.u)v). This case is straightforward by inductive hypothesis.

4. C=Cq p. Inthis case R : C1(Ay.u)v) p — C1(u{y := v}) p, and we will, once again, divide
in two cases, depending on where the redex S is located.

4.1 Sisin C;((Ay.u)v). This case is straightforward by inductive hypothesis.

4.2 Sisin p. More precisely, what we have is that S : C;((Ay.u)v) p — C1((Ay.u)v) q.
Moreover, t' = C1((Ay.uy)v1, ..., (A Y.ty )0m) [p1, .- ., pu]. Hence, names(R/t') =
{l1,...,4m}. Also, S/t only reduces lambdas in the terms py, ..., py, which must be
different than the ones reduced by R/t because lambda labels are pairwise distinct.

O

N
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A set of steps and a disjoint derivation have disjoint simulation residuals

Lemma A.26 (A set of steps and a disjoint derivation have disjoint simulation residuals).
Let M be a set of coinitial steps such that no residuals of any step in M are contracted along a
derivation o. Then names(M /t') and names(c /') are disjoint.

Proof. We proceed by induction on ¢. If ¢ is empty, it is immediate, so suppose that o = T.

Note that T ¢ M, since residuals of redexes in M are never contracted in the derivation TT.
This implies that names(M /') Nnames(T/#') = & by Lemma A.26. Moreover, this means that:

names(M /t') names(M /t') \ names(T/t') since they are disjoint sets

= names((M/t)/(T/t)) by Lemma 3.15
= names((M/T)/(¥'/T)) by Corollary 3.17 and Lemma 4.19
Then:
names(M/t') Nnames(c/t') = names(M/t')Nnames(Tt/t")

names(M /t') Nnames((T/t')(t/(¥'/T)))
= (names(M/t") Nnames(T/t"))U
(names(M /t") N names(t/(t'/T)))
= names(M /') Nnames(t/(¢'/T))
since names(M /') Nnames(T/t') is empty
= names((M/T)/(¥/T)) Nnames(t/(t'/T))
= @ Dbyih

To justify the last step, observe that residuals of redexes in the set M /T may not be contracted
along the derivation 7, since this would imply that a residual of a redex in the set M is contracted
along the derivation T, contradicting the hypothesis. O

Proof of Proposition 5.14 — Characterization of garbage

Letp:t —gsandt’ x t. The following are equivalent:

1l.plt =e

2. There are no coarse steps for (p, t').

3. The derivation p is t'-garbage.
Proof. It is immediate to check that items 1 and 2 are equivalent, by definition of sieving, so let
usprove2 — 3and3 = 2

e (2 = 3) We prove the contrapositive, namely that if p is not garbage, there is a coarse
step for (p,t'). Suppose that p is not garbage, i.e. p/t' # €. Then by Proposition 5.4 we
have that p can be written as p = p1 Rp, where all the steps in p; are garbage and R is not
garbage. By the fact that garbage only creates garbage (Lemma 5.12) the step R has an
ancestor Ry, i.e. R € Ry/p1. Moreover, since garbage only duplicates garbage (Lemma 5.13)
we have that Ry/p; = R. Given that R is not garbage, we have that:

(Ro/t'")/(p1/t) = (Ro/p1)/(t'/p1) by Lemma4.19
= R/(t/p1)
£ @

Since (Ro/t")/(p1/t') # @, in particular, Ry/t' # &, which means that R is not garbage.
Moreover, Ry C p1Rpz = p. So Ry is coarse for (p, t').
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e (3 = 2) Let p be garbage, suppose that there is a coarse step R for (p, '), and let us
derive a contradiction. Since R is coarse for (p, '), we have that R C p, so R/t C p/t by
Corollary 4.20. But p/t' is empty because p is t'-garbage, that is, R/t' C ¢/t = ¢, which
means that R is also t'-garbage. This contradicts the fact that R is coarse for (p, t').

O

Proof of Proposition 5.15 — Characterization of garbage-free derivations

Letp:t—gsandt' x t. The following are equivalent:
1. pis t'-garbage-free.
2.p=pdt.
3. p =0 | t' for some derivation ¢.

Proof. Letusprovel — 2 —= 3 = 1

e (1 = 2) Suppose that p is t’-garbage-free, and let us show that p = p | ' by induction
on the length of p | #'.

If there are no coarse steps for (p, '), By Proposition 5.14, any derivation with no coarse
steps is garbage. So p is t'-garbage. Since p is garbage-free, this means that p = €. Hence
p=€=plt, asrequired.

If there exists a coarse step for (p,t'), let Ry be the leftmost such step. Note that p =
Ro(p/Ry) since Ry C p. Moreover, we claim that p/Ry is (t'/Rg)-garbage-free. Let
o C p/Rg such that (p/Rg) /0 is garbage with respect to the term (+'/Rg)/c = t' /Ry,
and let us show that (p/Rp) /0 is empty. Note that:

Roo Ro(p/Rg) sincec C p/Ry

0 as already noted

im

Moreover, we know that the derivation p/Roo = (p/Rg)/c is (#'/Roo)-garbage. So,
given that p is t'-garbage-free, we conclude that p/Roo = €, thatis (p/Rg) /o = €, which
completes the proof of the claim that p/ Ry is (#'/ Ro)-garbage-free. We conclude as follows:

p = Ro(p/Ro) as already noted
= Ro((p/Ro) 4 (¥/Rp)) by ih.since p/Ryis ('/Rg)-garbage-free
= plt by definition of sieving

e (2 = 3) Obvious, taking o := p.

e (3 = 1)Letp =0t Letusshow that p is garbage-free by induction on the length of
oclt.
If there are no coarse steps for (0, t'), then p = o | # = €, which means that p = €. Observe
that the empty derivation is trivially garbage-free.

