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ABSTRACT. We define and study a term calculus implementing higher-order node replication.
It is used to specify two different (weak) evaluation strategies: call-by-name and fully lazy
call-by-need, that are shown to be observationally equivalent by using type theoretical
technical tools.

1. INTRODUCTION

Computation in the A-calculus is based on higher-order substitution, a complex operation
being able to erase and copy terms during evaluation. Several formalisms have been proposed
to model higher-order substitution, going from explicit substitutions (ES) [ACCL90] (see a
survey in [Kes09]) and labeled systems [Lév78, BLMO05] to pointer graphs [Wad71] or optimal
sharing graphs [Lam90]. The operational semantics used in each formalism to implement
copying (i.e. duplication) of terms is not the same.

Meanwhile, the Curry-Howard isomorphism [SU06] uncovers a deep connection between
logical systems and term calculi. Also in this framework, different ways to normalize
proofs in different logical systems correspond to different implementations of substitution.
Indeed, the process of full substitution is somehow analogous to the normalization process
in natural deduction, while linear substitution corresponds to cut elimination in Proof-
Nets [Accl8al. Node-by-node replication is based on a Curry-Howard interpretation of deep
inference [GGP10, GHP13a]. Let us illustrate these different models using an example.

Indeed, suppose one wants to substitute all the free occurrences of some variable = in a
term ¢ = z-x by the term u = y-(z-w) (--- denotes the application constructor). The variable

substituted at each reduction step is going to be highlighted in light blue :
( )[x/u] ( z)x/u] = u-u (1.2)
(z-2)e/y-(w-2)] = ((y- 2" )-(y- ")) /w-2] = w-u (1.3)

Full (or non-linear) substitution (1.1) is a one-shot substitution, replacing simultaneously
all the free occurrences of x in ¢t by the whole term w. This notion is generally defined by
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induction on the structure of the term ¢. Linear (or partial) substitution (1.2) replaces one
free occurrence of x at a time. This notion is generally defined by induction on the number
of free occurrences of z in the term ¢. Node replication (1.3) is yet another approach which
replicates one term-constructor of u at a time, instead of replicating v as a whole. This
notion can be defined by induction on the structure of the term u. In the Curry-Howard
interpretation of deep inference, node replication is full: all occurences of x are replaced by
a node of u. A linear version of the node replication approach can be formally defined by
combining the last two models, although this does not correspond to any logical system we
are aware of:

(z-2)w/u] = ((y-2')- 2)z/y-2|[a'/w-2] = ((y- 2")-(y-2') [’ /2]
= ((y-(w-2))-(y 2’ D' Jw-2] = (y- (w-2))-(y- (w-2)) = w-u

In this sense, node replication is orthogonal to the full/linear aspect of classical substitu-
tion, since it can be implemented by either full or linear operations, as explained above.
Unsurprisingly, different notions of substitution give rise to different evaluation strate-
gies. Indeed, linear substitution is the common model in well-known abstract machines
for call-by-name and call-by-value (see e.g. [ABM14]), while (linear) node replication can
be used to implement fully lazy sharing [Wad71]. However, node replication, originally
introduced to implement optimal graph reduction in a graphical formalism, has only been
studied from a Curry-Howard perspective by means of a term language known as the atomic
A-calculus [GHP13a).

(1.4)

The Atomic Lambda-Calculus. Logical aspects of intuistionistic deep inference are
captured by the atomic A-calculus Aa [GHP13a], where copying of terms proceeds atomically,
i.e. node by node, similar to the optimal graph reduction of Lamping [Lam90]. The
atomic A-calculus is based on explicit control of resources, such as erasure and duplication.
Its operational semantics explicitly handles the structural constructors of weakening and
contraction, as in the calculus of resources A1xr [KL0O7, KR11]. As a result, understanding
the meta-properties of the term-calculus, in a higher-level, and its application to concrete
implementations of reduction strategies in programming languages, turn out to be quite
difficult. In this paper, we take one step back, by studying the paradigm of node replication
based on implicit, rather than explicit, weakening and contraction. This gives a new concise
formulation of node replication which is simple enough to model different programming
languages based on reduction strategies.

Call-by-Name, Call-by-Value, Call-by-Need. The theory of programming is usually
based on some notion of calculus, which can be often seen as a higher-order rewriting system.
A calculus definition results in general in a non-deterministic and unrestricted relation: a
term can be reduced in different ways, some of them being more efficent than others. When
implementing programming languages based on these theories, a specific (deterministic)
reduction strategy is necessary to provide a concrete mechanism to evaluate a program.

In the specific case of functional programming, the theory is given by the A-calculus, giv-
ing rise to different reduction strategies used by different functional programming languages.

Call-by-name is used to implement programming languages in which arguments of
functions are first copied, then evaluated. This is frequently expensive, and may be improved
by call-by-value, in which arguments are evaluated first, then consumed. The difference can
be illustrated by the term ¢ = A(II), where A = Az.zz and I = Az.z: call-by-name first
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duplicates the argument II, so that its evaluation is also duplicated, while call-by-value first
reduces II to (the value) I, so that duplications of the argument do not cause any duplicated
evaluation. It is not always the best solution, though, because evaluating erasable arguments
is useless. Compare for instance (Az.z)(II) =g (Az.2)I =g 2z to (Az.2)(II) —4 z.

Call-by-need, instead, combines the best of call-by-name and call-by-value: as in call-
by-name, erasable arguments are not evaluated at all, and as in call-by-value, reduction of
arguments occurs at most once. Furthermore, call-by-need implements a demand-driven
evaluation, in which erasable arguments are never needed (so they are not evaluated), and
non-erasable arguments are evaluated only if needed. Technically, some sharing mechanism
is necessary, for example by extending the A-calculus with explicit substitutions/let con-
structs [AF97]. Then, any [S-reduction step can be decomposed in at least two steps: one
creating an explicit (pending) substitution, and the other ones (linearly) substituting values.
Thus for example, (Az.zz)(II) reduces to (xz)[x/II], and the substitution argument is thus
evaluated in order to find a value before performing the linear substitution.

Even when adopting this wise evaluation scheme, there are still some unnecessary copies
of redexes: while only values (i.e. abstractions) are duplicated, they may contain redexes as
subterms, e.g. A\z.z(II) whose subterm II is a redex. Duplication of such values might cause
redex duplications in weak (i.e. when evaluation is forbidden inside abstractions) call-by-need.
This happens in particular in the confluent variant of weak reduction in [LM99]:

(Azx.zz)(Az.2(1I1)) — (zx)[z/A2.2(11)] = ((A\2.2(11))x)[x/Az.2(11)]
—  (2(11))[z/x][x/A2.2(11)] — (2(II))[x/Az.2(1I)]
— (II)(II) —- I

Full laziness. Alas, it is not possible to keep all values shared forever, typically when they
potentially contribute to the creation of a future g-reduction step. The key idea to gain
efficiency is then to keep the subterm II as a shared redex. Therefore, the value A\z.z(II)
to be copied is split into two separate parts. The first one, called skeleton, contains the
minimal information preserving the bound structure of the value, i.e. the linked structure
between the binder and each of its bound variables. In our example, this is the term Az.zy,
where y is a fresh variable. The second one is a multiset of mazimal free expressions (MFE),
representing all the shareable expressions (here only the term II). Only the skeleton is then
copied, while the problematic redex II remains shared:

(Ar.zz)(A2.2(11)) — (z2)[x/A2.2(11)] = ((Az.zy)x)[z/Az.2y][y/11]

When the subterm II is needed ahead, it is first reduced inside the explicit substitution, as
it is usual in call-by-need, thus avoiding to compute the redex twice. This optimization is
called fully lazy sharing and is due to Wadsworth [Wad71].

As shown by Balabonski [Ball3], any weak strategy of the A-calculus which is not using
sharing is undecidable, as for example the innermost needed reduction. However, in the
confluent weak setting evoked earlier [LM99], the fully lazy optimization is even optimal in
the sense of Lévy [Lév80]. This means that the strategy reaches the weak normal form in
the same number of S-steps as the shortest possible weak reduction sequence in the usual
A-calculus without sharing. Thus, fully lazy sharing turns out to be a decidable optimal
strategy
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Quantitative Types. Intersection types were introduced as (denotational) models capturing
computational properties of functional programming in a broader sense [CD78, CDCV81,
BCDCB83|. They extend simple types with a new constructor N, thus allowing to support
polymorphism in a finitary way: a program t is typable with o N 7 if ¢ is typable with both
types o and 7 independently. Originally, intersection enjoys associativity, commutativity,
and in particular idempotency (i.e. cNo = o). By changing to a non-idempotent intersection
constructor, one naturally comes to represent such a type by a multiset, also known as
multi-type. Idempotent as well as non-idempotent types allow for a characterization of
several operational properties of programs, e.g. termination of different evaluations strategies
can be characterized by typability in some appropriate intersection type system. There is
however a major difference between the two: while idempotent types provide qualitative
information, non-idempotent ones also provide quantitative knowledge. More precisely, it is
not only possible to prove that typability in one typing system characterizes termination
of some particular evaluation strategy, i.e. that a program is terminating if and only if it
is typable in the corresponding system, but also an upper bound or exact measure for the
time needed for its evaluation can be derived from its typing information (see [BKV17] for a
survey).

Contributions. The first contribution of this paper is a term calculus implementing (full)
node replication (Section 2) and internally encoding skeleton extraction (Subsection 4.2).
We study some of its main operational properties: termination of the substitution calculus,
confluence, and its relation with the A-calculus.

Our second contribution is the use of the node replication paradigm to give an alternative
specification of two evaluation strategies usually described by means of full or linear substi-
tution: call-by-name (Subsection 4.1) and weak fully lazy reduction (Subsection 4.2), based
on the key notion of skeleton. The former can be related to (weak) head reduction, while
the latter is a fully lazy version of (weak) call-by-need. In contrast to other implementations
of fully lazy reduction relying on (external) meta-level definitions, our implementation is
based on formal operations internally defined over the syntax of the calculus.

Our implementation of fully lazy reduction is based on a class of restricted terms, called
U, which simplifies the formal reasoning. This restriction is not ad-hoc in the sense it is stable
through evaluations based on weak strategies, i.e. is an invariant property of evaluations
starting from pure A-terms.

Furthermore, while it is known that call-by-name and call-by-need specified by means of
full/linear substitution are observationally equivalent [AF97], it was not clear at first whether
the same property would hold in our case. Our third contribution is a proof of this result
(Section 6) using semantical tools coming from proof theory —notably intersection types. This
proof technique [Kes16] considerably simplifies other approaches [AF97, MOW9S8] based on
syntactical tools. Moreover, the use of intersection types has another important consequence:
standard call-by-name and call-by-need turn out to be observationally equivalent to call-by-
name and call-by-need with node replication, as well as to the more semantical notion of
neededness (see [KRV18]).

Intersection types provide quantitative information about fully lazy evaluation so that
a fourth contribution of this work is a measure based on type derivations which turns out
to be an upper bound to the length of reduction sequences to normal forms in a fully lazy
implementation.
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More generally, our work bridges the gap between the Curry-Howard theoretical under-
standing of node replication and concrete implementations of fully lazy sharing. Related
works are presented in the concluding Section 7.

2. A CALcuLUS FOR NODE REPLICATION

We now present the AR-calculus (as in Replication). From a syntactical point of view, we
add two new constructors to the A-calculus: explicit substitutions and explicit distributors.
From an operational point of view, we provide a rewriting system on AR-terms together
with a notion of levels which will play a key role in the next sections.

2.1. Syntax. Given a countably infinite set of variables x, v, z, ..., we consider the following
grammars.

(Terms) tybu,rys = x| Aw.t| tu | tfz/u] | tlx ) y.u

(Pure Terms) p,q = x|Ax.p|pg

(Term Contexts) C == Ol Ax.C|Ct|tC|Clx/t]|Clx)Ay.u]|t[x/C]|t[z)\y.C]
(List Contexts) L == {|Llz/u]|Llx) y.u]

The set of terms is denoted by T and the subset of pure terms is denoted by Tp. We write
I for the identity function Az.z, and |¢| for the number of symbols of the term ¢.

The construction [z/u] is an explicit substitution, which allows the sharing of the
subterm w. A term t[x/u]| can be simply seen as a more concise notation for a let-binding
let £ = w in t, where u is shared across the free occurences of the variable z in . The
second construction [x/Ay.u] is an explicit distributor (or simply distributor), which is
used specifically in the duplication of abstractions.

An explicit cut is denoted by [x <u|, which is either [z /u], or [x/u] when u is Ay.u/,
typically to factorize some definitions and proofs where explicit substitutions and distributors
behave similarly. A characterization function ES(-) on explicit cuts distinguishes these two
cases: ES([z <u]) = 1if [z <u] = [z/u], and 0 otherwise. The application constructor
associates to the left, i.e. t1ty...t, means ((t1t2)...t,). Explicit cuts affects the rightmost
constructor, i.e. tu[x < s] means t(u[x < s]), otherwise we will write parenthesis like (tu)[z < s].

Two notions of contexts are used. Term contexts C extend those of the A-calculus
to explicit cuts. A term context is said to be pure if it does not contain any explicit cut.
List contexts L denote an arbitrary list of explicit cuts. They will be used in particular to
implement reduction at a distance (see Subsection 2.2).

Free and bound variables of terms are defined as expected, in particular fv(Az.t) :=
fv(t)\{z} and fv(t[z <u]) == tv(t)\{z} Ufv(u). We write ||, to denote the number of free
occurrences of the variable x in the term t. These notions are extended to contexts as
expected. In particular fv(Q) := 0 and fv(L[z <u]) == fv(L)\{z} U fv(u). The domain of a
list context is defined as dom () := @) and dom(L[z < u]) := dom(L) U {x}.

The standard notion of a-conversion [Bar85] on A-terms is extended to the full set of
AR-terms as expected, and we systematically assume a-conversion whenever necessary to
avoid capture of free variables. We write ¢{z/u} for the meta-level substitution operation
simultaneously replacing all the free occurrences of the variable x in ¢ by the term w.

The application of a context C to a term ¢, written C(t), replaces the hole ¢ of C by
t. Thus, for instance, ¢(t) =t and (Az.Q)(t) = Az.t. This operation is not defined modulo
a-conversion, so that capture of variables eventually happens, such as in the second example
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if x € fv(t). Thus, another kind of application of contexts to terms is also considered,
identified by double brackets, and is only defined if there is no capture of variables. For
instance, (Ay.Q)(x) = Ay.xz while (Az.0Q)({(z)) is undefined.

2.2. Operational semantics. Before presenting the dynamics of the calculus, let us
introduce some notations and definitions concerning reduction. Let —x be any reduction
relation. We write t —x ¢’ when (¢,t') € =, and —x (resp. —7) for the reflexive-transitive
(resp. transitive) closure of —%. A term t is said to be R-confluent iff t - u and t - s
implies there is ¢’ such that u —g ¢’ and s - t'. The relation R is confluent iff every
term is R-confluent. A term ¢ is said to be in R-normal form (written also R-nf) iff there
is no ¢’ such that t -5 ¢. A term ¢ is said to be R-terminating or R-normalizing iff
there is no infinite R-sequence starting at t. The reduction R is said to be terminating iff
every term is R-terminating.

Explicit substitutions may block some expected meaningful (i.e. non-structural) reduc-
tions. For instance, S-reduction is blocked in (Ax.t)[y/s]u because an explicit substitution
lies between the function and its argument. This situation does not happen in graphical
representations (e.g. [Gir96]), but it is typical in the sequential structure of term syntaxes.

There are at least two ways to handle this issue. The first one is based on struc-
tural/permutation rules, as in [GHP13a]. Therefore, in the previous example, the substi-
tution is first pushed outside the application node by means of a permutation rule, as
(Ax.t)[y/slu — ((Ax.t)u)[y/s], so that S-reduction is finally unblocked. The second, less
elementary, possibility is given by an operational semantics at a distance [AK10, ABKL14],
where the (-redex can be fired by a rule like L{Az.t)u — L(t[z/u]), where L is an arbitrary
list context. The distant paradigm is therefore used to gather meaningful and permutation
rules in only one reduction step. In AR, we combine these two complementary technical
tools. First, we consider the following permutation rules:

Ay.tlz <u] e (Ayt)[z<u]  ify & fv(u)
tlx <uls e (ts)[x <ul if z ¢ fv(s)
ts[z < ul o (Es)[z <ul if x ¢ fv(t)
tlx<quly<s]] —r tlxaullyas] ify ¢ tv(t)

The reduction relation —, is defined as the closure of the four rules —, under all contexts.

Example 2.1. Let t = z[x/w[z1 J/I](Ay.y[z2/23])]. Both inner explict cuts [z /I] and [z9/z3]
are pushed outside the main explicit substitution, which results in a pure term followed by a
list of explicit cuts.

t —=n zlr/wlafI(A\yy)lz2/z]  —r e/ (wlz)I(My.y))[ze/23]]
= wlz/wlz I Myy)l[z2/23]  —x xlz/(w(Xy.y))[z1)/T]][22/ 23]
—r zlz/w(Ay.y)l[z1 1] [z2/ 23]

Permutations do not hold any computational content, only a structural one. Indeed, all
terms in the reduction sequence above could be naturally translated to the same graphical
notation. In order to highlight the computational content of node replication, we com-
bine distance and permutations within a single rewriting semantics. In addition, because
operational semantics at a distance is directly inspired from graph formalisms, there is
a better correspondence between the syntactic representation of terms and the graphical
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representations of their associated reduction notion [KL0O7, Accl8b]. The resulting reduction
relation AR is given by the closure under all contexts of the following rules:

L (\z.t)u 4B L (t[x/u])

tle/ L (us)]  —app L (t{xz/yz}[y/u][z/s]) where y and z are fresh

tlz/ L (A\yw)] ~aist L (tx)Ay.z[z/u]]) where z is fresh

tlz ) Ay.ul —abs L (H{z/A\y.p}) where u —, L (p) and y ¢ fv(L)
te/Liy)] e L(Hz/y})

where the distant contexts are highlighted in green to make it easier to read. The AR-
calculus is defined by the set of terms Tr equipped with this reduction relation. In the five
rules just above, a list context L is pushed outside the term. We assume in all these cases
that there is no capture of variables caused by this transformation, e.g. in rule dB this means
that dom(L) Nfv(u) = . Apart from the distant Beta rule dB used to fire S-reduction, there
are four substitution rules used to copy nodes of pure terms pushing outside all the cuts
surrounding the node to be copied. Rule app copies one application node, while rule var
copies one variable node. To copy abstractions, both rules dist and abs are needed. Notice
that the (meta-level and capture-free) substitution is full, in the sense that it is performed
simultaneously on all ocurrences of the free variable x at the same time.

The reduction relation rgyp, is defined as 450 U Fraist U Hrabs U —ryar, While the
substitution relation —gyp, (resp. distant Beta relation —4p) is defined as the closure of
—sup (Tesp. —gp) under all contexts, and the reduction relation —g is the union of —gyp
and —dB-

Example 2.2. This example illustrates the use of rules app and var to replicate application
and variables nodes, as well as rule dB to fire reduction. No distance is involved in this
example.

Owan)(y2) —as @le/yz]  vapp (@132)(w102) o1y a2/
—rvar (y22)(yz2)[r2/2] —var (¥2)(y2)
Example 2.3. Replication of abstractions is more involved, as illustrated below.
(Az.zx)(Ay.(ww)y) —ap (xx)[x/Ay.(ww)y] (2.1
—aist (22)[z)Ay-2[z/(ww)y]] (22
—app (2)[z [ Ay.(2122) 21 /ww][z2/y]] (2.3
—var (22)[x ) Ay.(219)[21 /ww]] (2.4
—rapp (22)[2/] Ay.((2322)y) [23/w][z2/w] ] (2.5
—rabs ((Ay.(2322)y) (Ay.(2322)y)) [23/ w][22/w] (2.6
—var ((Ay-(w22)y) (Ay.(wz2)y))[22/w] (2.7
—var (Ay.(ww)y) Ay (ww)y) (28

The specificity in copying an abstraction Ay.u is due to the (binding) relation between
the binder Ay and all the free occurrences of y in its body u. Abstractions are thus copied
in two stages. The first one is implemented by the rule dist, which creates a distributor
in which a potentially replicable abstraction is placed, while moving its body inside a new
explicit substitution. Thus, in line (2.2), we create a distributor over the abstraction Ay,
while (ww)y is placed inside an explicit substitution [z/(ww)y]. Notice that this substitution
is in the scope of abstraction Ay. The distributor is marking the fact that the abstraction
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needs to be further duplicated. There are then two kinds of potentially replicable nodes
shared in the body of the corresponding abstraction.

(1) All free occurences of the variable bound by the main abstraction (here \y) must be
replicated by means of the rule var (2.4), so as to keep the correct binding structure.
This means that all the nodes leading to these occurences must also be duplicated: this
is why rule app is first used in (2.3).

(2) All nodes which are neither a free occurence of the bound variable nor in the path to
such a node can be arbitrarily copied inside the distributor (e.g. the internal application
node in line (2.5)), or replicated later (e.g. the two variable nodes w in (2.7) and (2.8)).

Components which are not replicated inside the distributor form a list of explicit cuts, which
can occur at different depths inside this distributor. Indeed, in (2.5), there are two explicit
substitutions [z3/w] and [z2/w]. The cuts can be gathered together into a list context, called
L in the definition of rule abs, which is pushed outside by using permutation rules, before
performing the substitution of the pure body containing all the bound occurrences of y (here
Ay.(z122)y). This operation is in general hard to specify using only distance since the cuts
can appear at arbitrary depth in the distributor, and this is one of the reasons to introduce
the use of permutation rules in rule abs.

Other choices are possible, such as replicating all the nodes, or only the uppermost
application and the node y (corresponding to fully lazy duplication), as long as at least all
free occurences of y are duplicated.

Example 2.4. This last example showcases different reduction steps with distance, high-
lighted in green.