If there exists a coarse step for (o, t'), let Ry be the leftmost such step. Thenp =o |t/ =
Ro((¢/Ro) | (¥'/Rp)). To see that p is t'-garbage-free, let T C p such that p/T is garbage,
and let us show that p/ 7 is empty. We know that p/7 is of the following form (modulo
permutation equivalence):

o/ = Ro((¢/Ro) | ('/Ro)) _ (R0> (((T/RO) ! (t’/RO))

T T T/Ry
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That is, we know that the following derivation is (#'/7)-garbage, and it suffices to show
that it is empty:
( R ) ( (0/Ro) L (/Ro) )
T T/ RO

Recall that, in general, AB is garbage if and only if A and B are garbage (Proposition 5.4).
Similarly, AB is empty if and only if A and B are empty. So it suffices to prove the two
following implications:

(A) If Ry/7is garbage, then it is empty.
(B) If ((c/Rg) | (¥/Rg))/(t/Ry) is garbage, then itis empty.

Let us check that each implication holds:

- (A) Suppose that Ry /T is (t'/T)-garbage, and let us show that R/ T is empty. Know-

ing that the derivation Ry/7 is garbage means that (Ry/7)/(t'/t) = &. Since Ry
is the leftmost step coarse for (¢, '), by Lemma A.29 we have that #(Ro/7) < 1. If
Ro/T is empty we are done, since this is what we wanted to prove.
The remaining possibility is that Ry/T be a singleton. We argue that this case is
impossible. Note that for every prefix 7y C 7, the set Ry/ 7y is also a singleton,
since otherwise it would be empty, as a consequence of Lemma A.29. So we may
apply Lemma A.30 and conclude that, since Ry is not #'-garbage then Ry /7 is not
(t'/T)-garbage. This contradicts the hypothesis.

- (B) Suppose that ((¢/Rg) | (#/Ro))/(t/Ry) is garbage with respect to the term
('/Ro)/(t/Rp), and let us show that it is empty. Since (0/Ry) | (#'/Ry) is a shorter
derivation than ¢ | ', we may apply the i.h. we obtain that (¢/Ro) | (#'/Ry) is
(t'/Ro)-garbage-free. Moreover, the following holds:

T/Ro C p/Ro = (¢/Ro) | (#'/Ro)

So, by definition of (¢/Ry) | (#'/Rp) being garbage-free, the fact that the derivation
((c/Ro) L (Y'/Rp))/(t/Ry) is garbage implies that it is empty, as required.

O

Proof of Proposition 5.16 — Properties of sieving
To prove Proposition 5.16 we first prove various auxiliary results.

Lemma A.27 (The sieve is a prefix). Let p : t —gsand t' x t. Thenp | t' C p.

Proof. By induction on the length of p | #'. There are two cases, depending on whether there
exists a coarse step for (p, t').

1. If there are no coarse steps for (p,t’). Then trivially p | ' =€ C p.

2. If there exists a coarse step for (p,t’). Let pg be the leftmost coarse step for (p, t'). Then:

pdt" = Ro((p/Ro) | (£'/Ro))
E Ro(p/Ro) by i.h.
= p(Ro/p) since A(B/A) = B(A/B) in general
= p since Ry C p as Ry is coarse for (p, ')
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Lemma A.28 (Garbage only interacts with garbage). The following hold:

1. Garbage only creates garbage. Let R and S be composable steps in the A-calculus, and
let t' x src(R). If R creates S and R is t'-garbage, then S is (' / R)-garbage.

2. Garbage only duplicates garbage. Let R and S be coinitial steps in the A-calculus
and let t' x src(R). If R duplicates S, i.e. #(S/R) > 1, and R is t'-garbage, then S is
(t'/R)-garbage.

Proof. We prove each item separately:

1. According to Lévy [Lév78], there are three creation cases in the A-calculus. We consider

the three possibilities for R creating S:

1.1

1.2

1.3

Case I, C{(Ax.x) (Ay.s)u) 5 C{(Ay.s)u) 34 C(s{y := u}). Then by Lemma A.13,
the term t' is of the form C'(Aq,...,A,) where C’ is an n-hole context such that
¢’ x ¢(0u)and A; x (Ax.x)(Ay.s) forall 1 < i < n. Since R is garbage, we know
that actually n = 0. So #' x ¢C(Ou) and R/t : t —4 t' = /R in zero steps. Hence
' x C((Ay.s)u), so by Lemma A.13, the term ' can be written in a unique way as
C”(%,...,%m), where C" is an m-hole context such that ¢” x ¢(Cu) and &; X Ay.s
forall 1 < i < m. Since the decomposition is unique and ' x ¢(CJu), we conclude
that m = 0. Hence S is (#' /R)-garbage.

Case II, C((Ax.Ay.s) ur) 55 C{(Ay.s{x :=u})r) iﬂ C(s{x := u}{y := r}). Then
by Lemma A.13, the term t’ is of the form C'(Aq, ..., A,) where C’ is an n-hole context
such that ¢’ x ¢(0dr) and A; X (Ax.Ay.s) u forall 1 <i < n. Since R is garbage, we
know that actually n = 0. Sot' x ¢(Or) and R/t : t' —4 t' = t'/R in zero steps.
Hence t' x C{(Ay.s{x := u})r), so by Lemma A.13, the term ' can be written in a
unique way as (X4, ...,%,), where C" is an m-hole context such that ¢ x ¢(Or)
and X; x Ay.s{x := u} forall 1 <i < m. Since the decomposition is unique and
t' x ¢(Or), we conclude that m = 0. Hence S is (#'/R)-garbage.

Case III, C; (Ax.Co(xs)) (Ay.ut)) Sop €1 (Ea((Ayu) 8)) 25 C1(Ea(ufy := §})), where
€y = Co{x := Ay.u} and f = t{x := Ay.u}. Then by Lemma A.13, the term #'
is of the form C’'(A4,...,A,) where C' is an n-hole context such that ¢’ x C; and
A; X (Ax.Ca(xs)) (Ay.u) for all 1 < i < n. Since R is garbage, we know that
actually n = 0. Sot x Cpand R/t : t/ —4 t' = t'/R in zero steps. Hence
t' x C1(Ca{(Ay.u)$)), so by Lemma A.13, the term #’ can be written in a unique way
as C"(Xq,..., %), where ¢ x C; and &; x Cr((Ay.u)8) forall 1 < i < m. Since
the decomposition is unique and ' x C;, we conclude that m = 0. Hence S is
(t'/R)-garbage.

2. Since R duplicates S, the redex contracted by S lies inside the argument of R, that is, the
source term is of the form Cq ((Ax.t)Cy ((Ay.s)u)) where the pattern of Ris (Ax.t)Co((Ay.s)u),
and the pattern of S is (Ay.s)u. By Lemma A.13, the term #' is of the form C'(Aq,...,Ay)
where C' is an n-hole context such that ¢’ x Cand A; x (Ax.t)Co((Ay.s)u) foralll <i < n.
Since R is garbage, we know that n = 0. By Lemma A.13, the term #’ can be written as
C"(%1,...,%m) where C” x C1{((Ax.t)Cy) and £; x (Ay.s)u forall 1 < i < m. Note that
' x Cysot’ x Cp((Ax.t)Cy), as can be checked by induction on C;. Since the decomposition
is unique, this means that m = 0, and thus S is garbage.

O

Lemma A.29 (The leftmost coarse step has at most one residual). Let Ry be the leftmost
coarse step for (p,t'), and let ¢ C p. Then #(Ro/0) < 1.

Proof. By induction on the length of ¢. The base case is immediate. For the inductive step, let
0 = 51 C p. Then in particular S T p. We consider two cases, depending on whether Ry = S.
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1. Equal, Ry = S. Then Ry/0 = Ry/ Ryt = @ and we are done.
2. Non-equal, Ry # S. First we argue that R/ S has exactly one residual R € Ry/S. To see
this, we consider two further cases, depending on whether S is t'-garbage or not:

2.1 If S is not t'-garbage. Then S C p and S/t' = &, so S is coarse for (p,t'). Since Ry is
the leftmost coarse step, this means that R is to the left of S. So Ry has exactly one
residual Ry € Ry/S.

2.2 If S is t'-garbage. Let us write the term t as t = C{(Ax.s)u), where (Ax.s)u is the
pattern of the redex S. By Lemma A.13 the term t' is of the form ' = C'[Aq,...,Ay],
where C' is a many-hole context such that ¢’ x Cand A; x (Ax.s)u foralll <i < n.
We know that S is garbage, so n = 0 and #' = C’ is actually a 0-hole context (i.e. a
term). On the other hand, R is coarse for (p, '), so in particular it is not t'-garbage.
This means that the pattern of the redex R cannot occur inside the argument u of
the redex S. So S does not erase or duplicate R, i.e. Ry has exactly one residual
R1 € Ry/S.

Now we have that Ry/ST = Rq/7. We are left to show that #(Ry/S7) < 1. Let us show
that we may apply the i.h. on Ry. More precisely, observe that T T p/S since St C p. To
apply the i.h. it suffices to show that R is coarse for (p/S,t'/S). Indeed, we may check
the two conditions for the definition that R; is coarse for (p/S,t'/S).

2.1 Firstly, Ry = Ro/S C p/S holds, as a consequence of the fact that Ry C p.

2.2 Secondly, we may check that Ry is not (#'/S)-garbage. To see this, i.e. that Ry/(t'/S)
is non-empty, we check that names(R1/(t'/S)) is non-empty.

names(R1/(#'/S)) = names((Ro/S)/(¥/S)) by definition of Ry
= names((Ro/t)/(S/t)) by Lemma 4.19
= names(Rg/t') \ names(S/t') by Lemma 3.15
= names(Ry/t)

For the last step, note that names(Ry/#') and names(S/t') are disjoint, since Ry # S.
Applying the i.h., we obtain that #(Ro/St) = #(R1/7) < 1.
O

Lemma A.30. Let R be a step, let p a coinitial derivation, and let t' x src(R). Suppose that
R is not t'-garbage, and that R/ p; is a singleton for every prefix py T p. Then R/p is not
(t'/p)-garbage.

Proof. By induction on p. The base case, when p = ¢, is immediate since we know that R is not
garbage. For the inductive step, suppose that p = So. We know that R/S is a singleton, so let
Ry = R/S. Note that R1/(+'/S) = (R/S)/(¥'/S) = (R/t')/(S/t) by Lemma 4.19. We know
that R/t is non-empty, because R is not garbage. Moreover, names(R/t') and names(S/t') are
disjoint since R # S. So #names((R/t')/(S/t')) = names(R/t') by Lemma 3.15. This means that
the set Ry /(t'/S) is non-empty, so R; is not (#'/S)-garbage . By i.h. we obtain that Ry /¢ is not
((t'/S)/0)-garbage, which means that (R/So) /(' /So) # @, i.e. that R/Sc is not garbage, as
required. To be able to apply the i.h., observe that if oy is a prefix of ¢, then So is a prefix of p, so
the fact that R has a single residual after Soq implies that the step Ry = R/ S has a single residual
after o7. O

Lemma A.31 (The projection after a sieve is garbage). Let p : t —p sand t' x t. Then
o/(p L ¥)is (¢/(p L ¥'))-garbage
Proof. By induction on the length of p | #.