(Az.7) [24/25] (wl1 [ I)(Ay-ylzo/23])) —ap z[z/wlz1 JT](Ay.y[22/23])] [24/ 25]
—rapp (T122)[z1/W [21//T] |[w2/ Ay Y22/ 23]][24/ 25]
—rvar (W22)[21 )/ T][w2/Ay-yl22/ 23] [24/ 25]
—aise (wr2)[21 /T[22 Ay.x[2/y [22/23] |][24/ 25]
—rvar (wW22)[21//I][z2) Ay-y [22/28] |[24/ 25]

—rabs (W(AY.y))[21 /) I[22/25][24/ 25]

Notice that an R-step can be decomposed into some 7-steps followed by a simpler step
not involving any list context. Indeed, ¢ —g u could be simulated by ¢ —, t' —g/ u, where
— g is the closure under all contexts of the following set of rewriting rules:

Az.t)u =g t[z/u]

tlefus] ey tHa/yz}ly/ul[z/s]
tlz/Ay.u] —aise tz)Ay.z[z/u]]
tle/Aypl —ans  t{z/Ay.p}

t[x/y] —rvar’ t{.%'/y}

For instance, step (2.6) in Example 2.3 can be decomposed as follows, where r = Ay.(z322)y:

(zxz)[z[r]zs/w][z2/w]] »x (x2)[x)r][23/w][22/w] —abs (r7)[23/W][22/w]
This decomposition will be useful in some of our proofs, but we prefer to integrate distance
inside the rules, as initially defined on page 7, to highlight the computational behavior and
execute permutations only when strictly necessary.
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2.3. Levels. This subsection introduces the syntactical notion of level and its associated
properties. Intuitively, the level of a variable in a term indicates the maximal depth (only
w.r.t. explicit substitutions and not w.r.t. explicit distributors) of its free occurrences.
However, in order to be sound with respect to the permutation rules, levels do not consider
depth in the usual sense only, but also across linked chains of explicit substitutions. For
instance, the level of z in both (zx)[z/y[y/z]] and (zz)[x/y|[y/z] is the same. Levels will
play a key role in the next sections: they will be the combinatorial witnesses of the progress
of sub-substitution steps, necessary to prove termination of the sub-relation. They will also
be helpful to define a decreasing measure on typing derivations in Section 5. The level of a
variable z in a term t is defined by induction:

lv,(z) =0
v, (tit2) == max(lv,(t1), v (t2))
lv,(Az.t) = lv,(t)

(

v if z ¢ fv(u)
v, (tlx <ul]) = {max(lvz(t), W (t) + v, (u) + ES([x <u])) otherwise

In the two last cases, we can always suppose z # x, because we work modulo a-conversion.
Notice that 1v,(¢) = 0 whenever z ¢ fv(t) or ¢ is pure. We illustrate the concept of level by an
example. Consider t = z[z/z[y/w]|[w/w'], then lv,(t) = 1, v,y (t) = 3 and 1v,(t) = 0 because
y ¢ fv(t). This notion is also extended to contexts as expected, i.e. lvy(C) = lv,(C(z)),
where z is a fresh variable. Remark that for any variable x, lvy(C) < lv;(C{z))) and
v (C{p) < Iva(C{(x)) for any p € Tp.

Lemma 2.5. Letx # z,t € Tg and p € Tp:

(1) If =z ¢ tv(p), then v, (t{z/p}) = lv.(t).
(2) If z € fv(p), then Iv,(t{x/p}) = max(lv,(t),1v,(t)).

Proof. By induction on t (see appendix on page 44). L]

Lemma 2.6. Lett € Tg and w be any variable.

(1) If to == t1, then 1Vw(t0) > lvw(tl).
(2) If to —sub t1, then vy, (tg) > vy (t1).

Proof. By induction on the reduction relation (see appendix on page 46). []

Notice that there are two cases when the level of a variable in a term may decrease:

e Moving an explicit cut out of another one with a permutation rule when the first cut is a void
cut, i.e. its domain does not bind any other variable. Thus e.g. if t = z[x/z[y/w]|[w/w'] =,
z[z/z][y/w][w/w'] = u, then lv, (t) = 3 > 2 = lvy (u).

e Using rule +yar. Thus e.g. if t = (zx)[x/y]ly/2] —var (yy)]y/2] = u, then lv,(t) =2 >
1=1v,(u).

Hence, levels alone are not enough to prove termination of —gu,. We thus define a
decreasing measure for —gy, in which not only variables are indexed by a level, but also
constructors. For instance, in the term t[x/Ay.yz], we can consider that the level of all the
constructors of A\y.yz, including the abstraction and the application, have level lv, (). This
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will ensure that the level of an abstraction will decrease when applying rule dist, as well as
the level of an application when applying rule app.

3. OPERATIONAL PROPERTIES

We now prove three key properties of the AR-calculus: termination of the reduction system
—>sub, relation between AR and the A-calculus, and confluence of the reduction system —g.

Termination of —gy,. Some (rather informal) arguments are provided in [GHP13a] to
justify termination of the substitution subrelation of their calculus. We expand these ideas
into an alternative full formal proof adapted to our case, which is based on a measure being
strictly decreasing w.r.t. —gup.

We consider a set O of objects of the form a(k,n) or b(k) (k,n € N), which is equipped
with the following ordering >© (>© denotes its reflexive closure):

a(k,n) >%a(k',n') ifk>k, or (k=K andn >n') b(k) >%a(k',n) ifk>Fk
a(k,n) >© bk if k> & b(k) >Obk) ifk>Fk

Notice that the symbols a and b are just formal expressions, i.e. O could be alternatively
(but less clearly) defined as (N x N) wN.

Lemma 3.1. The order >© on the set O is well-founded.

Proof. Let us consider the set N equipped with the standard order >y on natural numbers.

Let us also consider the set Ny, := N {c0} equipped with the order >,:=>y U{{co,n) |

n € N}. Since >y and >, are both WF, then the lexicographic order induced by (>, >o0)

on N x Ny, written >1gy, is also WF. We show that >© is WF by projecting it into the WF

order >igx, i.e. we define a projection function P such that s >© s’ implies P(s) >1ex P(5),

for any s,s" € O. Let us define P(s) = (IL(s),S(s)), where L(a(k,n)) :== k and L(b(k)) :== k

while S(a(k,n)) :=n and S(b(k)) := co. We reason by cases.

e 5o =a(k,n) > a(k’',n’) = s1. Then (IL(s0),S(s0)) = (k,n) >ex (K',n') = (L(s1),S(s1))
holds by definition since either k > k' or k = k' and n > n/.

e 5o = b(k) >@ b(k') = s;. Then (LL(s0),S(s0)) = (k,00) >1ex (K',00) = (L(s1),S(s1))
holds by definition since k > &'.

e 50 = a(k,n) > b(K') = s;. Then (L(sg),S(s0)) = (k,n) >1ex (k',00) = (L(s1),S(s1))
holds by definition since k > k’.

e 5o = b(k) >% a(k/,n') = s1. Then (L(sq),S(s0)) = (k,00) >rex (k',n/) = (L(s1),S(s1))
holds by definition since either & > k" or k = k' and oo > n. ]

We write >y for the multiset extension of the order >© on O, which turns out to
be well-founded [BN98] by Lemma 3.1. Some operations on multisets are needed to build
the measure CL (1) on terms. Indeed, let M be a multiset of objects in O. Multiset sum is
denoted LI. Furthermore:

(1) The a~elements (resp. b-elements) of the multiset M are all the objects of the form
a(k,mn) (resp. b(k)) in M. We then may write M as M, U M,,, where M, (resp. My)
contains all the a-elements (resp b-elements) of M.

(2) Given K € N, we write M=K (resp. M>¥) for the multiset containing all 0 € M such
that the first element of o is less than K (resp. strictly greater than K). We write MK
for M>% 1 M,, where M denotes multiset intersection.
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(3) M can thus be decomposed in three disjoint multisets M, M=% and M X for every
K e N.
(4) We also define the following operation on M:

p-M=Ja(p+k,n)|alk,n) € M]UI[b(p+Ek)|b(k) e M]
We are now ready to (inductively) define our cuts level measure CL (-) on terms.

CL(x) :=1] CL (Az.t) :== CL(¢) CL (tu) == CL( ) LI CL (u)
) - CL () U [a(lve (£) + 1, [ul)]
(u)) U b(lve ()]

Intuitively, the integer k in a(k,n) and b(k) counts the level of variables bound by explicit
substitutions, while n counts the size of terms to be substituted by an ES. Remark that for
every pure term p we have CL (p) = [].

Example 3.2. Consider the following reduction sequence:

to = (yy)ly/(Az.x)w] —app (y1y2) (Y112) [y1/ Az.2][y2/w] =1
—rvar (Y10)(Yy1w)[y1/A2.7] = to
—aist (1w)(y1w) [y JAz.2' [z /x]] =13
—abs (Az.2)w)((Nz.2")w)[2' /z] =1y
—var (Az.z)w)((Az.2)w) =15

We have CL (to) = [a(1,4)], CL (#1) = [a(1,1),a(1,2)], CL (t2) = [a(1, 2)], CL (£3) = [a(1, 1), b(0)],
CL(t4) = [a(1, )] and CL (t5) = [].

Fact 3.3. Some properties on multisets are straightforward:

o If M, >I*('IQUL M, then M1|—|M>I*(49UL My U M.
o If M, >r(49UL My, then k- My >1%Lk-M2 for any k£ € N.
° kl'kQ‘M:(k1+k2)‘M

Lemma 3.4. If CL(t) >, CL(u) and v,(t) > Ivy(u) holds for every x € dom(L), then
CL (L(t)) >far CL (L(u)).

Proof. By induction on L. The property is straightforward. []
Lemma 3.5. Let t be a term, x a variable and p a pure term. Let K =1v,(t). Then there
is N € N such that CL (t{z/p}) T CL(t), UCL (t)>" U[a(k,n) | k < K and n < N].

Proof. By induction on t (see appendix on page 52). (]

Lemma 3.6. Let t € Tg. Thent —, t' implies CL (t) >, CL(¢).
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Proof. By induction on the reduction ¢ —, t'. We only detail here the case where t =
sly/rlz/u]] = sly/r][x/u] =t at root, where = ¢ fv(t) (see appendix on page 53).
CL(t) = CL(s) U (Ivy(s) +1) - CL(r[z/u]) U [a(lvy(s) + 1, |r[z/u]|)]
=CL(s) U (Ivy(s)+1) - (CL(r) U (Ivy(r) + 1) - CL (u) U [a(lvy(r) + 1, |ul)])
U fa(lvy(s) + 1, |rlz/u]])]
=CL(s) U (vy(s)+1) - CL(r) U (lvy(s) + Ivy(r) +2) - CL (u)
U fa(lvy(s) + ve(r) + 2, |ul), a(lvy(s) + 1, [r[z/u]|)]
= (CL(s) U (Ivy(s) +1) - CL(r) U [a(lvy(s) + 1, [r[z/u]|)])
U (Ivy(s) +1va(r) +2) - CL (u) U [a(lvy(s) + vz (r) + 2, |ul)]
>t (CL (s) U (v (s) + 1) - CL(r) U [a(lvy (s) + 1, |r])])
U (e (sly/r]) +1) - CL (u) U [a(lve(s[y/r]) + 1, |ul)]
=CL(¢)
The >&; inequation is justified by the following facts:
o [rlz/u]| > |r|.
o lvy(s) +1vy(r) + 2 = max(0,lvy(s) + vy (r) + 1) + 1 = Iv,(sly/r]) + 1. L]
Lemma 3.7. Let t € Tg. Then t —sgu, t' implies CL (t) >%,; CL(t).

Proof. Let t = C{tg) —rsup C(t1) =, where tg —sup t1 is a reduction step at the root position.
We proceed by induction on C. We detail the base case which is C = . In all such cases we
use Lemma 3.6 to push L outside, i.e. we can write tg —>sub t1 as to —x L{t() —su L(t}) = 1,
where t(; =gy ¢} is a root step which does not push any list context outside. We then show
the property for root steps ¢, =gy t}, and we conclude with Lemma 3.6 then Lemma 3.4
by CL (to) > CL(L{th)) > CL(L(t})) = CL (t1) since lv,(ty) > lv.(#}) holds for every
x € dom(L) by Lemma 2.6. Let us analyse all the cases t{, =gy ).

(1) If tf = t[x/us] —app t{x/yz}y/ul[z/s] = t|, where y and z are fresh variables, then
CL (ty) = CL(t) U (lvg(t) + 1) - CL (us) U [a(lvy(t) + 1, |us|)] and

CL (t) = CL (t{z/y=}[y/u]) U (. (H{z/yz}y/u]) + 1) - CL (s)
U fa(lvz(t{z/yz}y/ul) + 1, |s|)]
= (CL({x/yz}) U (Wvy(t{x/yz}) + 1) - CL (u) U [a(lvy (H{z/y2}) + 1, [u])])
U (v (t{z/yz}y/u]) +1) - CL(s) U [a(lv. (t{z/y=}y/u]) + 1,]s])]
= (CL({x/yz}) U (lva(t) + 1) - CL (u) U [a(lva(t) + 1, [ul)])
U (lva(t) + 1) - CL () U [a(lva(£) + 1, ]s])]
= CL (t{z/yz}) U (v (t) + 1) - CL (us) U [a(lvy(t) + 1, Ju|), a(lv,(t) + 1, s])]
By Lemma 3.5, CL (t{/yz}) C CL (t), U CL (£)>™*") U [a(k,n) | k < 1v,(t),n < N] for
some N € N. We also have that [a(lv,(t) + 1, |us|)] >G [a(lve(t) + 1, |ul), a(lv,(t) +
1,]s))] >80y [a(k,n) | k <1v,(t),n < N]. Moreover, CL () 3 CL (t), U CL (£)>"*®) and

[a(lve(t) + 1, us))] > [alk,n) | & < lvi(t),n < N]. Thus we conclude CL (¢)) >y,
CL (#}).
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(2) If ty = tlz/Ay.u] —qist tlx)Ay.z[z/u]] = t], then

CL (ty) = CL(t) U (Ivg(t) + 1) - CL (u) U [a(lvy(t) 4+ 1, |u| 4 1)] and

t) Ulvy(t) - CL (Ay.z[z/u]) U [b(lvz(t))]

L (z[z/u]) U [b(lva(t))]

'(CL( Ju (Ivz(z) + 1) - CL(u) U [a(lvz(z) 4 1, [u])]) U [b(lve(2))]

t) Ulvg(t) - (1- CL () U a(1, [ul)]) U [b(lve(2))]

t) U (v (t) +1) - CL (u) U [a(lve (£) + 1, [u]), b(Ive(2))]

CL (t})) > CL(#}) because the multisets are the same except for a(lv,(t) + 1, |u|) and
b(lvz(t)) on the right which are smaller than a(lv,(t) + 1, |u| + 1) on the left.

(3) If ty = tlxfAy.u] —abs t{z/Ay.u} = t], then we have CL (t{) = CL (¢) U [b(lv,(¢))]. By
Lemma 3.5, CL (}) T CL (), LICL (£)>™*® Ua(k,n) | k < Iv,(t),n < N] for some N € N.
Since [b(Iv,(t))] >@n [a(k,n) | k < Ivi(t),n < N] and CL(¢) 3 CL (), L CL (t)>lvz(t)7
then we conclude CL (t)) >@y CL ().

(4) If tf, = t[z/y] —var t{z/y} = t}, we have CL(¢{) = CL(¢) U [a(lvy(¢t) + 1,1)]. By
Lemma 3.5, CL(#}) C CL(¢), U CL(t);lV’(t) U [a(k,n) | k < lvg(t),n < N] for some
N € N. Since [a(lv,(t) + 1,1)] >Qp [a(k,n) | k& < Vx(t),n < NJ] and CL(¢) 3
CL (t), U CL (£)>"*® we conclude CL (t)) >&; CL(#,) O

The sequence of Example 3.2 illustrates this phenomenon: indeed, CL (t;) >$; CL (ti11)
for 0 <17 < 5.

Corollary 3.8. The reduction relation —guw 1S terminating.

Simulations. We show the relation between AR and A, as well as the atomic A-calculus Aa.
For that, we introduce a projection from Tg to Tp implementing the unfolding of all the
explicit cuts:

rhi=2 (Azt)t = ettt (tu)t =ttt (tr qu))b = tH{a/ut).

Thus e.g. z[z/z[y/w]][w/w']* = x{z/2{y/w}}{w/w'} = z. The previous projection can be
extended from list contexts to substitutions as follows: O+ := {} and (L[z<u])¥ := Lto{z/u'},
where o denotes standard composition of substitutions.

Lemma 3.9. Lett € Tg. Ift —g t', then t¥ —5 t". In particular, if either t —, t' or
t —suw t', then t+ =t

Proof. By induction on the stated relations. []
The relation —gyp enjoys full composition on pure terms. Namely:
Lemma 3.10. For any p € Tp, tlz/p] -4 t{z/p}.

Proof. By induction on p.
o If p =y, then t[z/y| —var t{z/y}.
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e If p = p1po, then
tlx/prpa] —app t{x/yz}y/p1l(2/p2]

— i He/yzHy/p}z/p2) =, Ha/yzHy/piHz/p2}
= t{x/p1p2}

o If p = \y.q, then t[x/\y.q] —vavs t[z)Ay.2[2/q]] >7, tlx)Ay.q] —aise t{z/\y.q}. []

This property does not hold in general if p is not pure. Indeed, if ¢ = zx, then
(zx)[z/yy/z]] does not sub-reduce to (y[y/z])(y[y/z]), but to (yy)ly/z]. However, full
composition restricted to pure terms is sufficient to prove simulation of the A-calculus.

Lemma 3.11 (Simulation of the A-calculus). Let py € Tp. If po —5 p1, then po —rdp— sy, D1-

Proof. Let pg = C(top) —p C(t1) = p1, where tg = (Az.q)p —3 ¢{z/p} = t1. By Lemma 3.10,

to —as q[r/p] =L t1. The inductive cases for C are straightforward. []

The previous results have an important consequence relating the atomic A-calculus
and the AR-calculus. Indeed, it can be shown that reduction in the atomic A-calculus is
captured by Aa, and vice-versa. More precisely, the AR-calculus can be simulated into the
atomic A-calculus by Lemma 3.9 and [GHP13a|, while the converse holds by [GHP13a] and
Lemma 3.11.

A more structural correspondence between AR and Aa could also be established. Indeed,
AR can be first refined into a (non-linear) calculus without distance, let say AR’, so that
permutation rules are integrated in the intermediate calculus as independent rules. Then a
structural relation can be established between AR and AR’ on one side, and AR’ and the
atomic A-calculus on the other side (as for example done in [KLO7] for the A-calculus).

Confluence. By Corollary 3.8 the reduction relation —¢yp, is terminating. It is then not
difficult to prove confluence of —4y, by using the unfolding function -+.

Lemma 3.12. Lett € Tg. Then t is in sub-nf if and only if t is pure.

Proof. 1t is obvious that a pure term is sub-normal. Let us show the left-to-right implication
and consider a sub-normal term t. We reason by induction on ¢. Suppose that ¢ is not pure,
so that t = C(tg[x <u]). If the explicit cut is an explicit substitution, then one of the rules
app, dist, var apply, which contradicts the hypothesis. Otherwise the cut is a distributor,
and u is an abstraction Ay.u’, where v’ is in particular a sub-normal form. By the i.h. v’ is
pure so that the rule abs applies, which contradicts the hypothesis again. []

Corollary 3.13. Lett € Tg. If t is in sub-nf, then t¥ =t.
Lemma 3.14. The reduction relation — sy 18 terminating and confluent.

Proof. Termination holds by Corollary 3.8. For confluence, suppose t —»gup, t1 and t —gyp ta.
Let t; —sup t] and to —»gu th, where ¢) and ¢, are in sub-nf. Then by Corollary 3.13,

(tht =t for both i = 1,2. By Lemma 3.9, (t/)} = tf = tt so that t; = t, closing the
diagram. u

By termination of — 4y any ¢ € Ty has a sub-nf, and by confluence this sub-nf is unique.
By Lemma 3.9 and Corollary 3.13 one obtains:

Corollary 3.15. Let t € Tg. Then the unique sub-nf of t is t+.
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Theorem 3.16. The reduction relation —g is confluent.

Proof. Let t € Tgr such that ¢ —y t; and ¢t —y t2. By simulation (Lemma 3.9), we have
th g t% and t+ — 5 tJQ’. By Lemma 3.14, there exist ¢] (resp. t;) the unique sub-nf of ¢
(resp. t2). By Corollary 3.15 we have ¢ = t% and t), = té. Because — 3 is confluent, there is
u such that tf —g u and té —g u, and by Lemma 3.11, tf —»p u and té —»g 4. The diagram
is then closed by t; —gup t) = ti —p u and to —gyp th = té —»g u. Graphically,

t th to
L o7
R R
=t =t
8
R R
U L]

4. ENCODING EVALUATION STRATEGIES

In the theory of programming languages [Plo75], the notion of calculus is usually based on a
non-deterministic rewriting relation, while the deterministic notion of strategy is associated
to a concrete machinery being able to implement a specific evaluation procedure. Typical
evaluation strategies are call-by-name, call-by-value and call-by-need, to name a few.

Although the atomic A-calculus was introduced as a technical tool to implement full
laziness, only its (non-deterministic) equational theory was studied. In this paper we
bridge the gap between the theoretical presentation of the atomic A-calculus and concrete
specifications of evaluation strategies. Indeed, we use the AR-calculus to investigate two
concrete cases: a call-by-name strategy implementing weak head reduction, based on full
substitution, and the call-by-need fully lazy strategy, which uses linear substitution.

In this work, we choose to implement full laziness for pure terms, that is, for the usual
A-calculus without cuts. Indeed, we see explicit cuts as a tool for a fully lazy implementation
of the A-calculus. We thus keep in line with the definitions found in the literature. Defining
full laziness for terms with explicit cuts also brings technical difficulties, which might divert
from the main point: using node replication to implement a fully lazy strategy.