If there are no coarse steps for (p,t'), then p | ' = e. Moreover, by Proposition 5.14, a
derivation with no coarse steps is garbage. So p/(p | ') = p is garbage, as required.
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If there exists a coarse step for (p, '), let Ry be the leftmost such step, and let o = p/R( and
s’ =t /Ry. Then:

p/(pLt) = p/(Ro((p/Ro) | (¥/Ro)) by definition
(p/Ro)/((p/Ro) L (¥'/Ro))
= o/(cls)

Byih,o/(c]s')is (s'/ (0 |s"))-garbage. That is:
o/(cls’)

S/(o1s)

Unfolding the definitions of ¢ and s’ we have that:

(p/Ro)/((p/Ro) L (t'/Ro)) _
(t/Ro)/((p/Ro) 4 (#/Ro))

Equivalently:
p/Ro((p/Ro) 4 ('/Ro)) _
t'/Ro((p/Ro) | (#'/Ro))
Finally, by definition of sieve,
ol(plt)
g
which means that p/(p | ') is (#'/(p | t'))-garbage, as required. O

Lemma A.32 (Sieving trailing garbage). Let p and o be composable derivations, and let
t' x src(p). If o is (t'/p)-garbage, then po | t' = p | t'.

Proof. By induction on the length of p | #'. There are two cases, depending on whether there
exists a coarse step for (p, t').

1. If there are no coarse steps for (p,t'). Then by Proposition 5.14, the derivation p is '-
garbage. Recall that the composition of garbage is again garbage (Proposition 5.4), so po is
t'-garbage. Resorting to Proposition 5.14 we obtain that po | ' = € = p | #, as required.

2. If there exists a coarse step for (p, ). Let R( be the leftmost coarse step for (p,t’'). Then
since Ry C p also Ry C po, so Ry is a coarse step for (oo, '). In particular, since there exists
at least one coarse step for (oo, t'), let Sy be the leftmost such step. We argue that Ry = Sp.
We consider two cases, depending on whether S is coarse for (p, t'):

2.1 If Sy is coarse for (p,t'). Then Ry and Sy are both simultaneously coarse for (p, ')
and for (po,t'). Note that Ry cannot be to the left of Sy, since then Sy would not be
the leftmost coarse step for (pc,t'). Symmetrically, Sy cannot be to the left of Ry,
since then Ry would not be the leftmost coarse step for (p,#'). Hence Ry = S as
claimed.

2.2 If Sy is not coarse for (p, t'). We argue that this case is impossible. Note that Sg C po
but it is not the case that Sg C p, so Sp/p is not empty. Note also that Sq/p C o, so
by Corollary 4.20 we have that (Sy/p)/(t'/p) C o/(t'/p). Moreover, ¢ /(t'/p) =€
is empty because ¢ is (' /p)-garbage. This means that (So/p)/(t'/p) = €. Then we
have the following chain of equalities:

@ = names((So/p)/(t'/p))
= names((So/t')/(p/t)) by Corollary 3.17 and Lemma 4.19
names(Sp/t') \ names(p/t') by Lemma 3.15
= names(Sy/t)
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To justify the last step, start by noting that no residual of S is contracted along the
derivation p. Indeed, if Sy had a residual, then p = p1S10, where S; € Sy/p. But
recall that Sy is the leftmost coarse step for (oo, t') and p; C po, so it has at most
one residual (Lemma A.29). This means that Sy/p1 = S1, 50 So/p = &, whichisa
contradiction. Given that no residuals of Sy are contracted along the derivation p, we
have that the sets names(Sy/t’) and names(p/t') are disjoint which justifies the last
step by resorting to Lemma A.26.

According to the chain of equalities above, we have that names(Sy/t') = &. This
means that Sy is -garbage. This in turn contradicts the fact that Sy is coarse for
(po,t'), confirming that this case is impossible.

We have just claimed that Ry = Sp. Then:

po Lt = Ro((po/Ro) | (£'/Ro))
by definition of sieving
= Ro(((0/Ro)(c/(Ro/p))) | (#'/Ro))
= Ro((p/Ro) | (¥'/Ro))
by i.h. since 0/ (Ro/p) is garbage by Proposition 5.4
= p { t

by definition of sieving

which concludes the proof.

A.19 Proof of Proposition 5.21 — Properties of derivation semi-
lattices

To prove Proposition 5.21 we need a few auxiliary lemmas:

Lemma A.33. Letp =0. Thenp [t =0 | t.

Proof. Observe that, given two permutation equivalent derivations p and ¢, a step R is coarse
for (p,t') if and only if R is coarse for (c,t'), since (R C p) <= (R/p=9) < (R/oc =
@) <= (R C 0). Using this observation, the proof is straightforward by induction on the
length of p | /. O

Lemma A.34 (Sieving trailing garbage). Let p and o be composable derivations, and let
t' x src(p). If o is (t'/p)-garbage, then po | ' = p | t'.

Proof. By induction on the length of p | t'. If there are no coarse steps for (p,t’'), then by
Proposition 5.14, the derivation p is t-garbage, so po is t'-garbage by Proposition 5.4. Resorting
to Proposition 5.14 we obtain that po | ' = € = p | ¥/, as required.

If there exists a coarse step for (p, t'), let Ry be the leftmost such step. Then since Ry C p also

Ry C po, so Ry is a coarse step for (pc, t'). In particular, since there exists at least one coarse
step for (po,t'), let So be the leftmost such step. We argue that Ry = Sy. We consider two cases,
depending on whether S is coarse for (p, t'):

1. If Sy is coarse for (p,t'). Then Ry and Sy are both simultaneously coarse for (p, ') and for
(po, t'). Note that Ry cannot be to the left of S, since then Sy would not be the leftmost
coarse step for (po, t'). Symmetrically, Sy cannot be to the left of Ry, since then Ry would
not be the leftmost coarse step for (p,t'). Hence Ry = Sy as claimed.
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2. If Sy is not coarse for (p,t'). We argue that this case is impossible. Note that Sy C po
but it is not the case that Sy T p, so S5¢/p is not empty. Note also that So/p C o, so
by Corollary 4.20 we have that (So/p)/(t'/p) C o/(t'/p). Moreover, ¢/ (t'/p) = € is
empty because o is (#'/p)-garbage. This means that (So/p)/(t'/p) = €. Then we have the
following chain of equalities:

o = names((So/p)/ (¥ /p))
= names((So/t')/(p/t)) by Corollary 3.17 and Lemma 4.19
= names(So/t') \ names(p/t') by Lemma 3.15
= names(Sy/t)

To justify the last step, start by noting that no residual of Sy is contracted along the
derivation p. Indeed, if Sy had a residual, then p = p15102 where S; € 5¢/p. But recall
that Sy is the leftmost coarse step for (po,t') and p; C po, so it has at most one residual
(Lemma A.29). This means that So/p1 = S1, so So/p = &, which is a contradiction.
Given that no residuals of Sy are contracted along the derivation p, we have that the sets
names(Sy/t') and names(p/t') are disjoint which justifies the last step.

According to the chain of equalities above, we have that names(Sy/t') = &. This means
that Sy is t'-garbage. This in turn contradicts the fact that Sy is coarse for (pc, '), confirming
that this case is impossible.

We have just claimed that Ry = Sp. Then we conclude as follows:

po L' = Ro((po/Ro) | (#'/Ro))
= Ro(((p/Ro)(c/(Ro/p))) L (¥'/Rqo))
= Ro((p/Ro) L (¥/Rg)) Dbyih.,asc/(Ry/p)is garbage by Proposition 5.4
= p \L t/
O

Now we can proceed to check the two items of Proposition 5.21.
Proof. We check that the set F(#,t) forms a finite lattice and th set G(#, t) forms an upper
semilattice.
1. The set IF(#,t) forms a finite lattice. Let us check all the conditions:
1.1 Partial order. First let us show that < is a partial order.
1.1.1 Reflexivity. It is immediate that [p] < [p] holds since p/p = € is garbage.
1.1.2 Antisymmetry. Let [p] < [o] < [p]. This means that p/c and o/p are garbage.
Then:
pdt since p is garbage-free, by Proposition 5.15
p(c/p) Lt since o/p is garbage, by Lemma A.34
o(p/o) }t' since A(B/A) = B(A/B), by Lemma A.33
clt since p /0 is garbage, by Lemma A.34
o since ¢ is garbage-free, by Proposition 5.15

Since p = ¢ we conclude that [p] = [0], as required.

1.1.3 Transitivity. Let [p] <[] < [7] and let us show that [p] < [7]. Note that p/c and
o/ 7T are garbage. By the fact that the projection of garbage is garbage (Proposi-
tion 5.4) the derivation (p/0) /(0 /) is garbage. The composition of garbage is
also garbage (Proposition 5.4), so we have that (c/7)((p/c)/(c/ 7)) is garbage.
In general the following holds:

p/T T (p/7)((c/7T)/(p/T)) since AC AB in general

(c/7t)((p/7T)/(0c/T)) since A(B/A) = B(A/B) in general
(c/7t)((p/0)/(t/0)) since A(B/A) = B(A/B) in general



102

1.2

1.3

1.4

APPENDIX A. PROOFS OF SELECTED STATEMENTS

So since any prefix of a garbage derivation is garbage (Proposition 5.4) we
conclude that p/ 7 is garbage. This means that [p] < [7], as required.
Finite. Let us check that IF(#,t) is a finite lattice, i.e. that it has a finite number of
elements. Recall that IF(#, t) is the set of equivalence classes [p] where p is t'-garbage-
free.
On one hand, recall that the A*-calculus is finitely branching and strongly normaliz-
ing (Proposition 2.20). So by Kénig’s lemma the set of —y-derivations starting from ¢’
is bounded in length. More precisely, there is a constant M such that for any s’ € 7%
and any derivation p : ' —4* s’ we have that the length |p| is bounded by M.
On the other hand, let F = {p | p is t'-garbage-free and p | ' = p}. Consider the
mapping ¢ : F(¢,t) — F given by [p] — p | #, and note that:

e ¢ does not depend on the choice of representative, that is, if [p] = [o] then
o([p])) =p ¥ =0t =¢(o]). This is a consequence of Lemma A.33.

e ¢ is a well-defined function, that is ¢([p]) € F. This is because ¢([p]) = p | t' is
t'-garbage-free by Proposition 5.16. Moreover, we have that ¢([p]) | t' = ([p] 4
')y Lt =[p] 4 ¥ = ¢([p]), which is also a consequence of Lemma A.33, and the
fact that [p] | t' = p (Proposition 5.16).

e ¢ is injective. Indeed, suppose that ¢([p]) = ¢([c]), thatis, p | ' = o | t'. Then
p=plt =0 |t = 0cbyProposition 5.16 since p and ¢ are t'-garbage-free.
Hence [p] = [0].

Since ¢ : F(t',t) — F is injective, it suffices to show that F is finite to conclude
that IF(#, t) is finite. Recall that the A-calculus is finitely branching, so the number
of derivations of a certain length is finite. To show that F is finite, it suffices to
show that the length of derivations in F is bounded by some constant. Let p be a
derivation in F. We have that p = p | . By construction of the sieve, none of the
steps of p | t’ are garbage. Thatisp = p | ' = Ry ... R, where for all i we have that
R;i/(¥/Ry...Ri_1) # @. So we have that the length of p/# is greater than the length
of pforall p € F:

n
o/t =3 IR/({/Ry...Rig) | > n=lp|
i=1
A0
As a consequence given any — g-derivation p € F we have that [p| < [o/#| < M.