We then restrict the set of terms to a subset U, which simplifies the formal reasoning of
explicit cuts inside distributors. Indeed, distributors will all be of the shape [z /\y.LL(p}],
where p is a pure term containing the constructors that have been (symbolically) shared in
the distributor, and LL is a commutative list (defined below). We argue that this restriction
is natural in a weak implementation of the A-calculus: it is true on pure terms and is
preserved through evaluation. We consider the following grammars.

(Linear Cut Values) T := MAz.LL(p) where y € dom(LL) = |p|, =1
(Commutative Lists) LL == ¢ |LL[z/p]|LL[z/T] where |LL|, =0
(Values) voon= Az

(Restricted Terms) U == z|v|UU|U[z/U]|U[z)T]
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A term t generated by any of the grammars G defined above is written ¢t € G. Thus e.g.
X (y2)[y/T[2/T] € T but Az.(yy)[y/T] & T, Ofe/yz][+/T) € LL but Olz/y=][y/T] ¢ LL, and

(y2)[y /1] € Ubut (yz)[y/Az.(yy)ly/I]] ¢ U.
The set T is stable by the relation —gy, (Lemma 4.1), but U is clearly not stable under

the whole —y relation, where dB-reductions may occur under abstractions. For instance,
let t1 = (yz) [y Az.(Ay.yy)I] —as (y2) [y z.(yy)[y/I]] = t2. Then t; € U but ty ¢ U, since
lyyly = 2. However, U is stable under both weak strategies to be defined: call-by-name
and call-by-need. We factorize the proofs by proving stability for a more general relation
—r, defined as the relation —g with dB-reductions forbidden under abstractions and inside
distributors.

Lemma 4.1. Ift € Tandt =gy t', thent' € T.

Proof. We first show a more general statement, namely that ¢ = LLo(po) with [pg|, = 1 for
every y € dom(LLg), and ¢ —gyp ' imply ¢’ = LL; (p1) with |p;|, = 1 for every y € dom(LL;).
In the following rules var, app and dist, there is no L context inside the explicit substitutions
because lists in LL only contain pure terms by definition.

o t = uf[x/z] —yar u{x/z} =t'. This is straightforward.

o t = LL(p)[x/q1q2] —app LL(p{x/z122})[21/q1][x2/q2] = t'. Freshness of both z; and x2
implies |p{1‘/£ﬁ1x2}|x1 = ’p{m/x1$2}lr2 = |p’1 =1, and |Q1|:Jc2 =0.

o t = LL(p)[z/Az.p] —aist LL(p)[z/Az.w[w/p']] = t'. By hypothesis |p|, = 1, |LL|; = 0 and
Az.p' is pure. Then, A\z.w[w/p'] € T because p’ is pure and |w|,, = 1.

e t = LL(p)[zAz.LL/(p')] —abs LL(LL(p){x/Az.p'}) = t'. By hypothesis Az.LL'(p') € T thus
Az.p/ and p{z/\z.p'} are pure. We conclude since |LL|, = 0 by hypothesis.

Now we can lift the property to T by observing that we necessarily have t = Ax.u —>gup Ax.20/,
where u —gup, u/. Then we conclude by the previous point. []

Lemma 4.2. Ift € Uand t —¢ t’, thent' € U.

Proof. Straightforward by induction on the reduction relation. []

4.1. Call-by-name. The call-by-name (CBN) strategy —name (Figure 1) is defined on the
set of terms U as the union of the following relations —pgp and —psup. The strategy is weak
as there is no reduction under abstractions. It is also worth noticing (as a particular case of
Lemma 4.2) that ¢ € U and ¢ —pape t’' implies t' € U.

t 4B t/ t —ndB t/ t —ndB t/
— (DB) ———— (APPDB) ; (SUBDB)
t —nap t tu —pgg t'U t[l’ < U] —naB [$ < U]
t > sub t/ t —>nsub t/ t —?nsub t,
— (S —————— (APPS) ~ (SUBS)
t —Spsub t tU —psup U u[z JAy.t] = nsup ulzfAy.t']

Figure 1: Call-by-Name Strategy
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Example 4.3. This example follows a call-by-name evaluation. The name of the contextual
rule is written in the superscript of the arrow symbol, and the redex is underlined.

(Az1.I(21I))(Ay.(IT)y) —P%  (I(21I))[z1/Ay-(IT)y]
—S (I(211))[z1 ) Ay-2[2/(I1)y]]

(211)
=% (I(a 1)) [ ) Ay-(2122)[21 /1T [22/ Y]]
= (Igfml))[xl//)\y(zw) [21/11]]

— (UOy-2p) D)/
—SUBDB o (19 / (Ay.219) I] [21 /11
- (Ay.21y)I)[21/11]

T Ay.(IT)y

The strategy —name does not impose duplication of all nodes in the body of an abstraction
inside the distributor: only the skeleton of the abstraction Ay.(II)y is replicated. But the
strategy forbids dB-reductions inside explicit cuts, so that there is no benefit gained by keeping
shared terms such as II. Indeed, the main idea behind full laziness is that shared terms are
only reduced once. The CBN strategy, on the contrary, duplicates arguments before reducing
them. The absence of optimization is reflected by the fact that the strategy, although not
deterministic, enjoys the remarkable diamond property, guaranteeing in particular that all
reduction sequences starting from ¢ and ending in a normal form have the same length.

Proposition 4.4 (Diamond). The CBN strategy enjoys the diamond property, i.e. for any
terms t,u, s € U such that t —pane U, t —>name S and u # s, there exists t' such that u —page t/

and 5 —pame t'.

Proof. By separate inductions on the reduction relations (—pn4p, —nas), (—nsub, —nsub) and
(—ndB, —nsub) (see appendix on page 54). ]

It is worth noticing that call-by-name in the A-calculus can be simulated by call-by-name
in AR. The former can be defined by weak-head reduction, denoted —y, and generated by
the following rules:

t —unr t’
()\yt)u —whr t{l‘/u} tU —runr t'u

There is in particular a one-to-one relation between [-steps and ndB-steps.

Lemma 4.5 (Relating Call-by-Name Strategies).

o Let py € Tp. If po —runr 1, then po —nap—peuy P1 (s Po —fane 1)
o Let tg € U. If to —vnas t1, then t —une t1. If to —new t1, then t = t1.

Proof.
e By induction on —ypy.

— Let po = (Az.p)g =g p{z/q} = p1. Then (Az.p)q —nae p[r/q] and we need to verify
that plz/q] -1 p{z/q}. The proof of t[z/q] -1 t{z/q} for any t € U and pure
term ¢ is by induction on ¢:

x If ¢ = y then t[x/y] —nsuw t{z/y}.
x If ¢ = qoq1 then t[x/q] —nsuwo t{x/2021}[20/q0][71/q1]- By the i.h. we have

t{x/2021}z0/q0][21/01] = g (t{x/zozé}[ZO/CIO]){Zl/Q1} = t{z/20q1 }[20/ 0]

t{x/z0qm Y20/ q0] ~ e tH{r/ 20020/ 00} = t{z/q0q1}
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Therefore, t[x/qoq1] = twus t17/q0q1}-
* If ¢ = M\y.q' then t[z/q] —nsw t[z ) y.2[2/q]]. By the i.h. we have that z[z/q] =1,
2{z/q'} = ¢ thus t[z ) y.2[2/d]] —lw ) y.qd] —asw t{x/Ay.¢'}. Therefore,

— Let pg = pq —wnr P'q = p1 where p —upr p'. By the i.h. we have that p —
by (APPDB) and (APPS)7 Pbo = pq _»rJlrame p/q = P1-

e By case analysis on —pape. If tg —>nsup t1 then té = tf by Lemma 3.9. If tg —uqp t1 then
we prove the property by induction on —,gz.

— Let to = (Az.t)u —pap tlz/u] = t1. Then tf = (Az.th)ut —g tH{z/ut} = tf Note that
both t+ and u} are pure terms.

— Let tg = tu —nqg t'u = t; where t —pqg . Then t+ —umy t* by the i.h., thus
té = thut =y tHut = t%.

— Let tg = t[x <u] —nep '[x <u] = t; where t —5gp t. Then t¥ — g t by the i.h., thus
té = tHaz/ut} e tHz/ut) = tf Note that the result depends on the closure of
—wnr Dy (implicit) substitutions, which has a straightforward proof by induction on
(pure) term t+, using substitution composition. ]

+
name

p’ then,

The following grammar Na is meant to characterize normal forms with respect to the
—name Strategy:
Na == Az.p|Na
Na = x|Nat
Notice that all normal forms are pure terms: we unfold all explicit substitutions with
sub-steps.

Lemma 4.6. Lett € U. Then t € Na iff t is in name-nf.

Proof. The left-to-right implication is straightforward. The right-to-left implication proof is
by induction on U.

e t = x. By definition, ¢t € Na.

e t = A\z.p. Then t € Na by definition.

e t = t'u, where t',u € U. By definition of —4aze, ¢ in name-nf implies ¢’ is also in name-nf
and t’ is neither an explicit cut nor an abstraction. Thus ¢’ € Na by the 4.h. and we can
conclude t € Na.

t = t'[x/u], where ¢',u € U. This is not possible because there is always an applicable
structural rule which would contradict ¢ to be in name-nf.

t = t'[x/A\y.u|, where A\y.u = A\y.LL(p) € T. Then either we can apply a structural rule on
u, or u is pure (i.e. LL = ) and we can apply rule —4ps. In both cases we would have a
contradiction with ¢ in name-nf. ]

4.2. Call-by-need. We now specify a deterministic strategy flneed implementing demand-
driven computations and only linearly replicating nodes of values (i.e. pure abstractions).
Given a value Az.p, only the piece of structure containing the paths between the binder
Az and all the free occurrences of x in p, named skeleton, will be copied. All the other
components of the abstraction will remain shared, thus avoiding some future duplications of
redexes, as explained in the introduction. By copying only the smallest possible substructure
of the abstraction, the strategy flneed implements an optimization of call-by-need called
fully lazy sharing [Wad71]. First, we formally define the key notions we are going to use.
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A free expression [Jon87, Ball2a| of a pure term p is a strict subterm g of p such that
every free occurrence of a variable in ¢ is also a free occurrence of the variable in p. A free
expression of p is maximal if it is not a subterm of another free expression of p. From
now on, we will consider the (ordered) list of all maximal free expressions (MFE) of a term.
Thus e.g. the MFEs of Ay.p, where p = (Iy)I(Az.zyw), is given by the list [I;I;w].

An n-ary (pure) context (n > 0) is a (pure) context with n holes ¢. A skeleton is an
n-ary pure context where the maximal free expressions w.r.t. a variable set 6 are replaced
with holes. We introduce two different yet equivalent notions of skeleton, together with a
corresponding operation of skeleton extraction: we argue that they entail respectively a
big-step and a small-step semantics. More precisely, in the big-step semantics the skeleton
extraction process can be seen as a meta-operator, defined by operations that are external to
the calculus itself, as in [AF97], while in the small-step semantics the process of extraction
is defined by an explicit reduction relation encoded in the calculus itself.

A first definition of skeleton. The first notion of skeleton runs as follows. Given any set
of variables 6, the #-skeleton of a pure term is an n-ary pure (i.e. without explicit cuts)
context defined as {{p}}? := ¢ if N fv(p) = 0; otherwise:

{{z}}0 =2 {PAzpl}? = Az {{ppooth {{p1p2}}? = {pa {23}’

Thus e.g. if p = (Iy)I(\z.zyw) as above, then {{p} ¥} = (0y)O(\z.2y0).

Function {{_}}? is (implicitly) intended to give a context whose holes correspond to the
MFE’s that are abstracted out. Splitting a term into a skeleton and a multiset of MFEs is
at the core of full laziness. This can naturally be implemented in the node replication model,
as observed in [GHP13a]. Here, we give two different (alternative) operational semantics to
achieve it. The first one (Figure 2), written 119, uses big-step semantics and implements the
first definition of skeleton introduced above.

x fresh hen § ( )ﬂ 0 — 0 oth .
_— e = |); othe se:
PV alafy] PN Brotheny
p I L) p ULy g La(d)
x|z Az.p I L(\a.p') pg 1 La(L1(p'q))

Figure 2: Relation {}?: Splitting Skeleton and MFEs in Big-Step Semantics

Each of the rules in Figure 2 corresponds to a different case in the first definition of
f-skeleton. In the first rule, since there is no free variable of p in 6, p is thus an MFE
kept shared in an explicit substitution. The other three rules correspond to each possible
constructor, where all the explicit cuts created during the inductive cases are pushed out.

Example 4.7. Let y, z ¢ fv(t), so that ¢ is the MFE of \y.z[x/\z.(yt)z]. Then,

y Wty s gfa)
yt Y197 (ya) [z /1] 2 Yty
(yt)z 4= ((ya)2) (2 /1]
Az.(yt)z VW Nz (yx)2) /1]
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Lemma 4.8 (Correctness of |}%). Ifp € Tp, then In > 0 s.t. p ¥ LpWoix1, ..., 20)[xi/ti]i<n,
where {p}0(t1, ..., tn) = p, and (z;)1<i<n are fresh pairwise distinct variables. Moreover,
fv(t;) NG =10 forall1 <i<n.

Proof. If fv(p) N 6 = 0, then p |}? z1[2z1/p] and {p}}? = O, so that {p}1¥(p) = p trivially
holds. Otherwise, we reason by induction on p:
o If p =z, then {{z}}? = x, so the property holds for n = 0 because = || x.

o If p = pipo, then {{p}}? = {p1 N0 {p=1}?. By the i.h. we have

p1 08 o @, - ) [wi/tili<k and p2 37 {p2 B (@rs1, - .- @) [@i/ti]kcicn, where

{p 0t tk) = p1 and {pa}}¥(thsa, - tn) = po.
Hence:
pip2 W ({p 01, m) e} (@, - wn) [ Sk s/ ik <icn
= {p}%(@r, . )i/ tili<n
o If p = Az.p/ then {{p}}? = Az.{{p'}}?°1#}. By the i.h. we have
I yotes {{pl}}HU{m} (@1, ..., xn)[i/tili<n-

Moreover, x ¢ | J,;<,, fv(t;) by definition of || and every w; is different from x. Hence:

Azp' 10 O WO ) [ )i = e B @, . e i /tilicn. O

The correcteness lemma states in particular that p {¢ L(p') implies p’ is pure and
fv(L)no =0.

An alternative definition of skeleton. An alternative definition of #-skeleton can be
given by removing the maximal free expressions from a term. Indeed, the #-skeleton
{H{p}}}? of a pure term p, where 6 = {z1...1,}, is the n-ary pure context {{{p}}}? such that
HpWa,...,q.) = p, for [q1;...;qy] the maximal free expressions of Axy.... Az,.p L. Tt is
easy to show that both notions of skeleton are equivalent, i.e. {{p}}? = {{p}}}. Thus, for
the same p as before, Ay {{p}} ¥ = \y.(0y)O(Az.2y0).

The second strategy to split a term into a skeleton and its MFEs is the small-step
strategy —s¢ on the set of terms T (Figure 3), which is indeed a subset of the reduction
relation —g. It implements the second definition of skeleton we have introduced. The
relation —¢¢ makes use of four basic rules which are parameterized by the variable y upon
which the skeleton is built, written —¥. There are also two contextual (inductive) rules.

Example 4.9. Let A\y.z[x/Az.(yt)z] be as in Example 4.7.
Ny.xlx/Az.(yt) 2] =4ie0 My-z[z Az wlw/ (yt)2]] —app Ay.xlz ) Az (wiwe)[wy [yt][wa/ 2]
—ar AY-2[2 Az (w12) [wi/yt] | —dpe My (Azw12) w1 /yt]
—hop AY-(Az.(z122)2)[71/y][22/t] —=¥0r Y- (N2 (y22)2)[22/1]

Notice that the focused variable changes from y to z, then back to y. This is because
—st constructs the innermost skeletons first. The small-step approach allows to parametrize
the reduction relation by only one variable at a time, instead of a set.

Lemma 4.10. Ift € Tand t —g t/, thent' € T.

IThe order of the abstractions is irrelevant.
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y € fv(p1p2)

tlz/y] —Yar t{z/y} tlz/pip2] =i tla/z129} 21 /P1][72/P2]
y € fv(Az.p) y € fv(Az.LL(p)) z ¢ fv(LL)
tla/Az.p] =i tr ) Az wlw/p]] tlz Az LL(p)] —3ps LL(t{z/Az.p})
t=¥t oy ¢ fv(LL) (o1x1) t s t’  yefv(t) y¢fv(LL) (o1x2)

Ay.LL(t) =gt Ay.LL(t) Ay .LL{u[z t]) —se A\y.LL{u[z/t'])

Figure 3: Relation —g¢: Splitting Skeleton and MFEs in Small-Step Semantics

Proof. For the root —Y rules, we first show that if ¢ = LLy(pg) with [pg|, = 1 for all
z € dom(LLy), and ¢t —Y ¢/, then ¢’ = LL;(p1) with |p1], = 1 for all z € dom(LLy).

o If t ¥, t', this is straightforward.

o If t = LL(p)[z/q1q2] —4pp LL(Pp){x/z122}[71/01][2/q2) = T, then, since z ¢ fv(LL), we
have LL{x/z122} = LL. Moreover, freshness of x1, o implies |LL(p')|s, = |LL{(p/)|z, =
ILL(p)[c = 1, where p' = p{z/z 122}, and |q1|s, = 0.

o Ift = u[z/\'.p] =Y., ulz) A’ w[w/p]] = t, this is true by hypothesis, where in particular
|uly =1, and Az’.w[w/p] € T because p is pure and |w|,, = 1.

o If t = LLy(p1)[z/A2.LLa(pa)] —Ys LLa(LLy1(p1){x/A2.p2}) = t'. By hypothesis |p1|, = 1
and |LL1|; = 0, so that ¢/ = LLo(LLy (p1{x/Az.p2})) = LL| (p'), since for all z; € dom(LL;)
and all zo € dom(LLg), |p1]s, = |p2|z, = 1 and, by a-conversion, |pi|., = |p2|z, = 0 so that
Ip1{x/Az.pa}|,» =1 for any 2’ € dom(LL').

Then, for the contextual rules, we show by induction on t —gy, t': if t € T and t —gup t,
then ¢/ € T.

e In the case of (cTX1), we have ¢t = A\y.LL(tg) —>sub AY.LL(¢1). By the hypothesis that ¢ € T
follows ty = LLg(po). By the previous case analysis, t; = LL1(p1). Therefore ¢’ € T.

e In the case of (CTX2), we have t = \y.LL(u[x /to]) —su Ay.LL{(u[x/t1]). By the hypothesis
that t € T follows tg € T. By induction hypothesis, t; € T. Therefore ¢’ € T. L]

Lemma 4.11. The reduction relation —g¢ is confluent and terminating.

Proof. To show termination it is sufficient to notice that ¢t —g¢ ¢’ implies ¢ —gup t'. Since
—sup 18 terminating (Corollary 3.8) then we conclude termination of —g¢. Next, we show
that —¢¢ is confluent by observing that it is deterministic. Indeed,

e The base rules —¥ only reduce the outermost cut and they are all distinct: there is one
rule for an outermost distributor, and three rules for outermost explicit substitutions, one
for each possible form (variable, application, abstraction).

e Because of the condition y ¢ fv(LL) in rules (CcTx1) and (CTX2) the base rules are always
applied from right to left inside an abstraction.

e Moreover, rule (CTX2) does not overlap with any other rule, in particular with ¥, _.
Indeed, for a term u[x /Az.LL(p)], there are only two possibilites. Either z is a free variable
of LL, and we cannot apply +—Y, _, or z is not a free variable of LL, and we can apply —?, _.

In the latter, there is in particular no cut of LL for which z is free. Therefore, we cannot
apply any base-rule recursively inside the distributor. So, we cannot apply rule (CTX2).
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Since rule application is deterministic, then there is no possible diverging diagram, and thus
confluence is trivial. []

Thus, from now on, we denote by |}, the function relating a term of T to its unique
st-nf. For instance, from Example 4.9 we deduce \y.z[z/\z.(yt)z] g Ay.(Az.(yx2)2z)[x2/t].

Lemma 4.12. If p is a pure term and LL a (commutative) list context where y ¢ fv(LL),
then there exists n and an n-ary pure context ¢ such that

Ay.LL(t[z/p]) st Ay.LL(tH{z/c(z1,. .., zn) Hzi/di)1<i<n)

where the variables x1,...,x, are fresh pairwise distinct and [q1;...;qn] are the MFE of
Ay.p such that c{q1,...,qn) = p.