This concludes the proof that F(#/, t) is finite.
Bottom element. As the bottom element take L gy ;) := [€]. Observe that this is

well-defined since € is t'-garbage-free. Moreover, let us show that L ((# 1)) is the least
element. Let [o] be an arbitrary element of IF(#', ) and let us check that L (4, < [po].
This is immediate since, by definition, Ly ) < [p] if and only if €/p is garbage.
But €/p = € is trivially garbage.

Join. Let [p], [¢] be arbitrary elements of F(#',t), and let us check that [p]V[c] is the
join. First observe that [p]V|[c] is well-defined i.e. that (o LI o) | ' is #'-garbage-free,
which is an immediate consequence of Proposition 5.15. Moreover, it is indeed the
least upper bound of {[p], 0]}

1.4.1 Upper bound. Let us show that [p] < [p]V[c]; the proof for [0] is symmetrical.
We must show that p/((pU o) | t') is garbage. Note that p C p L0, so in
particular p/((pUo) | ') C (pUo)/((pUe) | t'). Given that any prefix
of a garbage derivation is garbage (Proposition 5.4), it suffices to show that
(pUo)/((pUo) | t')is garbage. This is a straightforward consequence of the
fact that projecting after a sieve is garbage (Lemma A.31).
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1.4.2 Least upper bound. Let [p], [¢] <[], and let us show that [p]V[c] < [7]. We
know that p/7 and ¢/ 7 are garbage, and we are to show that ((pU o) | t')/Tis
garbage. Note that (o U ¢) | ' C p Lo as a consequence of the fact that the sieve
is a prefix (Lemma A.27). So in particular ((pU o) | t')/T C (pUo)/T. Given
that any prefix of a garbage derivation is garbage (Proposition 5.4), it suffices to
show that (p U o) /7 is garbage. But (o Lo) /T = p/T U o/ T so we conclude by
the fact that the join of garbage is garbage (Proposition 5.4).

1.5 Top element. Since IF(#, t) is finite, its elements are {[11], ..., [T,]}. It suffices to take
T :=[1]V...V[1] as the top element.

1.6 Meet. Let [p], [c] € F(#,t). Note that the set L = {[t] € F(#,¢t) | [t] < [p] and [7] <
[c]} is finite because, as we have already proved, the set F(#/, t) is itself finite. Then
L ={[nu],...,[w]}. Take [p] & [¢] := [11]V ... V[1y]. Itis straightforward to show
that [p] A [0] thus defined is the greatest lower bound for {[p], [¢]}.

2. The set G(#',t) forms an upper semilattice. The semilattice structure of G(#, ) is inher-
ited from ID*(t). More precisely, [o] C [c] is declared to hold if p C ¢, the bottom element
is [e], and the join is [p] U [o] = [p U o]. Let us check that this is an upper semilattice:

2.1 Partial order. The relation (C) is a partial order on G(#, t) because it is already a
partial order in ID*(¢).
2.2 Bottom element. It suffices to note that the empty derivation e : t —* t is t'-garbage,
so [e] € G(t,t) is the least element.
2.3 Join. By Proposition 5.4 we know that if p and ¢ are t'-garbage then p LI o is '-garbage,
so [p] U [o] is indeed the least upper bound of {[p], [¢]}.
O

A.20 Proof of Theorem 5.22 — Factorization

We need a few auxiliary lemmas:

Lemma A.35 (Garbage-free/garbage decomposition). Let p : t —»5 sand t' x t. Then
there exist p1, pp such that:

L p=pip>

2. py is t'-garbage-free,

3. pa is t'-garbage.
Moreover, p1 and py are unique modulo permutation equivalence, and we have that p1 = p | t/
and po = p/(p L t).
Proof. Let us prove that said decomposition exists and that it is unique:

e Existence. Take p1 := p | t' and p := p/(p | ). Then we may check the three conditions

in the statement:
1. Recall that p | ' C p holds by Lemma A.27, so:

(04 t)(p/(plt))
p((pdt')/p) since A(B/A) = B(A/B) holds in general
0 sincep L' Cp

0102

as required.
2. The derivation p; = p | t' is ’-garbage-free. This is as an immediate consequence of
Proposition 5.15, namely the result of sieving is always garbage-free.
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3. The derivation p; = p/(p | t') is garbage. This is an immediate consequence of
Lemma A.31, namely projection after a sieve is always garbage.

e Uniqueness, modulo permutation equivalence. Let p = 07, 0» where ¢ is t'-garbage-free,
and o, is t'-garbage. Then we argue that o7 = p; and 0 = ps.
Since p102 = p = 0107 and sieving is compatible with permutation equivalence (Lemma A.33)
we have that p1pp | ' = 0705 | t'. By Lemma A.34, we know that trailing garbage does
not affect sieving, hence p; | ' = 0 | t'. Moreover, p; and ¢y are garbage-free, which by
Proposition 5.15 means that p; = 07. This means that p; is unique, modulo permutation
equivalence. Finally, since p102 = 0102 and p; = 07, we have that p102/01 = 0102/ 071, that
is pp = 0. This means that p, is unique, modulo permutation equivalence.