Proof. If y ¢ fv(p), then p is the MFE of Ay.p and the property is satisfied by the empty
reduction, with n = 1, ¢ = §, and ¢; = p. Otherwise, we reason by induction on p.

e If p =y, then \y.p has no MFE and \y.LL(t[z/y]) —Var A\y.LL{(¢t{2/y}). Then the property
holds for n = 0 and the O-ary context y.
e If p = p1po, then by the i.h. on ps and on p; we have:

Ay.LL(t[z/p1p2]) —4pp Ay-LL(t{z/2122}[21/p1][22/D2])
—st AY.LL(t{z/z102(Tp11, - - zn) o1 /p1) 23/ Gilk<i<n)
—st AY.LL(t{z/c1(z1, ... ap)ca(@ira, - - - an) i/ gil1<i<n @i/ Gilk<i<n)
= \y.LL(t{z/c(x1, ..., 2n) }[7i/qi]1<i<n)
where c(z1,...,2,) = c1(x1,...,2k)C2(Tk11,...,2y), and the variables z1,...,x, are
chosen to be pairwise distinct. To apply the i.h. on p;, we take LL to be LL(Q[xi/¢i]k<i<n),
which verifies the hypothesis of the statement since by definition of the MFEs, y ¢
Uk<i<n fv(g;). We can conclude since the maximal free expressions of Ay.pip2 can be
computed by considering the MFEs of \y.p; and Ay.ps respectively, i.e. [q1;...;qn].
e If p = Az.p/, then by the i.h. on p’ we have: Az.2'[2'/p/] =5t Ax.d (@1, ..., zn)|Ti/di]1<i<n,
where the terms [g1;. . .; ¢,] are the MFEs of A\x.p/, so in particular ¢ Uj<;<y, v(g;). We
can then apply the i.h. on gy, ..., q, thus for tg = Ay.LL(t[z/Az.p]) we have:

to —gisy AY-LL(t[2/ A2.2"[2/p']])
—st ANY.LL{t[z A x.c (21, . .., 20 ) 2/ @i1<i<n])
—Ye A LL(#{z/ x.d (z1, . .., xn) Hwi )/ qi]1<i<n)
gt MYLL(H{z/ Az (@1, 21, enlTn, - ap ™) i/ aili<icn [ /@) 1<j<m,, )
st MWLL(Hz/Az.d {er (2, ., 2, enlan, o ) el S @ i< <ma<izn)
= My LL(t{z/c(@l, ..., 2 ) Mol /@ i<i<m, a<i<n)

where c(xl, ... 2™) = Av.d(ci(zd, ... 2T, .. ek, ... 2™n)) and the variables x1

to ay," are taken pairwise distinct. To apply the 4.h. on g (1 <k <n), we take the linear
context to be LL(O[z] /¢! ]1<j<m, k<i<n), which verifies the hypothesis of the statement
since by definition of the MFEs, y ¢ Uj<j<m, k<i<n v(q}). By the i.h. [g};...;¢"] are the
MFEs of \y.g; for each i. Therefore, since [¢1;...;qy] are the MFEs of Az.p’, the terms
[q3;...;q"] are also the MFEs of \y.A\z.p'. (]
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Corollary 4.13 (Correctness of —gt). Let p € Tp and [q1;...;qn] be the MFEs of A\y.p.
Then My.z[2/p] Ver My AP @1, . .., 20) [2:/@i)i<n where the variables x1, . . ., z, are fresh
and pairwise distinct.

Proof. By Lemma 4.12, there is an n-ary pure context ¢ such that Ay.z[z/p] —nsu t =
Ay.c{x1, ..., xn)[xi/qi]1<i<n, Where [q1;...;¢y] are the MFEs of Ay.p. Thus, by the alterna-
tive definition of skeleton, ¢ is {{{p}}{¥}. Moreover, t is the nsub-nf of \y.z[z/p] because no
more base —Y-reduction steps can be applied to the list of explicit substitutions since y is
not free in ¢, ..., q, by definition of MFE. []

From the fact that the two definitions of skeleton are equivalent, and from both proofs of
correctness (Lemma 4.8 and Corollary 4.13), we infer the equivalence between the small-step
and the big-step splitting semantics (Figure 3 and Figure 2 resp.). Since the small-step
semantics is contained in AR, we use it to build our call-by-need strategy using node
replication.

Another interesting question concerns the splitting semantics for terms with explicit
cuts. It is not always clear what the maximal free expressions are, as this notion depends on
the position of the explicit cuts in the term. For instance, take the term ¢ = \y.zq[w/zy]zo.
What should be the MFEs of t?7 It could be [z1;2; 2], or [z122; 2], or even [(z122)[w/z]].
Similarly for the skeleton, should it be respectively (1) Ay.Ow/z0]0, (2) Ay.00 or (3) Ay.O?
Solution (1) proposes to keep explicit substitutions in the skeleton. This is not coherent
with the semantics of AR and Aa, which only substitute pure terms. Solution (2) consists
in unfolding the explicit cuts, so that the skeleton is pure. This can easily be obtained by
adding the following rule to the definition.

(it /u] ) = e o/ {{ul}?y, 0 Utv(u) #0

= {1, otherwise
Indeed, this is the definition of skeleton adopted for the atomic A-calculus in [GHP13a,
where the authors prove that the skeleton of a term with explicit substitutions (but without
explicit distributors) can be split from the MFEs. Unfortunately, they do not provide a
splitting rewriting relation.

In cases involving explicit cuts binding no variable, like [w/zy] in the term ¢ above, this
definition is a cause of inefficiency: we would prefer solution (3), which avoids duplication of
the application node. More generally, many nodes can be duplicated inside a term to reach
a bound variable that will finally be erased. For instance, in the term A\y.z1[w/y|xexs ... zp,
n — 1 applications nodes will need to be duplicated, and the skeleton would be considered
Ay.000 ... O (n times) following (2), and simply Ay.¢ following (3). As another example,
the skeleton of Ay.(Az.z[w/y])z would be considered Ay.(Az.z)¢ following (2) and A\y.O
following (3). Unfortunately, this definition is hard to specify inductively (and therefore in a
big-steps semantics) without modifying the term first by permuting the cuts. Interestingly
though, giving a small-steps semantics for it simply amounts to allowing —s¢-reduction deep
inside the distributors.

The Call-by-Need Strategy. The call-by-need strategy —fineea (Figure 4) is defined
on the set of terms U, by using closure under the need contexts, given by the grammar

N o= O | Nt | Nz <at] | N{a)[a/N]
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where N{(_)) denotes capture-free application of contexts (Subsection 2.1). Like call-by-name
(Subsection 4.1), the call-by-need strategy is weak, because no meaningful reduction steps
are performed under abstractions.

LLN(z)[x/Ay-pl))  if Ay.z[z/p] Ve Ay.LL(D")

Figure 4: Call-by-Need Strategy

Rule dB is the same one used to define name. Rule spl (named after splitting) only
uses node replication operations to compute the skeleton of the abstraction, while rule 1s
implements one-shot linear substitution. There is no rule to substitute a variable, as it is
usually done in call-by-need for closed terms [AF97].

Linear substitution (replacing one free occurrence of a variable at a time) as implemented
by rule 1s above is not captured by the calculus AR. This shows a limitation of AR and
Aa, both using full substitution to implement fully lazy sharing. Yet, the demand-driven
philosophy of call-by-need is generally understood as replacing only some desired instance of
one variable [AF97]. This corresponds in particular to the behavior of abstract machines,
which make explicit some of the implementation features. Nonetheless, remark that the
substitution used in the small-steps semantics — g is linear, thanks to the restriction on
terms. Therefore, designing flneed as a strategy of a linear calculus with node replication
is straightforward.

Notice that as a particular case of Lemma 4.2, ¢ € U and ¢ —f1neeq ¢’ implies ' € U.
Another interesting property is that ¢t —15 ¢’ implies lv,(t) > lv,(¢'). Moreover, —f1peeq iS
deterministic.

Lemma 4.14 (Determinism). The strateqy —>fineea S deterministic.

Proof. The left hand sides of the rules dB, dist and 1s are disjoint. On the other hand, the
reduction relation —g¢ is confluent and terminating by Lemma 4.11 so that |}, defines a
function, thus the relation —¢146eq is deterministic. ]

Example 4.15. Let tg = (Az.(I(Iz)))(Ay.yI). Needed variable occurrences are highlighted
in orange .

to —ap (I1(I2))[x/Ay-yI] —ap @1 [21/1z][x/Ny.yI]
—dp T1[x1/ @22/ @ ||[x/AyyI] —ep1 @i[w1/@a[w2/ @ ][] Ay-y21][21/1]
—1s 2121/ @2 [22/Ny.y21]] [z ) Ny-yz1][21 /1]
—rsp1 T1[T1/ @2 [22 )/ Ny.y22][22/ 21]][2 ) MNy-y21][21 /1]
—1s @1 [21/(Ay-yze) (w2 Ayyzell22/ 2] ][ ) y.yz1][21/1]
—sp1 1 [21 )/ Ay-y23][z3/ 22][w2 ) Ay-yza][22/ z1][x ) Ay-y21][21 /1]
—1s (Ay.yzs)[@1 fAy.yzs][zs/ze][xa f Ay.yzo][22/ 21] [z Ay.y 2] (21 /1]
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In order to characterize flneed-nfs, we use the notion of needed free variables,
defined as:

(ndv(t) \ {y}) Undv(u) if y € ndv(t)

ndv(x) := {z} ndv(t[y/u]) = ndv (1) if y & ndv(t)
ndv(tu) := ndv(t) ndv (t[x Ju]) := ndv(t)
ndv(Az.t) := 0

Thus e.g. ndv(z[y/I]I) = {z} and ndv((zy1)[z/2zy2]) = {z}. In particular, z € ndv(¢)
implies x € fv(t).

Lemma 4.16. Let t € U. Then x € ndv(t) iff there exists a context N such that t = N{(z)).

Proof. By induction on t for the left-to-right implication and by induction on N for the other
one (see appendix on page 56). L]

Terms of U in flneed-nf can be characterized by the grammar Ne, defined upon the
grammar of neutral terms Ne. Notice that name-nfs are also f1need-nfs.

Ne == L{\z.t) | Ne
Ne,Neg ==z | Net | Ne[r <u] = ¢ ndv(Ne) | Ne[z/Neg] = € ndv(Ne)

Lemma 4.17. Lett € U. Thent € Ne iff t is in flneed-nf.

Proof. By induction on the grammars (see appendix on page 56). ]

5. A TYPE SYSTEM FOR AR

This section introduces a quantitative type system NR for AR. Non-idempotent inter-
section [Gar94] has one main advantage over the idempotent model [BDS13]: it gives
quantitative information about the length of reduction sequences to normal forms [dC07].
Indeed, not only typability and normalization can be proved to be equivalent, but a
measure based on type derivations provides an wupper bound to normalizing reduction
sequences. This was extensively investigated in different logical/computational frame-
works [AGL19, BKRV20, CG14, Ehr12, Kes16, KV20]. However, no quantitative result
based on types exists in the literature for the node replication model, including the attempts
done for deep inference [GHP21]. The typing rules of our system are in themselves not
surprising (see for example [KV14] where a similar system is used for a A-calculus with
explicit substitutions interpreting the logical cut rule), but they provide a handy quantitative
characterization of fully lazy normalization (Section 6).

Types are built on the following grammar of types and (finite) multi-types, where «
ranges over a set of base types, a is a special type constant used to type terms reducing to
normal abstractions and I ranges over finite sets.

(Types) o = ala|M—o
(Multi-Types) M := [oi]ier

We write | M| to denote the size of a multi-type M. Typing environments, written T,
A, ¥ are functions from variables to multi-types, assigning the empty multiset to all but a
finite set of variables. The domain of I' is given by dom(I") := {z | I'(z) # []}. The union
of environments, written I' W A, is defined by (I'tJ A)(z) := I'(x) U A(x), where LI denotes
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multiset union. For instance, (z : [o],y : [T]) W (z : o],z : [7]) = (x : [o,0],y : [7],2 : [7]).
This notion is extended to several environments as expected, so that W;c;I"; denotes a finite
union of environments, and the empty environment when I = (). We write I'; A for T W A
when dom(T') Ndom(A) = (). Type judgments have the form I' - ¢ : o, where T is a typing
environment, ¢ is a term and o is a type. A (typing) derivation is a tree obtained by

iz MbEt:o 'ct:M-—o AFu: M
— (AX) (ABS) (APP)
x:lolkz:o Xzt M—o F'wAttu:o
Diz: MkEt:o AlFu: M (Ts Ft:oy)ier

(ANS) (cur) (MANY)

DFXxt:a FTWAFtz<u):o WicrTi bt [oilicr

Figure 5: Typing System NR

applying the (inductive) typing rules of system NR (Figure 5), introduced in [KV14]. The
notation ® > I'" -t : 0 means there is a derivation named ® of the judgment I' ¢ : ¢ in
system NR. A term t is typable in system NR, or NR-typable, iff there is an environment I"
and a type o such that ® >T'F ¢ : 0. The size of a type derivation sz(®) is defined as
the number of its rules (ABS), (APP) and (ANS). The typing system is relevant:

Lemma 5.1 (Relevance). If >T'+t: o, then dom(I') C fv(¢).
Proof. Straightforward by induction on the typing derivation. []

Example 5.2. The following tree is a type derivation (called ®,) in system NR for the
term u = z[x/yz].

— (Aax)
(ax) z:r|Fz:T (MANY)
y:[[r]—=7lFy: 7] =71 z: 1|k oz 7] (apP)
(ax) y:[[r] =7,z [r|Fyz:T (MANY)
x:lr|Fx:T y:([r] = 7],z 1] Fyz:[7] (cuT)

Type derivations can be measured by triples. We use a + operation on triples as
pointwise addition: (n1,ng,ns) + (m1, me, ms) = (n1 +mi,ny + ma,ng + ms). These triples
are computed by a weighted derivation level function defined on typing derivations as
D (®) := M (®,1), where M (—, —) is inductively defined below. In the cases (ABS), (APP)
and (cuT), we let ®; (resp. ®,) be the subderivation of the type of ¢ (resp. ®,) and in
(MANY) we let ®! be the i-th derivation of the type of ¢ for each i € I.

e For (AX), M (®,,m) = (0,0,1),

e For (ABS), M (®yy s, m) = M (P, m) + (1,m,0).

e For (ANS), M (®y, ¢, m) = (1,m,0).

e For (APP), M (P4, m) = M (P4, m) + M (P,,m) + (1,m,0).

e For (CUT), M (®@yfyqys m) = M (D4, m) + M (D4, m + v, (t) + ES([z < ul)).
e For (MANY), M (®;,m) =Y, ;M (@], m).

Intuitively, the first (resp. third) component of the 3-tuple M (®,m) counts the number
of application/abstraction (resp. axiom) rules in the typing derivation and do not depend on
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m. The second one takes into account the number of application/abstraction rules as well,
but weighted by the level of the constructor. The 3-tuples are ordered lexicographically.

Example 5.3. Take the derivation ®, from Example 5.2. Its measure is D (®,) =
(1,2,3). Moreover, for z[z/yz] —app (122)[z1/y][x2/2] We have & >y : o],z : [7] F
(x122)[x1/Yy][T2/2] : T and D (Py) = (1,1,4).

Lemma 5.4. For all derivation ® and all m,n € N with m > n, M(®,m) = M (®,n) +
(0, (m —n) *sz(P),0).

Proof. By induction on ® (see appendix on page 57). (]

Lemma 5.5 (Split). Let ® > A+ u: M such that M = U;erM; for I # 0. Then there are
derivations ®; > A; = u : M; such that A = Wier Ay and M(®,m) =3, ;M ((IJ’,m).

Proof. Straightforward. L]

6. OBSERVATIONAL EQUIVALENCE

The type system NR characterizes normalization of both name and flneed strategies as
follows: every typable term normalizes and every normalisable term is typable. In this
sense, system MR can be seen as a (quantitative) model [BEO1] of our call-by-name and
call-by-need strategies. We prove these results by studying the appropriate lemmas, notably
weighted subject reduction and weighted subject expansion. We then deduce observational
equivalence between the name and the flneed strategies from the fact that their associated
normalization properties are both fully characterized by the same typing system.

Soundness. Soundness of system NR w.r.t. both —pane and —f1neeq 1S investigated in
this section. More precisely, we show that typable terms are normalizing for both strate-
gies. In contrast to reducibility techniques needed to show this kind of result for simple
types [GHP13b], soundness is achieved here by relatively simple combinatorial arguments
based again on decreasing measures. We start by studying the interaction between system
MR and linear as well as full substitution.

Lemma 6.1 (Partial Substitution). Let ® > I';z : M F C{(x)) : ¢ and C denote multiset
inclusion. Then, there exists N' © M such that for every ®,>A F u : N we have V>TWA; z :
MA\N E C{u) : o and, for every m € N, M(¥,m) = M (®,m) + M (P, m + lvy(C)) —
(0,0, |NV1).

Proof. By induction on ® (see appendix on page 58). ]

Corollary 6.2 (Substitution). If &, > Iz : Mt : 0 and &, > A F u : M, then
ST WA - t{x/u} : o, and for allm € N we have M (&, m) < M (@, m)+M (P, m + lv,(1)).
Moreover, |M| > 0 iff the inequality is strict.

Proof. The proof is by induction on |t|,. If |t|, = 0, then by the relevance Lemma 5.1
M =], so that ®, necessarily comes from a (MANY) rule without any premise and thus
® = &;. We have M (®,m) =M (P, m) + M (P, m + Iv,(t)) because M (P, m + v, (1)) =
(0,0,0). Otherwise, |t|; > 0 and we can write ¢ as C{(z)). By the partial substitution
Lemma 6.1, there exists N'C M such that for all ®0 > Ag Fu : N, there is & >T'wW Ag;x :
MA\N F C{u) : 0. By the split Lemma 5.5, there are derivations ®. > Ay + u :
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N and ®2 > As - u : M\ N, where A = A; W Ay so that we can apply the partial
substitution Lemma to ®; and ®., and we obtain ® > T Ay;z: M\ N F C{u)) : 0. Since
o (C) < 1va(t), we have M (®',m) = M (@4, m) + M (L, m +1vo(C)) — (0,0, |N|) <154
M (@y,m) + M (@%, m + vy (t)) — (0,0,|N]) < M (@, m) + M (@}, m +1vy(t)). Because
r ¢ fv(u), |C{u)|. = |t|] — 1. We conclude by applying the i.h. on ® and ®2. We get
T WA WAy F Clup{z/u} : 0 = TWA F t{z/u} : 0. For the measure, we use
g (Clu) < Ivy(t) to get M(®,m) < M(®',m) + M (D2, m + v, (C{(u)) < M (P, m) +
M (@), m + v, () + M (2, m + lva (1)) =r. 55 M (P, m) + M (By,m + Iv,(t)). If M # [],
then either A" or M \ NV is non-empty, so at least one of the two previous inequalities is
strict. []

The key idea to show soundness is that the measure D (-) decreases w.r.t. the reduction
relations —page and —fineed:

Lemma 6.3 (Weighted Subject Reduction for —). Let ®;, > T F ¢y : 0 and tg —x t1.
Then there exists @y, > Tty : 0 such that M (®y,,m) = M (P, m) for every m € N.

Proof. Let tg = C(t;) and t; = C(t}), where t{, = t} is a root step. We reason by induction
on C. We only detail one base case (where C = ¢) and one inductive case (see appendix on
page 60).
oty =tlx<uly<s]] = tlz <ully <s] =], where y ¢ fv(t). Let ®; be
(®L > AL | 51 65)
P> Ay N Fup; Al s: N
AL WAL E ufyas]:p;

jeJi (

MANY)

(cur)

then the typing derivation ® is of the form
(> AL WAL F uly <s] :pi)z’el
o >Tz: MFt:o A, WA Fulyas]: M
Ny A, WA Ftzauly<s]] o

(MANY)

(cuT)

where M = [Pi]ieb M = [5j}jeji, A, = LﬂiEIAz“ Aé = LﬂjEJiAi’j, and Ag = Edie[Aé. Let
d; be
(@é’] >AY s 5j)

A }_ — N jeJiiel (MANY)
s :
We then construct the following derivation W.
(B> ALyt NiFw:pi),;

, (MANY)

O, >z MEt:o Ayy: NEFu: M (o)
cuT
IV'wAyy: NEtr<au]:o P> Asks: N

VWA, WA Ftz<ully<as] o (cuT)

where V' = Uit N, so that N = [d;]cs, ier. Moreover, because y ¢ fv(t), we have
that lvy(t[z qu]) = lvy(t) + Ivy(u) + ES([z < u]) if y € fv(u), and lvy(t{lx <u]) = 0

otherwise. Now, we show that M <<I>i’j, m + v, (t) + ES([x au]) + vy (u) + ES([y < s])) =
M (@i’j,m + vy (tfz <u]) + ES(y < 5])) If y € fv(u), this is immediate. Otherwise, by
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the Relevance Lemma 5.1 we have J; = [] for any i thus s is necessarily typed with rule
(MANY) and no premise, so that both measures are equal to (0,0,0). Then,

M (®,m) = M (Q,m) + > M (B, m + Iva(t) + ES([z < u)))

+ Z Z I\l/IGZ@i’j, m + v, (t) + ES([z < u]) + lv, (u) + ES([y < 5]))
=M (;Zi D M (@, m + v (t) + ES([z < u)))

+3Y Y |\l/|ez<1>§j, m + vy (tlz <u]) + ES([y <5]))
M

e If C = u[z < ('], then we have &, > A;z: MFwu:oand & >1"F C (o) : M. By the i.h.
there is W' > TV F C'(0) : M, so U >T" WA b u[z <C'(d')] : 0. Moreover,

M (®,m) =M (®y,m) + M (', m+ lvy(u) + ES([z < u]))
=;h M(®y,m)+ M (\ll’,m + vy (u) + ES([z <1u]))
=M (¥, m) []

Lemma 6.4 (Weighted Subject Reduction for —gyup). Let @y > T F tg: 0. If tg —rsup L1,
then there exists @y, > Tt t1 : 0 such that M (®y,, m) > M (P4, ,m) for every m € N.

Proof. As remarked in Subsection 2.2, tg —gup t1 implies tg = t’ —gu t1. By Lemma 6.3,
weighted subject reduction holds for ty —», ', so it is sufficient to show the statement for
the relation —4,,. We reason by induction on this relation. We show the base cases for
Frapp’ and Frgige/, the cases —4per and 5 are simply by the substitution Corollary 6.2,
and the inductive cases are straightforward by the i.h.

o iy = tlx/us] —app t{x/yz}[y/ul[z/s] = t1, where y and z are fresh variables. Let ®; be of

the form ) , , 4
O >T, Fu:N;— p; P >TLFs: N

- - (APP)
Wy Fus:p;
then the typing derivation ®;, is of the form
(®;>TLWT Fus: pl)ie[ (MANY)

o>z MbEt:o Fr,wlhykus: M
I'wl, Wl tlz/us] : o

(cuT)

where M = [pilics, Ty = Wi /I, and T's = Wi /I, We have
M (D¢, m) = M (P, m)
+ ) (M(®L,m + Iva () + 1) + M (B, m + Ivg (£) + 1) + (1,m + lve(t) + 1,0))
el
Let us consider ®' > T";y : Ny; 2z : Ng - t{x/yz} : o, obtained by Corollary 6.2 from &
and @, >y : Ny;z: N Fyz 2 [pilicr, where Ny = [N; = pilicr and Ny = UierN;. Let
(@ >TL - u: N; = pi)ier (@ >T F s Nier

P, = cuT o, =
“ Ty b u: N, (cur) 3 Ik s: N,

(cur)
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We construct the following derivation ®;, with two applications of rule (cuT).
O >T2: Ny : Ny Et{x/yz} - o S, >, Fu:N,
(T2 No) Wy Ft{z/yz}y/u] : o O, > kst N
IVwl, Wl t{z/yz}y/ul[z/s] : o

We consider two cases to conclude:
— If M =[], then

M (®;,,m) = M (9',m)
+ Z M (@, m + vy (tH{z/yz}) + 1) + Z M (@L, m + v, (t{z/yz}y/u]) + 1)

iel i€l
=M (@’,m) =L.62 M (@t,m) =M (CI)tO,m)
— If M # [], then

M (@, m) = M (9, m)

+ Z M (@i,m + vy (t{z/yz}) + 1) + Z M (@i,m + v, (t{x/yz}y/u]) + 1)
el el

=M (@', m)

+ ) M (L, m + vy (t{z/yz}) + 1) + > M (DL, m + Iv.(H{a/yz}) + 1)
i€l el

=7 252 M (®',m) + Z (M (@4, m + vy (t) + 1) + M (DL, m + vy (t) + 1))

i€l

SL. 6.2 M ((I)tvm) + M ((I)yzwm + lvx(t))

+) (M (L, m 4 Iva(t) + 1) + M (B, m + vy () + 1))
el

=M (P, m) + (1,m + lvy(t),2)

+) (M (L, m 4 e (t) +1) + M (B, m + vy (t) + 1))
el

<M (@’t,m)

+ ) (M (DL, m A+ Iva(t) + 1) + M (B, m + v () + 1) + (1,m + Iva(t),2))
el

<M ((I)toa m) .

o tg = t[x/\y.u| —aist t[x)/Ay.z[z/u]] = t1. The typing derivation is of the form
_@tDF’;m:Ml—t:U Pryu > Doy B Ayu: M

CUT
fo "Wy tz/Ayul: o (cur)
where
O >TY, iy Nibu:p; F
Y (ABS) VA (ANS)
My y.u Ny — p; icl Yy.u:a
Pryu = (MANY)

Cayu FAyu: M
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and M = [N; = pilierUJa, ..., a], with 'y, = = W% Moreover,
H,_/

k
M (1, 1m) = M (B;,m) +  * (1m + v, () + 1,0)

+ ) (M (@ m o+ lve(t) + 1) + (1,m + va(t) + 1,0))
il

Ay.u®

We construct the following derivation

o>z MEt:o Py > Ty F Ay.z[z/u] - M

- C
h "Wy Ftlz)Ay.z[z/u]] s o (cuT)
where
ibfgy_u;y:j\/;-l—z[z/u] :pZ k
' (ANS)
Sy T AY-z[z/u] L N = p; I Fy.zz/u] : a
oy = = (MANY)
Iayu F Ay.z[z/u] -
with <I>§\ of the form
— (AX , :
Zﬁ[m%zrm( ) ' >TY, sy NiFu:p
(cur)

Spas ¥ N b 2[z/u] < i
We have
M (D, m) =M (P, m) + k * (1,m + lv,(t),0)
+) (M (), m+ vy (t) + 1) +(0,0,1) + (1,m + Iv(t),0))
el
< M((I)tmm) []

Lemma 6.5 (Weighted Subject Reduction for —ngg). Let @y > Tt : 0. If to —nas t1,
then there exists ;) > Tt t1 : 0 such that M (®¢,, m) > M (P4, ,m) for every m € N.

Proof. We prove that M (®,,,m) > M (®,,,m) by showing in particular that it is the first
component of the 3-tuple that strictly decreases.
We reason by induction on the reduction relation —45.

o If tg = L{Ax.t)u —4p L{t[z/u]) = t1, then we reason by induction on L. The inductive step
follows from Lemma 6.3, so we only show the base case L = {. The typing derivation ®;,
is of the form

o >Tz: MFt:o
I'cXet: M—o

(ABS) G T,k w: M

'wl, F(A\zt)u:o (apP)
and M (®4,,m) = M (&, m) + M (P, m) + (2,2 % m, 0).
We construct the following derivation.
oIz MFt:o o, >y Fu: M
f = (cur)

I'wly b tlx/u] o
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We have
M (P, m) =M (P4, m) + M (P, m + lvy(t) + 1)
=r. 54 M (P, m) + M (®y,m) + (0, vy (t) + 1) * 52(Py,), 0)
<M (q)tm m)
Notice that it is the first component of the first 3-tuple that strictly decreases by 2.

o If tyg = tu —spgs t'u = t1, where t —pgg t/, then the property trivially holds by the i.h.

o If tg = t[x/u] —pgp t'[x/u] = t1, where t —pgp t/, then T =T"\ 2 WA and &, >T";2: M I
t:oand ®,>AF u: M. Moreover, M (®4,,m) = M (P4, m)+M (&, m + v, (¢t) + 1). By
the i.h. we have &y >T1";2: M Et' : 0 and M (®4,m) >, M (P, m), where in particular
it is the first component of the first 3-tuple that strictly decreases. Derivation ®;, is then
obtained by rule (cuT) from ®y and ®,. We can conclude since:

M (@, m) = M (@y,m) + M (D, m + v, (') + 1)
=1 54 M(®y,m) + M (®,,m) + (0, vy (') + 1) x s2(Py,), 0)
<in M (@, m) + M (®y,m) + (0, (lvy () + 1) xs2(Py),0)
=r. 54 M (P, m) + M (®y, m + v, (t) + 1)
=M (P4, m)
Note that even when 1v, (') > lv;(t), the inequation M (®4,,m) < M (®y,, m) is determined

by the strict relation between the first components of the 3-tuples, that is, the unweighted
number of abstraction and application rules. L]

Lemma 6.6. Let ® > T F N{(x)) : 7. Then there exists I, I # 0 and [o;];cr such that
I'=T"Wx: [0;)icr and for any variable z there is a proof ®' >T"Wz: [0i]icr FN{(2) : 7. In
particular, if z is fresh, then TV W 2z : [05]ic;r = T; 2 ¢ [04]ier-

Proof. By induction on N.

o If N = O, this is straightforward by taking IV = () and [0;]ier = [7].

e If N = N't or N = N[z < ¢t], then there is a derivation ® > T'; F N'{(z)) : 7/, such that
I'=T1WTly and 7 = M — 7 or 7 = 7/, respectively. By the i.h. I'y =T} Wz : [04]icr, SO
that I = I, & I'5.

o If N = N;({(y))[y/N2], the derivation is as follows.

(0 W) i)
iy :lpilijes PNy : 7 Wiesly - Nal(x) « [psljes
LN () ly/Na(a)] : 7
Where I' =Ty W Iy and I'y = LJ_riEJFj. By the #.h. on Ny, 'y : [Pj]jeJ =T"w Y [pj]jGJ/
for some () # J' C J. Thus J # (. By the i.h. on Ng, for every j € J we have
Iy =T, Wx: [oi]ier;, where I; # () and a proof ®; > T W 2 : [o]icr; F Na{(2)) : p;
for a variable z. We then take I = UjesI; and IV = I'y Wjey I, L]

Lemma 6.7 (Weighted Subject Reduction for flneed). Let ®;,>T' -t : 0. Iftg —f1neea t1,
then there exists ¢, > T' -ty : 0 such that M (®¢,, m) > M (®y,,m) for every m € N.

Proof. We prove that M (®4,,m) > M (P4, m) by showing in particular that the first
component of the first 3-tuple strictly decreases when the reduction is dB. We reason by
induction on the reduction relation, .e. by induction on the context N where the root
reduction takes place. We first detail the base case when N = {.

(MANY)

(cuT)
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e ty = L{A\x.t)u —qp L(t[x/u]) = t;. This case is the same as for name.

o to = N(&)[e/Myp] —apr LLO)[r/Xyp)) = 11, where Ay.z[z/p] by My LL(Y). The
typing derivation ®;, is of the form

( /\prA l_Ayp JZ)%EI
P-T"z: NEN(z) : 0 AFXyp: N
'y AFN(x) [/ y.p] : o

(MANY)

(cur)

where N = [0y]ier, A = WierA; and I' = I" & A. Moreover, I # () by Lemma 6.6. For each
o; we build the following derivations @), :
— if o, = M; — 7; then CD;O is of the form

— (AX :
z:[n]l—z:n( ) O, > Ay MikEpiT

Ay MiFzz/p] .7
A My.zlz/p] c My — T

(cur)

(ABS)

where <I>;'f, is obtained from @f\y.p by reversing the (ABS) rule.

—ifo;=athen® = ————  (ANS) .

it 0; = a then @}, el a (ANS)
By hypothesis, A\y.z[z/p] —st Ay.LL(p'). Since —¢; is included in — gy, then we know by
Lemma 6.4 that there are derivations ®, > A; b Ay.LL(p') : o; such that M (&}, ,m) >

M ((I)zzn’ ) Thus, we can build the following derivation.
(@;1 > Ay B Ay LL(Y) : 04)ier
O>T 2 NEN(z) o AR \y.LL{p) : N
P} = WA FN{x)[z/y.LL{P)] : o

(MANY)

(cur)

Let n = lvy(N((z))). We begin showing that M ( \y.p?

every i € I. There are two cases.
(1) If o; = a, then M (qﬂ m+n+1> = (1,m + n+1,0), while M () ,m+n) =

m—l—n—l—l) > I\/I( po,m—i—n) for

Ay.p? Po?
(1I,m +n,0).
(2) If o =M, %Tl,thenM< )\yp,m+n+1):(1,m+n+1,0)+|\/|(<1>;,m+n+1)
and

M (@} ,m+n) = (1,m+n,0) + (0,0,1) + M (@, m +n +1v.(2) + 1)
=(1,m+n,1)+M(®,m+n+1).

Ppo’

So that |\/|< m+n+1) > M (®f ,m+n) since (1,m+n+1,0) > (1,m+n,1).

Ay.p?



5:34 D. KESNER, L. PEYROT, AND D. VENTURA Vol. 20:1

Finally, we have:

M (®;,,m) = |\/|(<I>,m)+ZM ((D;l,m—i—n)
el
<L. 64 M(q)am) +ZM ((I)éo’m_{_n)
el
<M (®,m)+ > M (R4, ,m+n+1)
=M ((I)toam) .

By Lemma 6.3, we can finally construct ®;, > I'" & A - LL(N{(x))[z/Ay.p']) : o, where
M (®;,,m) = M (@], ,m).
o to = N((z)[x/v] =15 N{(v))[z//v] = t1. The typing derivation ®;, is of the form

(@, > A v Ti)ier
P-Tz: MEN(z): 0 o, >AFv: M
WA R N(x)[z)v]: 0o

(MANY)

(cur)

where M = [1;]ier and A = W;c1A,;. By Lemma 6.6 we know that there is a non-empty
N E M which types the variable z in the hole of the context N. We can then write M as
N UN’. By Lemma 5.5 there are two derivations @, > A; F v : N and ®,, > Ay - v : N/
such that A = Ay W Ay and M (®,,m) = M (®,,,m) + M (®,,,m). Using Lemma 6.1, we
can construct:

U T'WAz: N EN(v) o D, > Ao kv N

h MyAsjz: N'EN(w)[z)v]: o (cuT)

We clearly have lvy(N) < lv,(N{(x))) and, because x ¢ fv(v), we also have lv,(N{v))) <
v, (N{z))). Then,

M (@4, m) =M (¥, m) + M (Py,, m + vy (N(v)))
=r. 61 M(®,m) +M (D, ,m +lvy(N
<M (P, m) + M (Py,,m + vy (N{(x))
< M (®,m) + M (B, m + v (V)
=M (P4, m)

)
) = (0,0, [NT) + M (@, m + lva (N{(v))))
) = (0,0, |N]) + M (@, m + lva (N{(z))))
)+ M (@y,, m + vz (N())))
Now, we analyse all the inductive cases of the form to = N(t() —>#1neea N(t}) = t1, where
tE) —7flneed tll-
(1) If N = N'u, then we have &, >1I"F N(t;) : N'— o and &, > Ak u: N. By the i.h.
there is @ >I"FN'(#]) : N = 0,50 &4, > T"WA F N'(#))u : 0. Moreover, M (®¢,,m) =
M (<I>t/0,m>+M (@, m)+(1,m,0) > M <<I>t/1,m> M (B, m)+(1,m,0) = M (B, , m).
(2) N =N[z qu], then we have &y >T";2: M N (t;) : o and @, > Ak u: M. By the
i.h. there is @y > T2 : M EN'(#]) 1 0, 50 @y > WA F N'(#))[r qu] : 0. We distinguish
three different cases:
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o If t)) —f1neeq t; is a dB-step: then we know by the 7.h. that M (@, ,m) > M (D, m
0 1 A |
strictly decreases the first component of the first 3-tuple. We then have

M (@, m) = M ((I)tzl,m) + M (®y, m + vy (N'(t])) + 1)
=L 5.4 M (@) + M (@u,m) + (0, (wo (W (1)) + 1) 52(®,), 0)
<in M (®yg,m) + M (@) + (0, (o (W () + 1) 5 52(D,), 0)
=154 M (Dygm) + M (@ m+ by (W (1)) + 1)
= M (@4, m)

o If t{) —fineea ¥} is an spl-step, then ¢, —gu t}, so that N'(t)) —suw N (t}), and thus
v, (N'(t()) > v, (N'(#])) holds by Lemma 2.6. We then conclude by:

M (®1,,m) = M (@, ) + M (By,m + 1y (8 {£1)) + 1)
<in M <<I>t6,m> + M (®y, m + Ivy (W' (t])) + 1)
<M (@té),m) + M (D, m + v, (V' () + 1)
=M (®4,, m)

o If ) —fineea t} is a ls-step, then we know that N'(t{) —f1neea N'(t]) also holds, then
v, (N (t() > vy (N'(t])). We conclude as before.

(3) If N =Ny ((z))[z/No], then we have ®1 > Ajz: M FNi{(z)) : 0 and @y > I F Na(tg) : M.

By the i.h. there is @, > IV I Na(t}) : M, so @ > IV WA F Ni{(z)[z aNao(t))] : 0.

Moreover, M (&;,,m) = M (&1,m) + M (% S+ Iva (N () + ES([:qug(t{)ﬂ)) >in
M (®1,m) + M <<I>t/1,m + v, (M (@) + ES([z < N2<t’1)])> = M (®y,,m). O
Example 6.8. Consider the following reduction sequence:
(T(21I))[21/Ay.Iy] —ap w2(z2/21I][21/AY.Ty] —sp1 T2[2/211][21 ) AY.2Y][2/T]

We have @1 > 0 F (I(z1I))[z1/M\y.1y] : @ with @1 of the form

————— (a%)
y:lajFy:a
———— (MANY)
Oy y:lalFy:[a
(APP)
y:lalFIy:a
(ABS)
Py (I)z1I 0+ )\ny . [a] va
z1:[[a] = a]F I(z1I):a (APP) 0 Iy (] = al (MANY)
(cuT)

O (I(x1I))[x1/Ay.Iy] : a

where
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and
m(ANS)
o AP ES TR ™ GFTE O
e e ife S aFolia
(MANY)

x1:[[a] > alFxiI: [a]
We also have @9 > ) - xo[za/21I][z1/My.1y] : @ with @9 of the form

L (AX)
y:lalFy:a
——————— (MANY)
o1 y:[alby:la
(APP)
y:la]FIy:a
v @l Fmma ™ o, 0 Ty ] 5>a %)
x1: [[a] = a] b zo[ze/x1I] s a (cuT) 0F M1y [[a] — 4] (MA(IZJ)T)

0+ :L'Q[{L‘Q/.%'lIHxl/)\y.Iy] ra

Concerning the measures we have D (®1) = (7,10,4) > (5,13,4) = D (®2). The first element
of the 3-tuple decreases from 7 to 5 because we lost an abstraction and an application
constructors during dB-reduction. Note also that in ®; we have M (®,,1,1) = (2,2,1) while
in ®, we have M (®;,1,2) = (2,4,1) = M(®,,1,1) + (0,52(P4,1),0). Besides, we have
O3 > 0 F zoxy/z1I)[z1 ) Ay.2y][2/1] : @ where ®3 is of the form

xo:lalFxy:a (ax) D,1 (com)
x1: [[a] = a] F xo[ze/x1I] s a P’y (cur)
z:[[a] = a] F zofze/x1I][x1 ) Ay.2y] : a ol (cur)
0+ zolxe /a1 I)[z1 ) My.2y][2/1] : a
where ®f is
(ax)
y:laFy
z:[[a]—>a]|—z:[a}—>a(AX) y:laty [](MANY)
(APP)
z:[[a] mal;y:[a]Fzy:a
(ABS)
z:[[a] > alFAy.zy: [a] > a
(MANY)

z:[[a] —» a] F Ay.zy : [[a] — a]
Therefore D (®3) = (5,11,5) < (5,13,4) = D (®2), where the second element of the 3-tuple
has decreased from 13 to 11 because two nodes of the term Ay.Iy, namely the binder and the
application, have moved from the explicit substitution of level 3 to the distributor of level 2.

Theorem 6.9 (Typability implies name-Normalization). Let &, > 1"+t : 0. Then t is
name-normalizing. Moreover, the first element of D (®¢) is an upper bound for the number
of dB-steps to name-nf.

Proof. Suppose t is not name-normalizing. Since —gy, is terminating by Corollary 3.8, then
every infinite —page-reduction sequence starting at ¢ must necessarily have an infinite number
of dB-steps. Moreover, all terms in such an infinite sequence are typed by Lemma 6.5 and
Lemma 6.4. Therefore, these lemmas guarantee that all dB/sub reduction steps involved in
such —pape-reduction sequence do not increase the measure D (-), and that, in particular,
dB-steps strictly decrease it by decreasing the first element of the triple. This leads to a
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contradiction because the order > on 3-tuples D (-) is well-founded. Then ¢ is necessarily
name-normalizing. []

Theorem 6.10 (Typability implies flneed-Normalization). Let ®;>T'Ft:0. Thent is
flneed-normalizing. Moreover, the first element of D (®;) is an upper bound for the number
of dB-steps to £flneed-nf.

Proof. The property trivially holds by Lemma 6.7 since the lexicographic order on 3-tuples
is well-founded. []

Completeness. We address here completeness of system NR with respect to —pane and
—>f1need- More precisely, we show that normalizing terms in each strategy are typable. The
basic property in showing that consists in guaranteeing that normal forms are typable.

Lemma 6.11 (f1need-nfs are Typable). Lett be in f1need-nf. Then there exists a derivation
O >TFt:7 such that for any x ¢ ndv(t), T'(x) =[].

Proof. By Lemma 4.17 we can reason by induction on the grammar Ne (see appendix on
page 63). L]

Example 6.12. Remember that ndv((zy;)[x/z]y1) = {#} and note that ndv(zy;) = {z}.

x:[]=>1ha: [>T OFyr ] z:[]=[]=7kz:[]=[]—>T DFyo ]

x:[]=>1khay T zi[]=[l=1hzy2:[] =7

z: =] =7k (zy)[z/2y2) : T
Because name-nfs are also flneed-nfs, we infer the following corollary for free.

Corollary 6.13 (name-nfs are Typable). Let t be in name-nf. Then there is a derivation
dpT'Ht:T.

We need lemmas stating the behavior of partial and full (anti-)substitution w.r.t. typing.

Lemma 6.14 (Partial Anti-Substitution). Let C{(z)) and u be terms s.t. x ¢ fv(u) and
O>TFC{u) : 0. Then AT, A, IM, 3P, 3D, s.t. T =T'WA, D' >T"Wa: MEC(z) : 0
and ®, > AFu: M.

Proof. By induction on C (see appendix on page 63). (]

Corollary 6.15 (Anti-Substitution). Let u be a term s.t. x ¢ fv(u) and @>T' F t{z/u} : 0.
Then 31, 3A, IM, 30/, 30, s.t. T =T"WA, ¥ >TV;2: MEt:0 and D, > A+ u: M.

Proof. The proof is by induction on [t|;.
o If |t|; = 0 then t{z/u} =t and, by Lemma 5.1, x ¢ dom(I") then I = I'; z : [|. Therefore,

forT':=T, A =0, M =[], ®:= P and o, := Fa the result holds.
w:

o If |t|; > 1 then let C{(x)) such that t{zx/u} = C{u)). For any fresh y, we have that
t{x/u} = Cy){y/u} where C(y)) = t'{z/u} s.t. t =t'{y/x}. Note that ||, < |t|,. Then
by Lemma 6.14 317, JA’, 3N, 30" 3] st. T =T"W A, " >T"wWy : N FC{y) : o
and ®/, > A’ u : N where, by freshness of y, I Wy : N =T";y : N. Therefore, by the
i.h.on @ 30, IAY, INY, 30", 30" st [y N =T" WA, @ -T2 : N1 - o
and @7 > A" u : N'. By freshness of y and relevance, we have y ¢ dom(A”). Then
" =T%:y: N where I = I'" 0y A”. From ®” and Lemma 6.1 we have &' > (I'; z :
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N )Wz : N Ft: o while from @, and ®;; we obtain &, >A'WA" Fu : NUN. Finally, for
I":=T" A= A'WA", M = NUN" the result holds, since (I""; z : N)wz : N =T";2 : M
and I"WA=T"UA"WA' =T"w A" =T. ]

To achieve completeness, we show that typing is preserved by anti-reduction.

Lemma 6.16 (Subject Expansion). Let &, > T F t1 : 0. If tg — t1, where r €
{7, sub,ndB, flneed}, then there exists ®;, > Fty: 0.