O
Lemma A.36. Let ' x src(p) = src(0). Then [(pU o) L ¥] = [p ) ¥]V[o | ¥].
Proof. Let:
a = p/(plt)
B = o/(cit)

v o= @/ (L) (b ) U/ (o )/ (e L))
Note that « and p are garbage by Lemma A.31 and hence 7 is also garbage, as a consequence of
the facts that the join of garbage is garbage and that the projection of garbage is garbage (Propo-
sition 5.4). Remark that, in general, ABUCD = (AUC)(B/(C/A)UD/(A/C)). Then the
statement of this lemma is a consequence of the following chain of equalities:

(PUG) L] = [((p L )2l (o L#)B) L ¥] byLemma A3
((pdt)yu(clt))ylt] by the previous remark
((pdtHu(clt))Lt] by Lemma A.34
pdt]vie |t by definition of V

O

To prove Theorem 5.22, let us check that [ G is well-defined, that it is an upper
semilattice, and finally that ID*(t) ~ [, G are isomorphic as upper semilattices.
Proof. 1. The Grothendieck construction [ G is well-defined. This amounts to checking
that G is indeed a lax 2-functor:
1.1 The mapping G is well-defined on objects. Note that G([p]) = G(¥'/p,tgt(p)),
which is a poset. Moreover, the choice of the representative p of the equivalence class
[0] does not matter, since if p and ¢ are permutation equivalent derivations, then
t'/p = t'/o (by Proposition 4.17) and tgt(p) = tgt(0).
1.2 The mapping G is well-defined on morphisms. Let us check that given [p], [c] € F
such that [p] < [o] then G([p] — £ [¢]) : G([p]) — G([¢]) is a morphism of posets, i.e.
a monotonic function.
First, we can see that it is well-defined, since if [x] € G([p]) then we have that
the image G([p])([a] — £ [0]) = [pa/0] is an element of G([¢]), since pa/0c =
(p/0)(a/(c/p)) is garbage, as it is the composition of garbage derivations (Propo-
sition 5.4): the derivation p/c is garbage since [p] < [0] (by definition), and the
derivation a/ (0 /p) is garbage since « is garbage (Proposition 5.4). Moreover, the
choice of representative does not matter, since if p; = pp and 0y = 0y and a1 = ap
then p1a1 /07 = para /0.
We are left to verify that G([p] < 7 [¢]) is monotonic. Let [«], [8] € G([p]) such that
o C ), and et s show that (2] 7 e (o) € ) = ) )- ndess
C

aC B,sopa/o=(p/c)(a/(c/p)) C (p/0)(B/(c/p)) =pB/0.
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1.3

1.4

so G
2. The
2.1

2.2

2.3

Identity. Let [p] € F. Let us check that G([p] —r [p]) = idg(|,)) is the identity
morphism. Indeed, if [¢] € G([p]), then G([p] — r [p]) ([«]

/
Composition. Let [p], [¢], [t] € F such that [p] < [ 1<) I)Aet u[ls)véhgc]:k th[a’l thereis a
2-cell G(([v] = F [t]) 0 ([[ ol =7 [0])) E G(le] =5 [1]) o G([p] =7 [0]). Note that

([e] = [1]) 0 ([ | —=xlo]):]p ] [t]isa morphlsm in the upper semilattice 7 seen
as a category. Moreover since it is a semilattice, there a unique morphism [p] < [7],
namely [p] <7 [1], so we have that ([o] <7 [t]) o ([o] < [0]) = [o] <7 [7].
Now if [a] € G]p], then:

G(([e] =7 [t]) o ([o] =7 [o])([+]) Q([/p] =7 [T)((a])
o/ T
(pa/T)((0/ pa)/ (T/ par))
pa(o/pa)/T
o(pa/o)/t  since A(B/A) = B(A/B)
G(lo] = 7 [t])(pa/ )
(G(lo] =7 [7]) 0 G(lp] = [o]))([a])

(7] 7 () o (lp] =5 1)) € G(lo] =7 [x]) 0 G([p] = [o]) as required.

Grothendieck construction [, G is an upper semilattice.

Partial order. Recall that [ G is always poset with the order given by (a,b) < (a’,b")
ifand only ifa <a’and G(a —x a’)(b) C V.

Bottom element. We argue that (L7, Lg(, ;) is the bottom element. Let ([p], [0]) €
J7G. Then clearly Lz < [p]. Moreover, G([Lz] =7 [p])(Lg) = [e/p] = [€] C [o].
Join. Let us show that (a,b) Vv (a',0') = (avd',G(a —F (ava'))(b)UG(d —F
(ava'))(V')). is the least upper bound of {(a, b), (a',0")}.

2.3.1 Upper bound. Let us show that (a,b) < (a,b) V (a’,V). Recall that (a,b) V
(@,V) = (ava,G(a = (aVva))(b)UuG(a —F (ava))®' )) First, we have
a<ava'. Moreover, G(a <z (ava'))(b) C G(a =z (aVva'))(b) UG —F
(ava'))(V'), as required.

2.3.2 Least upperbound. Let (a,b) = ([p], [c]) and (@', b") = ([¢’], [¢’]). Moreover, let
([0"],[""]) be an upperbound i.e. an element such that ([p], [c]) < ([¢"], [¢"])
and ([p'], [o']) < ([0"], [¢"]). Let us show that ([p], [o ]) /(0] [e']) < ("), ["]).
First note that [p] < [p”] and [p'] < [p"] so [p]V[p] <
Moreover, we know that [po/p"] = g([p] = [0 ’])([(f]) E [0"] and [p'c’ /p""] =
G(lp'] = "D’ E [¢"]. Leta := (pUp’) | t. First we claim that
a C pollp'o’. Indeed, « = (pUp’) | ¥/ C pUp by Lemma A.27, and it is
easy to check that p Ll p’ C po Ll p’c’. What we have to check is the following
inequality:

G([a] = [p"N)(G(le] = [a])([e]) U G([p"] = [a])([e']) E [¢”]