Proof. The proof is by induction on —, and uses Lemma 6.14 and Corollary 6.15. We
detail some interesting cases of the proof. In all the cases shown, we suppose that the list
context L of the general rule is empty (L = ¢), since we can use subject expansion for —
to manipulate it.

o tg = t[x/us] —rsuw t{x/yz}y/ul[z/s] = t;. Then Py, is of the form

O>T"2: Ngjy : Ny Ht{z/yz} : o D, > Ay Fu:N,
(MW ALz Ny t{z/yz}y/u] - o D> Ag ks N
VWA, WA FHa/yz}y/u][z/s] 1 o

where I' =TV WA, WA, Also (I';z2: Ny) WA, = (I"WA,); 2 : N since z ¢ dom(A,,) by
the Relevance Lemma 5.1. By Corollary 6.15 30, 3A, IM, 3¢/, 3@, s.t. IV;2: Ny
Ny =T"WA, & p>T"2: MFt:oand &y, > AF yz: M. By freshness of y, z and
Lemma 5.1 we have that y,z ¢ dom(I'") U {z}. Then IV =T and A = z : Ny : Ny
From ®,., ®,, ®; and Lemma 6.1 we obtain ®,s > A, ¥ A, us : M and construct @,
as:

O >Izc: MEt:o Dus > Ay WA, Fus: M
IMWwA, WA Ftx/us] : o
o If tg = (Az.t)u —gp t[x/u] = t;. Then P4, is of the form

by =

o>z MKFt:o ®,>T, Fu: M
Myl tlx/u]:o

(cuT)

Therefore, we construct @, as follows:
o>z MFt:o
; (ABS)
I'FXXzt: M —o o, >y Fu: M
I'wl,FAzt)u:o

o to = N{(x)[x/Ay.p] —spr LL(N((x)[xz/Ay.p']) = t1, where \y.z[z/p] Js Ay.LL(p'). By
subject expansion for —, there is ®; > I' - N{(z)) [z /A\y.LL(p)] : o and it is of the form

(app)

(‘I’Z > Az F )\y.LL<p/> : Ji)iEI
O>Tsz: NEN(z): o A My LL{) : N
Iy A FN{x) [z y.LL{D)Y] : o

(MANY)

(cur)

where A = W;e;A; and N = [0y];e; where, by Lemma 6.6, N # []. Then, for each i € T
we have by subject expansion for —gy, (of which —4¢ is a subrelation) that @) > A; F
Ay.z[z/p] : o; which has two different shapes, depending on o;.
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(1) If o; = M; — 7; then ®/ is of the form

z:[mlbkzim () @;,DAi;y:./\/lil—p:Ti
(cur)
Ajy: MiEzz/pl 7 (aBS)
A F Ay.z[z/p] My — 7
Therefore we have ¥; of the form
O, > Ajy: MiEp:T
(ABS)
AiFAdyp: My —
(2) If o; = a then A; = () and we obtain ¥; of the form —— (AnNs) .
FAy.p:a

We can then construct ®;, as follows
(Ui > A - Ayp 2 04)ier

P-T"z2: NEN(z): 0 AEXyp: N (anvy)
e AFN@) [/ \yp) - o (cuT)
e to = N{(x)[x/v] =15 N{(v))[x/v] = t1. Then ®, is of the form
P-T"z: N EN() : o & >AFv: N (cuT)

"W A" FN(w)[z)v] : o
By Lemma 6.14 307, JA”, SN, 39’ 30! st. IV;2 : N =T" WA, &' >T"wWa : N+
N{z)) : 0 and ®) > A" F v : N”. From z ¢ fv(v) and the Relevance Lemma 5.1 we
have that x ¢ dom(A”). Thus I =T"; 2 : N7 and then IV Wz : N =T"; 2 : N where
N =N'"UN". From @/ and ® derivations we obtain ®,>A v : N/, where A = A'WA”.
Then @, is of the form
O >T"2: NEN{(z): 0 o, >AFv: N
"' @A FN(x)[z)v]: o
where I WA =T"w A, []
Theorem 6.17 (name-Normalization implies Typability). Let t be a term. If t is name-
normalizing, then t is NR-typable.

(cur)

Proof. Let t be name-normalizing. Then ¢t =], . v and v is a name-nf. We reason by
induction on n. If n = 0, then ¢t = u is typable by Corollary 6.13. Otherwise, we have
t —name t' ="t u. By the i.h. t' is typable and thus by Lemma 6.16 (because —pgup iS

name

included in —¢y), t turns out to be also typable. ]

Theorem 6.18 (flneed-Normalization implies Typability). Let t be a term. If t is flneed-
normalizing, then t is NR-typable.

Proof. Similar to the previous proof but using Lemma 6.11 instead of Corollary 6.13.  []
Summing up, Theorems 6.9, 6.17, 6.10 and 6.18 give:
Theorem 6.19. t € Tg is name-normalizing iff t is £1lneed-normalizing iff t is NR-typable.

All the technical tools are now available to conclude observational equivalence between
our two evaluation strategies based on node replication. Let R be any reduction notion
on Tgr. Then, two terms ¢,u € Tg are said to be R-observationally equivalent, written
t =g wu, if for any context C, C(t) is R-normalizing iff C(u) is R-normalizing.
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Theorem 6.20. For all terms t,u € Ty, t and u are name-observationally equivalent iff t
and u are flneed-observationally equivalent.

Proof. The proof uses Theorem 6.19. Indeed, we have t =,ane u iff (C(t) is name-normalizing
iff C(u) is name-normalizing for any context C) iff (C(t) is flneed-normalizing iff C(u) is
flneed-normalizing for any context C) iff ¢ =f1neeq - L]

7. RELATED WORKS AND CONCLUSION

Several calculi with explicit substitutions (ES) bridge the gap between formal higher-order
calculi and concrete implementations of programming languages (see a survey in [Kes07]).
The first of such calculi, e.g. [ACCL90, BR95], were all based on structural substitution,
in the sense that the ES operator is syntactically propagated step-by-step through the
term structure until a variable is reached, when the substitution finally takes place. The
correspondence between ES and Linear Logic Proof-Nets [DCKPO03] led to the more recent
notion of calculi at a distance [AK10, ABKL14, Accl8al, enlightening a natural and new
application of the Curry-Howard interpretation. These calculi implement linear/partial
substitution at a distance, where the search of variable occurrences is abstracted out with
context-based rewriting rules, and thus no ES propagation rules are necessary. A third model
was introduced by the seminal work of Gundersen, Heijltjes, and Parigot [GHP13a, GHP13b],
introducing the atomic A-calculus to implement node replication.

Inspired by the last approach we introduced the calculus AR, capturing the essence of
node replication. In contrast to [GHP13a], we work with an implicit (structural) mechanism
of weakening and contraction, a design choice which aims at focusing and highlighting
the node replication model, which is the core of our calculus, so that we obtain a rather
simple and natural formalism used in particular to specify evaluation strategies. Indeed,
besides the proof of the main operational meta-level properties of our calculus (confluence,
termination of the substitution calculus, simulations), we use linear and non-linear versions
of AR to specify evaluation strategies based on node replication, namely call-by-name
and call-by-need evaluation strategies. In particular, we provided simple tools to prove
correctness of these reduction strategies. This was achieved in the framework of our concise
calculus AR, based not only on an implicit treatment of weakening and contraction, but
also on the notion of commuting conversions by means of distance. Indeed, the treatment
of weakening, contraction, and commuting conversions result in a heavy machinery for the
atomic A-calculus, which would make the correctness of these strategies much more involved.

Moreover, characterisation of termination of different strategies based on AR were
achieved with a rather standard type system and, surprisingly, no deep inference system was
necessary at this point. This is of interest, since our type system is equipping full-laziness
with a well-known denotational semantics. We think that this would be difficult to achieve
in the framework of the atomic A-calculus.

The first description of call-by-need was given by Wadsworth [Wad71], where reduction
is performed on graphs instead of terms. Weak call-by-need on terms was then introduced
by Ariola and Felleisen [AF97], and by Maraist, Odersky and Wadler [MOW98, MOTW99].
Reformulations were introduced by Accattoli, Barenbaum and Mazza [ABM14] and by Chang
and Felleisen [CF12]. Our call-by-need strategy is inspired by the calculus in [ABM14],
which uses the distance paradigm [AK10] to gather together meaningful and permutation
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rules, by clearly separating multiplicative from exponential rules, in the sense of Linear
Logic [Gir87].

Full laziness has been formalized in different ways. Pointer graphs [Wad71, SW10] are
DAGs allowing for an elegant representation of sharing. Labeled calculi [Lév78, BLMO05]
implement pointer graphs by adding annotations to A-terms, which makes the syntax more
difficult to handle. Lambda-lifting [Hug83, Jon87] implements full laziness by resorting to
translations from A-terms to supercombinators. In contrast to all the previous formalisms,
our calculus is defined on standard A-terms with explicit cuts, without the use of any
complementary syntactical tool. So is Ariola and Felleisen’s call-by-need [AF97], however,
their notion of full laziness relies on external (ad-hoc) meta-level operations used to extract
the skeleton. Our specification of call-by-need enables fully lazy sharing, where the skeleton
extraction operation is internally encoded in the term calculus operational semantics. Last
but not least, our calculus has strong links with proof-theory, notably deep inference.

Balabonski [Ball2b, Ball2a] relates many formalisms of full laziness and shows that
they are equivalent when considering the number of 8-steps to a normal form. It would then
be interesting to understand if his unified approach, (abstractly) stated by means of the
theory of residuals [Lév78, Lév80], applies to our own strategy.

We have also studied the calculus from a semantical point of view, by means of inter-
section types. Indeed, the type system can be seen as a model of our implementations of
call-by-name and call-by-need, in the sense that typability and normalization turn out to be
equivalent.

Intersection types go back to [CD78] and have been used to provide characterizations
of qualitative [BDS13] as well as quantitative [dC07] models of the A-calculus, where
typability and normalization coincide. Quantitative models specified by means of non-
idempotent types [Gar94, Kfo00] were first applied to the A-calculus (see a survey in [BKV17))
and to several other formalisms ever since, such as call-by-value [Ehr12, CG14], call-by-
need [Kes16, AGL19], call-by-push-value [GM18, BKRV20] and classical logic [KV20]. In
the present work, we achieve for the first time a quantitative characterization of fully lazy
normalization, which provides upper bounds for the length of reduction sequences to normal
forms.

Characterizations provided by intersection type systems sometimes lead to observational
equivalence results (e.g. [Kes16]). In this work we succeed to prove observational equivalence
related to a fully lazy implementation of weak call-by-need, a result which would be extremely
involved to prove by means of syntactical tools of rewriting, as done for weak call-by-need
in [AF97]. Moreover, our result implies that our node replication implementation of full
laziness is observationally equivalent to standard call-by-name and to weak call-by-need
(see [Kesl6]), as well as to the more semantical notion of neededness (see [KRV18]).

A Curry-Howard interpretation of the logical switch rule of deep inference is given
in [Shel9, SHGP20] as an end-of-scope operator, thus introducing the spinal atomic \-
calculus. The calculus implements a refined optimization of call-by-need, where only the
spine of the abstraction (tighter than the skeleton) is duplicated. It would be interesting to
adapt AR to spine duplication by means of an appropriate end-of-scope operator, such as
the one in [HvOO03]. Further optimizations might also be considered.

Finally, this paper only considers weak evaluation strategies, i.e. with reductions
forbidden under abstractions, but it would be interesting to extend our notions to full
(strong) evaluations too [GL02, BBBK17]. Extending full laziness to classical logic would
be another interesting research direction, possibly taking preliminary ideas from [Hel§].
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We would also like to investigate (quantitative) tight types for our fully lazy strategy, as
done for weak call-by-need in [AGL19], which does not seem evident in our node replication
framework.
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APPENDIX A. PROOFS

Lemma 2.5. Let x # 2, t € Tg and p € Tp:

(1) If z ¢ fv(p), then Iv (t{x/p}) = lv.(1).
(2) If z € tv(p), then v, (t{z/p}) = max(lv,(t),1lv,(¢)).

Proof. If x ¢ fv(t), then t{z/p} =t and the property holds in both cases since lv,(t) = 0.
Let x € fv(t). We show the two cases.

(1) z ¢ fv(p). We reason by induction on ¢.
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o If t =z, then lv,(z{x/p}) =1v,(p) =0 =lv,(z).

o ff t()\: )\g)/.t’, then lv,((A\y.t){z/p}) = W, (A\y.t'{z/p}) = Wv.(t'{z/p}) =ip v (') =
v (Ay.t').

o If t = t1ty, then Iv.((t1t2){z/p}) = Wv.(t1{z/p}ta{z/p}). Then, Iv.((tit2){z/p}) =
max(lv,(t1{z/p}), v.(ta{z/p})) =ipn max(lv,(t1),lv,(t2)) = v, (t1t2).

o If t = t'[y <ul, then t{x/p} = t'{z/p}y <u{x/p}]. There are two cases.

— If 2 ¢ tv(u{x/p}), that is z ¢ fv(u), then Iv, (¢'{z/p}y<u{z/p}]) = Iv.(t'{z/p}) =in
v, (t) =1v,(¢[y <u]).

— Otherwise, Iv,(t'{z/p}y<u{z/p}]) = max(lv,(¢'{z/p}), vy (t'{z/p})+1v.(u{z/p})+
ES([y <u])) =45 max(lv,(¢'), vy (t") + v, (u) + ES([y <u])) = v, (¢'[y <u]).
(2) z € fv(p). By induction on ¢.
o If t = z, then t{z/p} = p and
v, (t{z/p}) = v.(p) = 0 = max(0,0) = max(lv,(x), lv,(z)).
o If t = \y.t/, then t{z/p} = \y.t'{z/p} and

v, Ayt {z/p}) = Iv.(t'{z/p}) =in max(Iv,(t'),lv.(t)) = max(lv,(\y.t'), Iv.(\y.t')).
o If t = tyty then t{z/p} = t1{z/p}to{x/p}. Fori € {1,2}, one has either Iv,(t;{z/p}) =
max(1v,(t;),vz(¢;)) by i.h. if x € fv(t;), or Iv.(ti{x/p}) = Iv,(t;) by Point 1 otherwise.
— If x € fv(t1) Nfv(t2) then,
v (t{z/p}) = max(lv (t1{x/p}), Iv2(t2{x/p}))

=;.p. max(max(lv,(t1),1v,(t1)), max(lv,(t2), v, (t2)))
= max(1v,(t1), vy (t1), v, (t2), vy (t2))
= max(max(lv,(t1),1v.(t2)), max(lv,(t1), v, (t2)))
= max(lv,(t1t2), v, (t1t2))

— If = ¢ fv(ta), then
. (t{z/p}) = max(lv.(ti{z/p}), v (t2{z/p}))

=ih+p1 max(max(lv;(t1),lva (1)), Iv.(t2))
=max(lv,(t1), v, (t1),1v.(t2))
= max(max(lv,(t1),1v.(t2)), max(lv,(¢1),0))
= max(lv,(tite), v, (t1t2))

— If © ¢ fv(t1) the case is as above.

o If t = t1[y < to] then t{x/p} = t1{x/p}[y <t2{z/p}]. By a-conversion we can assume
y ¢ tv(p). By 4.h. one has lv,(t;{z/p}) = max(lv,(¢;),lv.(¢;)) for i € {1,2}, if
x € tv(t;), v, (ti{z/p}) = lv.(t;) otherwise. There are two cases.

(a) If z ¢ fv(to{x/p}) then z ¢ fv(ta) and necessarily = ¢ fv(ta) since z € fv(p).
Therefore,
v (t{z/p}) = Iv:(t1{z/p})
=;.n max(lv,(t1),lvy(t1))
= max(lvz (tl [y < tg]), v, (tl [y < tQ]))

(b) If z € fv(ta{z/p}) then,
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(i) If x ¢ fv(t1), then x € fv(ty).

Iv.(t{z/p}) = max(lv. (t1{z/p}), vy (t1{z/p}) + Ivz(t2{x/p}) + ES([y <12]))
=p1 max(lv,(t1),lvy(t1) + vo(t2{z/p}) + ES([y < t2]))
=i p max(lv,(t1),lvy(t1) + max(lv,(t2), vz (t2)) + ES([y < t2]))
= max(lv,(t1),lvy(t1) + Iv.(t2) + ES([y < t2]), vy (t1) + v (t2) + ES([y < t2]))

[
{max(max(lvz(tl), vy (t1) + v, (t2) + ES([y < ta))),

lvy(t1) + vz (t2) + ES([y < ta])) z € fv(ta)
max(lv,(t1),1vy(t1) + v (t2) + ES([y < t2])) z & fv(ta)
= max(lv,(t1[y < ta]), v (t1[y < t2]))

(ii) If = ¢ fv(t2), then x € fv(t1) and z € fv(t2):

v (t/p}) = mas(v-(t1 {/ph), Wy (6 L /p}) + 2 (12 {/p}) + ES(ly <ta])
=ih+pr1 max(lv,(t1), v (t1), lvy(t1) + vz (t2) + ES([y < t2]))
= max(max(Iv,(t1), vy (t1) + Iv.(t2) + ES(ly < ta])), lva(ti[y < t2]))
= max (v, (t1[y < t2]), vy (t1[y < t2]))

(iii) If x € fv(t1) Ntv(ta):

v, (t{/p}) = max(iva (b {a/p}), by (0 {o/p}) + s (12 /p}) + BS([y < 1))
=5 max(max(lv,(t1), v (1)), lvy(t1) + max(Iv,(t2), vz (t2)) + ES([y < t2]))
= max(Iv,(t1), vz (t1), vy (t1) + 1v.(t2) + ES([y < ta]),
vy (1) + va(t2) + BS(ly <))
max(1v,(t1),1vy(t1) + Iv.(t2) + ES(ly < ta]),
= { W (t1),1vy(t1) + v (t2) + ES([y <t2])) z € fv(ta)
max(1v;(t1), vy (t1), vy (t1) + vz (t2) + ES(ly <ta])) =z ¢ fv(ta)
= max(lv,(t1[y < t2]), vy (t1[y < t2])) ]

Lemma 2.6. Lett € Tg and w be any variable.

(1) If to =« 11, then 1Vw(t0) > lvw(tl).
(2) If to —sub U1, then lvw(to) > 1Vw(t1).

Proof.

(1) Let tg = C{o) and t; = C(0’), where 0 — 0’ is a root step. We reason by induction on C.
First we consider the base cases, where C = ¢.
o to = \y.tlr <u] = (Ay.t)[z <u] = t1, where y ¢ fv(u). We have two cases:

(a) If w ¢ fv(u).

vy, (Ay.tlx qu)) = vy (tlr <u]) = vy () = vy (Ay.t) = vy, (Ay.t)[z <ul)
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(b) If w € fv(u).
vy (Ay.t[z <u]) = vy, (t[x <u))
= max(lvy(t), vy (t) + vy (u) + ES([z <))
= max(Ivy (Ay.t), vy (Ay.t) + vy (u) + ES([x < u]))
— T () [ <)
o to =tlxr <uls =, (ts)[x qu| = t1, where z ¢ fv(s). We have two cases:
(a) If w ¢ fv(u).
vy (tz <u]s) = max(Ivy, (t[z <ul), vy (s))
= max(1vy, (), lvy(s))
= lvy, (ts)
= lvy((ts)[x <u))

(b) If w € fv(u).

(
Vw(s), max(lvg(t),0) + vy (u) + ES([x <u))) (x ¢ fv(s))
(

= vy ((£s)[z <))
o ty =ts[x<qu] =, (ts)[x <u] = t1, where z ¢ fv(t). We have two cases:
(a) If w ¢ fv(u).

vy (ts[z <u]) = max(Ivy, (t), vy, (s[z <u)))

(b) If w € fv(u).

lvy(ts[z<u]) = max(lvw(t vy, (s[x < u]))

o Let tg =ty < s[x qu]
(a) If w ¢ fv(s) Ufv

vy (ty < sz <1u]]) = lvy(t) = vy (tly <s]) = vy (ty < s][z < u])

—>7T tly < s][z <u] = t1, where = ¢ fv(t). We have four cases:
u

—_—
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(b) If w € fv(s),w ¢ fv(u):
vy (tly < s[z qu]]) = max(lvy,(t), vy (t) + 1vy, (s[z <u]) + ES(Jy < s]))
= max(lvy (), lvy(t) + v (s) + ES([y < 5]))
= Ivy(tly <s])
= vy (tly < s]fx <u])
(c) fw ¢ tv(s),w € fv(u).
vy (tly < slz <u]])
= max(lvy(t), vy (t) + vy (s[z <u]) + ES([y < s]))
= max(1vy, (), vy (t) + 1vz(s) + vy (u) + ES([z < u]) + ES([y < s]))
> max(1vy, (tHy < s]), vz (tly <s]) + vy (w) + ES([z < ul))
= vy (ty < s][z < u))
(d) If w e fv(s) Nfv(u):
vy (ty < s[x <u]])
= max(lvy (), vy (t) + vy (sz <u]) + ES([y < ]))
= max(lvy (), vy (t) + max(Ivy(s), lve(s) + vy (u) + ES([z < u])) + ES([y < s]))
= max(lvy (t), vy (t) + v (s) + ES(ly < s]),
Wy (t) + vy (s) + vy (u) + ES([z < u]) + ES([y < s]))
= max(max(lvw( ) 1vy (t) + Ivi(s) + ES([y <)),
max(lvg (t), vy () + v (s) + ES([y <) + v (u) + ES([z < u))
> max (v, (ty < s]), v (tly < s]) + vy (u) + ES([z < u)))
= v (tly 4 5[z <)

The inductive cases are the following:
o If C = A\z.C/, where z # w, then 1lv,,(Ax.C'(0)) = lv,(C'(0)) >ipn vy (C'(0)) =

v, (C(0)).

. {fC(:<C’>u), then 1v,, (C'(0)u) = max(1vy, (C'(0)), lvyy(w)) >4 p max(lvy, (C'(0')), vy, (u)) =
v (C{0")).

o If C = uC’, then Iv,, (uC'(0)) = max(Ivy, (1), vy, (C'(0))) >4h max(Ivy(u), vy, (C' (o)) =
vy, (C{0")).

e If C = C'[x qul, then
(a) If w ¢ fv(u), then lv,,(C' (o) [z <u]) = vy, (C'(0)) >ipn vy (C’( ")) = v (C{0)).
(b) If w € fv(u), then lv,,(C'{0)[x<u]) = max(lvw(C’<o) v, (C'(0)) + vy (u) + ES([z <

u))) i max(lvy (C'(0')), v (C/(0")) + vay (w) + ES([z qu])) = 1vy (C'{0) [z au]) =
va(C(o)).

e If C =ufx<C'], then
(a) If w ¢ fv(C'(0)), then lvy, (u[z <C'(0)]) = vy (u) = vy (uz <C'(0")]) = 1v,, (C{0")).
(b) If w € fv(C'(0)), then 1v,,(u[x<C'(0)]) = max(lvy(u), vy (u) +1v,, (C'(0)) + ES([z <

C'{0)])) 2. max(1vy (u), o (u) v, (€ () +ES ([2C (0)]) = o (ufa<C'{o')]) =
v, (C(0")).

(2) We reason by induction on the reduction relation, i.e. by induction on the context
C where the root reduction takes place. We detail the base case which is C = .
In all such cases we use Point 1 to push L outside, i.e. we can write tg —>sup 1 as
to —x L{t)) —sur L{t]) = t1, where ¢, =gy t} does not push any list context outside.
We then show the property for steps ¢, —su ] not pushing any substitution outside
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and we conclude by vy, (to) >p1 vy (L(ty)) > v (L(t})) = vy (t1). The inductive cases
for C are treated as in Point 1.
o t( = t{x/us] —app t{z/yz}[y/u][z/s] = t|, where y and z are fresh variables.

(a) If w ¢ fv(us) (i.e. w ¢ fv(u) and w ¢ fv(s)):

vy (t[x/us]) = vy (t)
=r.2.51 Wo(t{z/yz})
= vy (t{z/yz}{y/ul)
= Iv(t{z/yz}y/ul[2/s])

(b) If w € fv(u) and w ¢ fv(s). There are two cases.
(i) If = ¢ fv(t):

vy (tz/us]) = max(lvy, (t), v, (t) + vy (us) + 1)

= max(Ivy (t), vz (t) + vy (u) + 1)

(v (¢), 0 + lvyy(u) + 1)

= max(lvy, (), vy (t) + vy (u) + 1)
=r.2.51 max(lvy, (t), vy (t{x/yz}) + vy (u) + 1)
=r.2.51 max(lvy, (t{z/yz}), vy (t{z/yz}) + vy (u) + 1)
= v (H{z/yz}y/u])
= v (t{z/yz}y/ul[2/s])

=]

= max(lvy

(ii) If x € fv(t):

vy (t[z/us]) = max(lvy (t), vy (t) + v (us) + 1)
vy (t) + vy (u) + 1)
), v (t) + 04 vy (u) + 1)
vy (), max(0,1v,(t) + 0) + vy, (u) + 1)
t), max(lvy (), vy (t) + vy (y2z)) + v (u) + 1)
=r.2.5:2 max(lvy, (t), vy (t{z/yz}) + vy (u) + 1)
— 250 max(Wa (/g2 1), Wy (H/y2}) + () + 1)
— vy (t{z/y2} y/u))
— b (H/y=) a2/ 5])

)
)
)
)
)

(c) If w ¢ fv(u) and w € fv(s). There are two cases.
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lvw(t[x/us]) = max(lvy (t), vy (t) + vy (us) + 1)
(1), vy (t) + lvy(s) + 1)
(t) 0+ lvw( +1)
Wy (), v, (t) + vy, (s) + 1)
=r.2.5:1 max(lvy (t), v, (t{z/yz}) + vy (s) + 1)
=r.251 max(lv, (t{x/yz}), v, (t{x/yz}) + vy (s) + 1)
= max(Ivy (t{z/yz}y/ul), Iv. (H{z/yz}y/u]) + ve(s) + 1)
= Ivw(t{z/yz}y/ul[2/s])

(i) If = € fv(t):

vy (t[x/us]) = max(lvy (t), vy (t) + vy, (us) + 1)
= max(lvy (t), vy (t) + vy (s) + 1)
= max(1vy, (t), v, (t) + 0 + lvy(s) + 1)
= max(lv, (), max(0,1vy(t) + 0) + vy, (s) + 1)
= max(lv, (t), max(lv,(t), vy () + v, (y2)) + vy (s) + 1)

=r.2.5:2 max(lvy (t), vz (H{z/yz}) + vu(s) + 1)

=r.251 max(lvy (t{z/yz}), vo(tH{z/yz}) + v (s) + 1)

= max(lvy (t{z/yz}y/u]), v (H{x/y2}y/u]) + Ve (s) + 1)
= vy (t{z/yz}y/ul[z/s])

(d) If w € fv(u) and w € fv(s). There are two cases.

(i) If x ¢ fv(t):

vy (t[z/us]

), W (t) + vy (us) + 1)

), v (t) + max(lvy, (u), vy (s)) + 1)
), max(lvy, (u), vy (s)) + 1))
),

),

)

= max(lvy (), vy

= max(lvy (), vy

= max(lv,, (¢
vy (t), vy (u) + 1,1vy,(s) + 1)

= max(Ivy (t), vy (t) + vy (u) + 1,1v,(¢) + lvy(s) + 1)

=r.251 max(lvy, (t{z/yz}), vy (t{z/yz}) + vy (u) + 1, 1v. (H{z/yz}) + vy (s) + 1)

= max(lvy, (t{z/yz}), lvy (t{x/yz}) + vy (u) + 1, v, (t{z/yz}y/u]) + lvw(s) + 1)

= wmasx(1vay (1 /y =}y ful), (g2 ) + () + 1)

= Iy (H{x/yz}y/ul[z/s])
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(i) If z € fv(t):

)
v (¢l us])
= max(1vy, (t), vy (t) + vy (us) + 1)
= max(lv,(t), + vy (u) + 1, 1ve (t) + v (s) + 1)
( (u) + 1, max(0,1v,(t) + 0) + lvy,(s) + 1)
= max(lvy (t), v, (t) + vy (u) + 1, max(Iv,(¢), v, (t) + v, (yz)) + vy (s) + 1)
=r.252 max(lvy(t), vy (t) + vy (u) + 1, 1v, (tH{z/yz}) + lvy(s) + 1)
= max(lv,(t), max(0,lvy(t) + 0) + vy (u) + 1, v, (t{z/yz}) + v (s) + 1)
= max(lvy, (t), max(lvy (t), vy (t) + vy (y2)) + v (u) + 1,1v.(H{z/yz}) + v (s) + 1)
=r.252 max(lvy,(t), vy (t{x/yz}) + vy (u) + 1, v (t{x/yz}) + vy (s) + 1)
= max(lvy, (t{z/yz}), vy (t{x/yz}) + v (u) + L 1Iv.(tH{z/yz}) + lve(s) + 1)
= max(lvy (t{z/yz}y/u]), V2 (H{z/yz}) + Vu(s) + 1)
= max(lvy (t{z/yz}y/u]), V= (H{z/yz}y/u]) +1ve(s) +1)
= v (t{z/yz}y/ul[z/s])
o i = t[x/\y.u] —aist t[xJAy.z[z/u]] = t|. There are two cases.
) w ¢ ftv(Ay.u):

Wy (tx/Ay.u]) = 1viy () = lvy (tlx ) Ay.2[z/u]])

= max(lvy, (), v,

v (t
v (t
v (t
v (t

+ vy (Ay.u) + 1)

+ vy (u) + 1)

+ max (0,0 4 lvy, (u) + 1))

1 + max(lvy(2),1v,(2) 4+ vy (u) + 1))
v (t) + v (2[2/u]))

v (t) + vy (Ay.z[2/u]))

= Ivy(t[z ) Ay.z[z/u]])

o i) =tz y.u] —avs t{x/Ay.u} = t|, where u is pure. There are two cases:
(a) If w ¢ fv(Ay.u) or = ¢ fv(t):

W (tz fAy.u)) = vy (t) =p25.1 W (tH{z/Aya'}) = vy, (L{E{z/Ay.a'}))
(b) If w € fv(Ay.u) and = € fv(t):
Wy (t[x ) Ay.u]) = max(lvy (t),1v,(t)) =r.25.2 v (t{x/Ay.u})

o t) = ta/y] —var /y} = 1.
(a) If w # y:

vy (tlz/Ay.u]) = max(lv,, (¢

)
)
)
)
)
)

vy (tlz/y]) = vy (t) =r.251 W (t{z/y})
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(b) If w=y and z ¢ fv(t):
vy (t[x/y]) = max(lvy, (), v, (t) + vy (y) + 1)
= max(lvy,(t),1)
> lvy(t)
=r.251 Wu(t{z/y})
(¢) If w=y and z € fv(t):

Wy (t[z/y]) = max(lvy (), v (t) + vy (y) + 1)
> max(1vy, (¢), vz (t))

=r25.2 Vu(t{z/y}) L]

Lemma 3.5. Let t be a term, x a variable and p a pure term. Let K = 1v,(t). Then there
is N € N such that CL (t{z/p}) C CL(t), U CL (t);K Ula(k,n) | k< K and n < NJ.

Proof. By induction on t. In this proof, fst(o) denotes the first element of an object o € O:

fst(a(k,n)) = k and fst(b(k)) = k. If a(k,n) € O we also define snd(a(k,n)) = n.

o If t =y, then CL (y) = CL (y{z/p}) = [] so the property is straightforward for any n € N.

o If t = A\y.u, then CL (¢{z/p}) = CL (u{x/p}) and lv,(t) = lv,(u). The property trivially
holds by the i.h.

e If t = ujug, then we have CL (t{z/p}) = CL (u1{z/p}) U CL (u2{z/p}) and lv,(ujuz) =
max(lvy(uy), vy (u2)). Let o € CL (¢{x/p}) thus o € CL (u1{x/p})UCL (ug{x/p}). Suppose
w.l.o.g. that o € CL (u1{z/p}). Let K; = lvy(u1) < K. By the i.h. we have either (1)
o€ CL(u1),, (2) o€ CL (ul)iKl, or (3) o = a(k,n) where k < Ky and n < Nj for some
N1 € N. If (1) holds, then o € CL (t), and we are done. Otherwise, o = a(k,n), and we
consider two cases.

— If k > K, then (2) implies o € CL (ul)iK which implies o € CL (t);K while (3) implies
k < K which leads to a contradiction.

— If K < K, we are done.

Considering that o € CL (ua{x/p}) we have a similar result for some Ny € N. We thus

have the result for N = max(Ny, N2).

o If ¢t = uy[y/uz], then we can assume by a-conversion that y ¢ fv(p). Therefore,

CL(t) = CL (u1) U (Ivy(ur) + 1) - CL (ug) U fa(lvy(u1) + 1, |ug|)] and
CL(H{z/p}) = CL(ui{z/p}) U (vy(wa{z/p}) + 1) - CL (uzfz/p})
U fa(lvy (ur{z/p}) + 1, [ug{z/p}|)]
=r.251 CL(u{z/p}) U (lvy(u1) +1) - CL (uofz/p}) U [a(lvy (u1) + 1, [ug{z/p}|)]
There are two cases:
(1) Ifx ¢ fv(ug), thenlv, () = lvy(u1). Moreover, CL (u2{z/p}) = CL (u2) and |uz{z/p}| =
|ug|. Let o € CL (t{z/p}).
— If o € CL(w1{z/p}), then let K; = lv,(u1) = lvz(t) = K, so that the i.h. gives
cither (1) 0 € CL (u1),, (2) 0 € CL(u1). ™", or (3) o = a(k,n) where k < K; and
n < Ni for some Ny € N. If (1) holds, then o € CL(t), and we are done. If (2)
holds, then o € CL (ul)iK since K1 = K, which implies o € CL (t)a>K and we are
done. Otherwise, (3) holds and k < K; = K as required.
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—If o € (lvy(u1) + 1) - CL (u2{z/p}) = (lvy(u1) + 1) - CL (ug), then o € CL(¢) =
CL(t), uCL (t)a>K L CL (t)EK, which particularly implies in the last case that

o = a(k,n) and k < K. Note that, since CL (£)>¥ is finite, we can take Ny =

max{snd(0) | o € CL (£)=5}.

—If o = a(lvy(u1) + 1, |u2{z/p}|) = a(lvy(u1) + 1, |uz]), then o € CL(¢) and thus
either 0 € CL (t)”" or 0 € CL (1)<, which particularly implies in the last case that
fst(o) < K and snd(o) < Na, with No defined as above.

The result then holds for N = max(Ny, Na).

(2) If x € fv(ug), then lv,(t) = max(lvy(u1),lvy(u1) + vy (u2) + 1). Let o € CL (t{z/p}).

— If o € CL(u1{z/p}), then let K7 = lv,(u1) = lvy(t) < K, so that the i.h. gives
either (1) 0 € CL (u1)y, (2) 0 € CL(u1). ", or (3) 0 = a(k,n) where k < K, and
n < N for some N; € N. If (1) holds, then o € CL (t),, and we are done. Otherwise
o = a(k,n) and we consider two cases.

« If k > K, then (2) implies 0 € CL (u;). ", and thus o € CL(#).", while (3)
implies £ < K which leads to a contradiction.
x If k < K, then we are done.

—If o € (lvy(wr) + 1) - CL (ug{z/p}), then there is o' € CL (u2{x/p}) such that
fst(o) = fst(o') + (lvy(u1) + 1). Let Ko = lvgy(u2), so that the i.h. gives either
(1) o € CL(ua),, (2) o € CL(uz)."™2, or (3) o = a(k,n) where k < Ky and
n < Ny for some Np € N. If (1) holds, then o € (lvy(u1) + 1) - CL (u2),,, thus
o0 € CL(t), and we are done. If (2) holds, then o € (Iv,(u1) + 1) - CL (ug).*? and
thus fst(o) > Ko + (Ivy(u1) + 1). We consider two cases.

« If fst(o) > K > Ko + lvy(u1) + 1, then (2) implies o € CL (t);K while (3) leads
to a contradiction.
« If fst(0) < K, then we are done.
—If o = a(lvy(u1) + 1, |u2{z/p}|), then fst(o) = lvy(u1) + 1 < K and snd(o) =

ua{z/p}|.
The result then holds for N = max(Ny, N, |ua{z/p}|).
o If ¢t = uy[y/uz], the analysis is similar. [

Lemma 3.6. Let t € Tg. Then t —, t' implies CL (t) >Q,; CL(t').

Proof. Let t = C{to) —x C(t1) =/, where tg —, t; is a reduction step at the root position.
We proceed by induction on C. We detail the base case where the context C is ¢, by inspecting
the cases where the explicit cuts are explicit substitutions, as the remaining cases for explicit
distributors are similar.

(1) If t =tg = \y.t[z/u] =r Ay.t)[z/u] =t; = t/, where y ¢ fv(u):

CL(t) = CL (t[z/u])
= CL(6) U (Iva(t) + 1) - CL () U [a(lva(t) + 1, u)]
= CL (Ay-t) U (v (Ay.t) + 1) - CL (u) U [a(lvy (Ay-t) + 1, |ul)]
=CL (¢
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(2) If t =ty = tlx/u]ls =5 (ts)[x/u] =t; =/, where x ¢ fv(s):
CL () = CL (t[x/u]) L CL(s)
=CL(t)U (Ivy(t) + 1) - CL (u) U CL(s)
= CL (ts) U (Ivg(ts) + 1) - CL (u) U [a(Ivy(ts) + 1, |ul)]
=CL(t)
(3) If t =ty = ts[x/u] =5 (ts)[z/u] = t1 =/, where x ¢ fv(t):
CL(¢t) = CL(t) U CL (s[z/u])
=CL()UCL(s)U (Ivy(s) +1) - CL (u) U [a(lvy(s) + 1, |u])]
= CL (ts) U (Ivg(ts) + 1) - CL (u) U [a(lvy(ts) + 1, |ul)]
=CL(t)
(4) It t =tg = tly/s[x/u]] = tly/s][x/u] =t1 =1, where x ¢ fv(t):
CL (1) = CL () L lvy(8) + 1) - CL (s /) U allvy &) + 1. I/}
=CL(t) U (lvy(t)+1) - (CL(s) U (vy(s) +1) - CL(w) U [a(lvy(s) + 1, |ul)])
U fa(lvy(t) + 1, [slz/u] )]
= CL(t) U (lvy(t) + 1) - CL(s) U (lvy(t) + Ivy(s) +2) - CL (u)
U [a(lvy (t) + vy (s) + 2, |ul), a(lvy(t) + 1, |s[z/u]])]

= (CL () U (lvy(t) + 1) - CL(s) U [a(lvy(t) + 1, |s[z/u]|)])
U (lvy(t) + vy (s) +2) - CL (u) U [a(lvy (t) + vz (s) + 2, |ul)]
> (CL(#) U (Ivy () 4 1) - CL (s) U [a(lvy (t) + 1, [s])])
U (Ve (t[y/s]) +1) - CL(uv) U [a(lva (tly/s]) + 1, [u])]

—a()

The >, inequation is justified by the following facts:
o |slz/u]| > |s].
o vy (t) + Ivy(s) + 2 = max(0,1vy(t) + Ivy(s) +1) + 1 =lv,(tly/s]) + 1
The inductive cases are straightforward. []

Proposition 4.4 (Diamond). The CBN strategy enjoys the diamond property, i.e. for any
terms t,u, s € U such that t —pame U, t —>name S and u # s, there exists t' such that u —page t/
and 5 —pame t'-

Proof. We split the statement above in three different properties, each one proved by
induction on the involved relation relations.

(1) If t —pap u and ¢ —pgp 8, then there exists ¢’ such that u —pgp t' and s —pep t'. We

consider the following cases:

e ((ApPDB), (APPDB)) We then have t = tpt1 such that ¢t —pgp upty = u and t —pgp
sot1 = s, where to —ngp uo and ty —nap So. By the i.h. there is t{, such that sp —rngp t{,
and ug —nap (- Therefore s —ngp tyt1 = t' and u —nqp t'.

e ((suBDB), (sUBDB)) We then have t = tg[x < t1] such that ¢ —ngs up[z <t1] = u and
t —nap So[z <t1] = s, where tg —ngp uo and to —nas So. By the i.h. there is ¢}, such
that so —nas t(, and wo —nap (. Therefore s —ngp o[z <t1] =t' and u —ngp t'.
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¢ ((DB), (DB)), ((DB), (APPDB)), ((DB), (SUBDB)) and ((APPDB), (SUBDB)) are impossible
cases.

(2) If t —peup u and t —pgup S, then there exists ¢ such that u —pey ¢ and s —pgu, t'. We
consider the following cases:

e ((8), (s)) Impossible since v and s are assumed to be different.

e ((s), (suBs)) We have t € U then t = tg[z/A\y.LL(p)[z < t1]], where y ¢ fv(LL) U fv(¢1)
and such that ¢ — gy, LL(tg{2/\y.p})[2z <t1] = u. There are three cases for ¢.

— If [z<t1] = [z/L{w)] or [z <t1] = [z/L{p1p2)], then the only possibility in each case
is (s) on term LL(p)[z/t1]. We then have ¢ —nsup tolz/Ay.L'(LL(p){z/q})] = s for
some L’ and some pure term ¢. So that v —pswp L'(LL{(to{2/Ay.p}){z/q}) = v/ and
s —nsub L' (LL{(to{z/Ay.p{2/q}})) = ¢’. The equality ' = s’ holds because we can
assume z # y by a-equivalence, and z ¢ fv(LL) by definition.

— If [z<t1] = [z/Aw.t]], then the only possible case is (S) on term LL(p)[z/A\w.t}]. We
then have t = to[z/A\y.LL(p)[z/Aw.t]]] = nsw to[z/Ay.LL(p) [z w.w'[w'/t}]]] = s.
And we close the diagram with v —psu LL{(to{2/Ay.p}) [z w.w'[w' /t}]] = ' and
S —’nsub t.

— If [z<t1] = [z// Aw.t}], then we have two different cases:

x If the reduction happens inside ¢}, then t = to[x /A y.LL(p)[z/ w.t]]] —nsub
tolz ) y.LL(p)[zAw.s1]] = s, where t| —psuw S1. Then we close by u —nsup
LL(to{x/Ay.p}) [z Aw.s1] =t and 8 —peu t'.

* Otherwise, the (s) case for LL(p)[z J A\w.t]] gives t —nsup tol/Ay.L(LL{p){z/v})] =
s for some L and some value v. So that v —peup L(LL(to{z/A\y.p}){z/v}) = o
and s —psup L(LL(to{z/Ay.p{z/v}})) = s'. The equality u’ = s’ holds because we
can assume y ¢ fv(v) U {z} by a-equivalence, and z ¢ fv(LL) by definition.

e ((apPs), (APPs)) We then have t = tot; such that ¢ —pey uots = v and ¢ —peu
sot1 = s, where tg —nsup o and to —nsup So- By the i.h. so —nsub ty and uy —nsub L.
Therefore u —pgup tot1 = ¢’ and s —pgup t'.

e ((suBs), (suBs)) We have t = to[z/Ay.t1] such that t —nsu fo[z/Ay.u1] = u and
t —nsub to[z)Ay.s1] = s, where t1 —nsup w1 and t; —psup S1. By the i.h. $1 —nsup 1)
and u; —sup t). Therefore u —ngup to[zJAy.t)] =t and s —pgup t'.

e ((s), (APPS)) and ((suBS), (APPS)) are impossible cases.