1 | A T A T

Indeed:
G([a] = [p"1)(G([o] = [a])([e]) U G([p'] = [a])([o"]))
— [a((po/a) U (0" /) /"]
= [a((pcUp'c’)/a)/p"] since A/CUB/C=(AUB)/C
= [(pcUp'd")(a/(poUp'c"))/p"] since A(B/A) = B(A/B)
= [(pcUp'd")/p"] since a C po LI p'0’
= [pa/p" Up'd /p"] since A/CUB/C=(AUB)/C
C [o"] since [po/p"] E [0”], [p'0’/p"] E [0"]
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3. There is an isomorphism D" (t) ~ / 7 G of upper semilattices. As stated, the isomor-
phism is given by:

Note that ¢ and 1 are well-defined mappings, since their value does not depend on the
choice of representative, due, in particular, to the fact that sieving is compatible with
permutation equivalence (Lemma A.33). Let us check that ¢ and ¢ are morphisms of
upper semilatices, and that they are mutual inverses:
3.1 ¢ is amorphism of upper semilattices. Let us check the three conditions:
3.1.1 Monotonic. Let [o] C [0] in D (#), and let us show that the following inequality
holds:

o(lo]) = (lo L 1[0/ (0 L )]) < ([o L ¥'], [e/ (e L £)]) = @([0])

We check the two conditions (by definition of | 79):
3.1.1.1 On the firsthand, [p | #'] Q[0 | #] since

(pdt)/(clt) T p/(clt) sincep|t C pbyLemmaA.27

C o/(clt) sincep C o by hypothesis

Note that this is garbage by Lemma A.31. So by Proposition 5.4, (p |
')/ (o | t') is also garbage, as required.

3.1.1.2 On the other hand, let us show that G([p | t'] =z [ | ¥'])([e/(p 4 t')]) C
/(o | t). Infact:

Gled ] =rledtD(e/(ed)]) = [pdt)(p/(pdt))/ (e t)]
by definition
= [p/(c )]
by Lemma A.35
[o/ (e t)]

since p C o

M

3.1.2 Preserves bottom. By definition: ¢(Lpa () = ([e | t,[e/(e L )]) = ([e], [e]) =

(Lr Loz
3.1.3 Preserves joins. Let [p],[¢] € ID*(t), and let us show that ¢([p] U [0]) =
¢([c]) V ¢([c]). Indeed, note that:

where

i)
I
=
i)
[
Q
S~—
~
—~
—~
i)
[
Q
S~—
<«
=

and

e(le) Ve(lol) = (o L 1o/ (e L))V (e Lt] [0/ (0 LE)]) = (&, B)
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where
W = [plt)vio Lt
B = GlodtT—=ra)(p/(edt)DUG(cdt] —=Fa)(c/(ct)])

It suffices to show that « = a’ and § = B’. Let us show each separately:

3.1.3.1 Proof of & = &’. Theequalitya = [(pU o) L ] =[p} ]V[e | '] =a’isan

immediate consequence of Lemma A.36.

3.1.3.2 Proof of p = '. Note that:

B = Gl tT—=ra)(p/(0d ONUG([o L t'] =5 a)([o/ (0| )])
= o)/ (oL t))/a"t(o L) (e/ (0] t)/d]
= [p/a'Uc/d] by Lemma A.35
= [(pUo)/d] since A/CUB/C=(AUB)/C
= Loue)/(puo) L) since ' = & — (p L) |

as required.

3.2 1 is a morphism of upper semilattices. Let us check the three conditions:

321

322

323

Monotonic. Let ([p1], [o1]) < ([p2], [02]) in [z G and let us show that ¢([o1], [01]) T

¥([02], [02]) in DA (¢). Indeed, we know that G([p1] < 7 [02])([c1]) T [02], that
is to say p101/p2 C 0. Then:

p101/ 0200 = (0101/p2) /02 = €

which means that py07 C p0,. This immediately implies that ¢([p1], [01]) T

¥ ([e2], [02])-
Preserves bottom. The bottom element L e is defined as (L, Lg(, ,)), that

)
is ([e], [¢]). Therefore (L _g)) = [e] = Lpay-
Preserves joins. Let ([o1], [ 1]) and ([p2], [02]) be elements of [, G, and let us
ih?W that p(([p1], [01]) V ([e2], [2])) = $([ea], [en]) U g ([p2], [02]))-

a = (p1Up2) Lt

First we claim that &« T pj07 U pp07. This is because by Lemma A.27 we know
that o = (p1 Up2) | ' C p1 U pa. Moreover, it is easy to check that p; Upy T
0101 U p20y. Using this fact we have:

)V ([pal, [o2])
= ¢([a], G([o1] =7 [a])([o1]) U G([p2] =5 [a])([e2]))
— p([a]. [(101/2) U (0202 /)]
= 9([a], [(p101 U p202) /a])
since A/CUB/CLC (AUB)/C
= [a((p101 U p202) /)]
= [(p101 U p202) (a/ (0101 U p202))]
= [p101 U p207]
since w T p107 U ppon, so a/ (p107 U paon) =

= ¢([p1], [1]) Uy ([e2], [2]))

as required.
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3.3 Leftinverse: o ¢ = id. Let [p] € D*(¢). Then by Lemma A.35:

ple(le]) =9(lo L' [p/ (0 L )]) = [(o L )0/ (0 L )] = [p]

3.4 Rightinverse: g o ¢ = id. Let ([o], [0]) € [, G. Note that p is t’-garbage-free and ¢ is
t'-garbage, so by Lemma A.34 and Proposition 5.15 we know that po | ' = p | t' = p.
Hence:

(¢ ([ol, [01)) = @(leo]) = (loo L ¥, loo/ (oo L )]) = ([p], [oe/p]) = (le], [e])
O
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