(3) If t —pap u and ¢ —>peup S, then there exists ¢’ such that u —pgup ¢ and s —pgp t'. We
consider the following cases:

e ((DB), (APPs)) We have t = L(A\z.tg)[y < ta]t; such that ¢t —pgp L{to[x/t1])[y <t2] = u.
There are three cases for ¢t —psup S-

— If t = L\z.to) [y Az.th]t1 —nsw L{Ax.to)[y)Az.t5]t1 = s, where to = Az.t), and
th — nsub s, then u —nsup L{to[x/t1])[yJAz.t5] =t and s —nap t'.

— If t = L(\xz.to)[y/Az.th]t1 —rnsww L{Az.to) [y z.wlw/th]]t1 = s, where to = Az.t),
then u —nsup L{to[z/t1]) [y Az.w[w/th]] = t' and s —ngp t'.

— Otherwise, we have t —psup L'(L(A\x.t0){y/p})t1 = s, for some L and some pure term
p. Therefore, u —peup L' (L{to[z/t1]){y/p}) =t and s —pqp ' because y ¢ v (t1).
Note that y may be free in L.

e ((APPDB), (APPS)) We have t = tot1 such that ¢t —pap uot; = u and t —nsup Sot1 = s,
where t) —ngp %o and to —nsup So. By i.h. there exists t{, such that sy —ngp ¢, and
uo —nsub ty. Therefore, u —rpgup tht1 = ¢’ and s —nap t'.

e ((suBDB), (s)) We have t = to[z <t1] such that ¢ —pap uo[z <t1] = u, where to —nap uo.
If t = tolx/L(\y.t2)] —nsww L{to[x/Ay.z[z/t2]]) = s, where t1 = Ay.ta, then s —nqp
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L{ug[z ) y.z[z/t2]]) = t' and u —peup t'. Otherwise, ¢t —psup L{to{x/p}) = s for some
L and some pure term p. We show that to{x/p} —nas wo{z/p} by induction on
to —nap uo. From this, we can deduce s —pgp L{up{x/p}) = ¢’ and conclude because
U —nsup t.

(a) If tg = L'(\y.q)ta —ap L'{qly/t2]) = wo, then w.lo.g. we can assume by «-
conversion that y ¢ fv(p)U{x}, then to{z/p} = L'{z/p}(\y.q{z/p})t2{x/p} —nas
L{z/pHa{z/p}y/t2{z/p}]) = uo{z/p}.

(b) If to = t(ta —rnas Utz = up from t, —ngp uf), then by the i.h. and (APPDB) rule
we can conclude to{z/p} = ty{z/p}ta{z/p} —nas uo{z/p}t2{x/p} = uo{x/p}.

(c) If to = tyly < to] —nap uply <t2] = wp from ¢, —ngp u(, then w.l.o.g. we can
assume by a-conversion that = # y, then by i.h.and the (SUBDB) rule we conclude
to{x/p} = tofx/p}y <to{z/p}] —nae up{x/p}ly <ta{z/p}] = uo{z/p}.

((suBDB), (suBs)) We have t = tg[z//Ay.t1] such that t —nap uglz/Ay.t1] = w and
t —rnsub tolr//Ay.s1] = s, where tg —nap uo and 1 —psup S1. Therefore u —rpgup
uolz ) y.s1] =t and s —pap t'.

((DB), (5)), ((DB), (SUBS)). ((APPDE), (5)), ((APPDB), (sUBS)) and ((SUBDE), (APPS))
are impossible cases. L]

Lemma 4.16. Lett € U. Then x € ndv(t) iff there exists a context N such that t = N{(z)).

Proof. (1) x € ndv(¢t). By induction on ¢.

e t = x. Then we take N = .

t = t'u. By the i.h. there exists N’ such that ¢ = N'((z)). We then take N = N'u.

e t ={t'[y/u]. By a-conversion we can assume x # y. Either z € ndv(¢') or (z € ndv(u)

and y € ndv(t')). In the first case, there exists by the .h. on ¢’ a context N such that
t' = N'((x)). We then take N = N'[y/u]. In the second case, there exists by the i.h. on
t' a context Ny such that ¢ = Ny {(y)). By the i.h. on u we have u = Na((x)). We then

take N.= N1 (y))[y/Na].

e t = t'[z//u]. By the i.h. there exists N’ such that ¢ = N'((z)). We then take N = N[z //u].

(2) t = N{(z)). By induction on N.

e N=¢. Then t = z and ndv(t) = {z}.

e N =Nu. Then t = t'u and by the i.h. z € ndv(t'), so x € ndv(t) by definition.

e N =N[z<u|. Then t = ¢/[z<u] and by the i.h. z € ndv(t'), so x € ndv(t) by definition.
e N = N;((y)[y/Na]. Then t = t'[y/u], where y € fv(t). By the i.h. z € ndv(u), so

z € ndv(t). []

Lemma 4.17. Lett € U. Then t € Ne iff t is in f1lneed-nf.

Proof. We first show that ¢t € Ne iff ¢ is in flneed-nf and ¢ is not an answer.

= : We reason by induction on ¢ € Ne.

e ¢t = x. This case is straightforward.

e t = t'u where t’ € Ne. By the 4.h.t' is in f1lneed-nf and is not an answer, so it is not
possible to apply any dB-reduction at the root. Then ¢ is in flneed-nf, and since it
is an application it is not an answer.

o t =t'[x<u] where t' € Ne and = ¢ ndv(t'). By the i.h.t’ is in flneed-nf and it is not
an answer. Moreover, we cannot apply rules —sp1 nor —15 because by Lemma 4.16
there is no context N surrounding x. Then ¢ is in flneed-nf and is not an answer.
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t = t'[x/u] where t',u € Ne and x € ndv(t'). By the i.h.t’ and u are in flneed-nf
and are not answers. We cannot apply rule —¢p1 because u is not an answer. Then
t is in flneed-nf and is not an answer.

: We reason by induction on t.

e ¢ = x is immediate.

t = t'u. Then ¢’ is in flneed-nf and is not an answer (otherwise dB would be
applicable). By the i.h.t' € Ne and thus t € Ne.

t = t'[z/u]. Then ¢’ is in flneed-nf and is not an answer. By the i.h.t’ € Ne. There
are two cases. If z ¢ ndv(t’), then ¢ € Ne by definition and we are done. Otherwise
x € ndv(t'), and we get t' = N{(z)) by Lemma 4.16. Thus u cannot be an answer
because —gp1 would apply. Moreveor, u is in f1lneed-nf because otherwise ¢ would
not be in flneed-nf. Thus, u € Ne by the i.h.and we get ¢t € Ne by definition.

t = t'[z/u]. We have z ¢ ndv(t'), because —15 does not apply. By the i.h.t’ € Ne,
so that t € Ne.

Neutral terms are also normal. Answers are normal because the calculus is weak and they
belong to the grammar Ne. []

Lemma 5.4. For all derivation ® and all m,n € N with m > n, M(®,m) = M (®,n) +

(Oa (’I’)’L -

n) x sz(®),0).

Proof. By induction on ®.

o@:m,then,M(<I>,m):(0,0,1):(0,0,1)+(0,0+(m—n)*0,0).
oIf@:q)tDF;y:Mi_t:T,then
Myt M—r
M (®,m) = M (P, m) + (1,m,0)
=ih M (P4, n) + (0, (m —n) xsz(P¢),0) + (1,n,0) + (0,m — n,0)
=M (®,n)+ (0,(m —n) xsz(P:),0) + (0,m — n,0)
=M (®,n)+ (0,(m —n) * (sz(Py) + 1),0)
=M (®,n)+ (0, (m —n) xsz(P),0)
olfézm,then,l\/l(fb,m) (1,m,0) = M (®,n) + (0, (m — n) xsz(P),0).
.Ifq>:q>t>I‘l—t:M—>T O, >AFu: M,then

TWAFtu:T

M (®,m) =M (P, m) + M (P, m) + (1,m,0)
=in M (®4,n) + (0, (m — n) *sz(P¢),0)
+ M (®y,n) + (0, (m —n) xsz2(P,),0) + (1,7,0) + (0, m — n,0)
=M (®,n) + (0, (m —n)  (s2(Ps) + s2(Pu) + 1),0)
=M(®,n) + (0, (m — n) «sz(),0)
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o> MEL: 0o b, >AFu: M
o If = , then
F'YAFtrau]:T

M (®,m) =M (P, m) + M (Py, m + vy (t) + ES([x < u]))
=ih M (P4, n) + (0, (m —n) xs2(P),0) + M (Py,n + vy (t) + ES([z < u]))
+ (0, (m — n) * sz(®,),0)
=M (®,n) + (0, (m —n) x (sz(P¢) + sz2(Py,)), 0)
=M (®,n) + (0,(m — n) xsz(P),0) []

Lemma 6.1 (Partial Substitution). Let ® > I';z : M F C{(x)) : ¢ and C denote multiset
inclusion. Then, there exists N' T M such that for every ®,>A F u : N we have V>TWA; z :
MA\N E C{u) : o and, for every m € N, M(¥,m) = M (®,m) + M (P, m + 1vy(C)) —
(0,0, |M]).

Proof. By induction on ®.
e Ifd=—— then N =[o]and ¥ = ®,>AF u: [o]. So, M (¥, m) =M (D,,m) =
x:lolkz:o
(0,0,1) + M (®,,m 4+ 0) — (0,0,1) = M (®,m) + M (P, m + 1vo,(C)) — (0,0, |N]).
It @ ' >Tr: Myy: MyEC{z): 7
[ ] =
Dz MEXy.C{(z) : My — 7
y ¢ dom(A) so that (I'iy : My)WA =T W A;y: M,. By using the i.h. we can then
ViTWA;z: M\N;y: My EC(u): 7
FWA;z: MA\NFAy.C(u): My — 7

, then we can assume by a-conversion that

construct ¥ = . Then,

M (¥, m) =M (¥, m) + (1,m,0)
=in M (®,m) + M (D, m +lve(C)) — (0,0, |N]) + (1,m,0)

=M (®,m) +M (B, m + vy (Ay.C")) — (0,0, |N])

If o = build ¥ = .

* 0 My.C{(z):a’ e can b 0 Ay.C'{(u) :a

M =N =[], and thus &, comes from the application of the (MANY) rule to 0 premises, so

that M (®,, m + lvy(C)) = (0,0,0). We have M (®,m) =M (¥, m) =M (¥, m)+(0,0,0) —
0,0,0).

o [f d =

In particular, we have

O >Tyo: M EC{(2) : M — o Oo>Toix: Mokt : M
Mwlhyz: MEC{a)t: o
N C M, such that we can construct
T U > WAr: M \NFC(u) : M — o oIy Mokt : M
B FlL‘l‘JFQLﬂA;(L'IM\Nl_C/«u»tIU

, by 4.h. there is

because M\ N = M; \ N U M,. We have
M (\Ilvm) =M (\Illvm) +M (q)27m> + (1am70)
=in M(®1,m)+M (CIJU,m + IVQ(C/)> —(0,0,|N|) + M (@3, m) + (1,m,0)
=M (®,m) + M (®y, m + v (C't)) — (0,0, |N])
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o If
(ZQDF cx s ML () : T )ZGI
Lo;x: Mo C' () : [1]ier
I wlhex: MEtC () : o
where My = I_Il-g/\/lé and I'y = H’Jie]]._vé. Lemma 5.5 gives ®/ > A’ - u : A" such that
NOC M for all i € I and N = UjefNP. Moreover, M (®,,m) = Y, ;M (@, m). By

using the ¢.h. we can construct

O >Tyz: Myt nlier — o

b —

( éDFéJrAi;x:Mé\Nil—C’((u»:Ti)iel
Lo W Aja s Mo\ N = C'{(u)) : [r]ier
MwlhowWAsz: MA\N FtC(u) : o
WhereM\N:MluMz\N. We have

O >Tx: MiEt:[rlier =0

\I/:

M (¥, m) =M (®1,m) + Y M ( + (1,m,0)
el
=in M(®1,m) + Y (M (®h,m) + M (B, m +Ivo(C)) — (0,0, IN7]) + (1,m,0)
i€l

=M (®,m) + M (®y,m + vy (tC)) — (0,0, |N)

<I>1>F1;x:M1;y:Myl—C'<<$>>:0 Oy >Tojx: Mot : M,y
MWz : MEC{(x)|y<t]:o

assume by a-conversion that = ¢ fv(u) and y ¢ fv(u) thus, by the Relevance Lemma 5.1,

y ¢ dom(A) so that in particular (I'i;y : M) WA =T1 W A;y : M,. By using the i.h. we

can then construct

_\Ill>F1&JA;x:Ml\N;y:MyI—C’((u»:a Py >Toja: Mot : M,
MwlowW Az : M\NFC(uhy<t]:o
because M\ N = My \ N U Mas. We have:
M (U, m) = M (¥1,m) + M (Bg, m + v, (C (u))) + ES([y <1]))
=ih. M(®1,m) + M (®y, m + 1ve(C')) — (0,0, |NV])
+ M (P2, m + Ivy (C'(z >))+ES([y<1t])
=M (®,m) + M (@4, m + Ivo(C'[y < t])) — (0,0, |N])

o If ® =

, then we can

(@4 5 Thia s My F C(a) i 7).,

Tosz: Mo b C'{x) : [Ti]ier

MWl z: MEtlyal ()] :o

where M = M U Ma, Ma = Ujeg M and Ty = Wi T%. Lem. 5.5 gives @i > Al v : N*
for all i € I. Moreover, M (®,,m) = >_..; M (®,,m). By using the i.h. we can construct
(Wh>Thw A%z My \ N FC((u) : 7

Ty Asz: Mo \ N F C'((w)) : [7ilier
MWW Az MA\N Ftyacl (u)]:o

O >Tye: My [RlierFtio

b —

Q1> My [filierbt:o )GI

U =
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because M\ N = M; U My \ N, where N = Li;cfN*. We have
M (W, m) = M (®1,m) + Y M (W5, m + vy () + ES([y < ¢ (u)]))
i€l
=in M(®1,m) + ) (M (D5, m + Ivy (t) + ES([y < ¢'(u})]))
el
+ M (@, m + lvy () + ES([y < C'(u)]) + Ivo(C')) — (0,0, V7))

=M (®,m) + M (R, m +1Ivo(tly aC'])) — (0,0, |N])
Notice that a special case is when y ¢ fv(¢t). Then, I =0, T =T1, N =[] and ®,>0 F u : []
is made only of a nullary (MANY) rule. Hence, ® = ®; = V. []

Lemma 6.3 (Weighted Subject Reduction for —). Let ®;, > T F ¢y : 0 and tg —x t1.
Then there exists ®¢, > T t1 : 0 such that M (®y,, m) = M (P4, m) for every m € N.

Proof. Let to = C(t;) and t; = C(t}), where t{, = t| is a root step. We reason by induction
on C. We first consider the base cases where C = .

(1) th = My.t[z <u] —r (A\y.t)[z <u] = t], where y ¢ fv(u). There are two possible typing
derivations.
(a) The typing derivation is of the form

o>y Nz MEt:r D, >AyFu: M

yAyy: NEtzau] 7 (cuT)
o= 'y Ay FAytle<u) : N — 7 (ABS)
We construct the following derivation.
O, >Ty: Nz : MEt:r
v IMaz: MEXyt: N =7 (aBs) @ubAul—u:M(CUT)
VwAy - Ayt)zau] N — 7
Moreover,
M (®,m) M (@, m) + M (Dy, m + vy (t) + ES([z <u])) + (1,m,0)
= M(®y,m)+ (1,m,0) + M (P, m + v, (A\y.t) + ES([z <u]))
= M(U,m).
(b) The typing derivation is of the form
P (ANS)

T F Ay.tlx<u] :a

We construct the following derivation that has the same measure.

]

(ANS) (MANY)

FAyt:a Fu

\I/ =

F(Ay.t)[x<u]:a

(2) ty = tlx <quls =, (ts)[z <qu] = t|, where x ¢ fv(s).
b —

(cur)
The typing derivation is of the form
o>z MFt:N =0 O, >A,Fu: M

Iy Ay Ftlr<u) : N = o
Ny A, WA Ftz<uls:o

(cur) O, > Agks: N

(APP)
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We construct the following derivation.
U —

o >Tiz- MFt:N =0 O, > Agks: N
I'WAgz: MEts:o
WA, WA (ts)[x<u] : o

(APP) O, >A Fu: M

(cur)

Moreover, since v, (t) = lvy(ts),
M (@, m) =M (P, m)+M (@5, m)+(1,m,0)+M (@, m + v, (ts) + ES([x <u])) = M (¥, m).
(3) ty = ts[z <u] >y (ts)[x qu] = t}, where = ¢ fv(t). Let
(@3 > A s 6))
Al u M,
AL WAL s[z<au] :p;

@iDAi;az:Mil—s:pi jeJi(

MANY)

(cuT)

el

(I)s[xqu] = (MANY)

Ay WA slzau] : N
The typing derivation @ is of the form

o >I'Ft: N =0 Dy > Ay WA F s[zqu] : N
WA, WA Ftsfzr<u]: o

(app)

where M; = [6;]je0,, N = [pilier, Al = Wi A, Ay = Wier AL, and Ay = Wi AL
Now, let

(@iDAi;x:Mﬂ—s:pi)
Agz - MEs: N (MANY) (%jDAZjFu:&)- .
> (APP) o, = Vieditel i)
INwAgz: MFts:o AytFu: M

We construct the following derivation W.
O, >I'Ft:N >0 O, >IVWAgz: MEts:o O, >A,Fu: M
N Ay WA F (ts)[z<u] : o
where M = U;jc; M;, so that M = [§;]c, icr. Moreover, because v, (s) = lvy(ts),
M (®,m) =M (P, m) + (1,m,0)

i€l

®, =

(cur)

+ Z M (@i,m) + Z M (@Zj,m +1v,(s) + ES([x <1u]))
iel Jjed;
=M (¥, m)
(4) ty =tlx <uly <s]] —r tlz<u][y <s] = t|, where y ¢ fv(t). Let
(fbi’j >AY s &;)
Al s:N;
AL WAL ufyas]:p;

D> ALy Ni b pg IS (\aNy)

(cur)

el

Pufyas) = (MANY)

Ay WA Fuly<as]: M
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The typing derivation ® is of the form
o>z MEt:o Dy fyas) B> Ay WA - uly as] : M
Iy A, WA Ftz<uly<s]]:o

(cur)

where M = [pilicr, Ni = [0;]jes Au = WierAl, AL = Wie AV, and Ay = WAL
Now, let
(@ZDAz;y:M}—u:pi)
Ay NFu: M
INwAyy: NEtzau] o
We then construct the following derivation W.
(0 A - 52 )
Py DT WAy Ntz au] o Agks: N
Ny Ay WA Ftzaully<as] o

o>z MFt:o i€l

(MANY)

(I)t[:vqu} = (cur)

jeJiiel (MANY)

(cur)

where N' = UjerN;, so that N' = [0;]je, icr. Moreover, because y ¢ fv(t), we have
that Ivy(t[x <u]) = 1v,(t) + vy (u) + ES([z «u]) if y € fv(u), and lv,(t[z <u]) = 0 oth-

erwise. Now, we show that M (@i’j, m + v, (t) + ES([z <u]) + vy (u) + ES([y < s])) =
M (@é’j, m + vy (t[z <u]) + ES([y < s])) If y € fv(u), this is immediate. Otherwise, by

the Relevance Lemma 5.1 we have J; = [] for any ¢ thus s is not typed, so that both
measures are equal to (0,0,0). Then,

M(®,m) =M (®,m) + Y M (D, m + Ivy(t) + BS([z <u]))

i€l
+ Z Z M ((I)i:j, m + v (t) + ES([z <u]) + vy (u) + ES([y < s]))
i€l jed;
=M (®,m) + > M (P, m+ vy (t) + ES([z au]))
i€l
+) 0D M (L, m A+ vy (tz < u)) + ES([y < 5]))
el jed;
=M (¥, m)

Now, we analyse all the inductive cases:

(1) If ¢ = A\z.C/, then we have 0 = M — 7 and ® >T;2 : M  C'{0o) : 7. By the i.h.
there is ¥/ > Tz : M F C'{(0') : 7 and therefore ¥ > T' b \z.C'(0/) : 7. Moreover,
M (®,m) =M (D', m)+ (1,m,0) =, M (¥, m)+ (1,m,0) = M (¥, m).

(2) If ¢ = C'u, then we have ®' >TI"F C'(0) : N — ¢ and @, > A + u : N. By the i.h.
there is W' > TV C' (o) : N = 0,80 U T WA F C'(0)u : 0. Moreover, M (®,m) =
M (Q)/’m) +M ((I)m m) + (17m7 0) =in M (\Iﬂa m) +M ((I)m ’I?’L) + (Lma 0) =M (\Ij7m)

(3) If C = uC’, the case is similar.

(4) If ¢ = C'[x < u|, then we have &' >T";2 : M F C{o) : ¢ and &, > A F u : M.
By the 4.h. there is V' > 172 : M F C{d) : 0, 50 U>T'WA F C{d)xrau] : 0.
Moreover, M (®,m) = M (®';m) + M (P, m + lv,(t) + ES([x <u])) =ipn M (¥, m) +
M (®y, m + 1vg(t) + ES([x <u])) = M (¥, m).
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(5) If ¢ = wuf[z <], then we have &, > A;z : M F u : 0 and & > TV F (o) :
M. By the i.h. there is ¥ >T" F C'(o/) : M, so ¥ >T"WA F ulz<C'(d)] : o.
Moreover, M (®,m) = M (®,,m) + M (®',m + lv,(u) + ES([x <u])) =in M (Py,m) +
M (U, m + vy (u) + ES([x <u])) = M (¥, m). []

Lemma 6.11 (flneed-nfs are Typable). Lett be in f1need-nf. Then there exists a derivation
O>TFt:7 such that for any x ¢ ndv(t), I'(x) = [].

Proof. First, we show that if ¢ is an answer L{Az.p), we can type it with type a and T" = {).

We reason by induction on L. If L = {, this is immediate. Otherwise, using the induction
hypothesis, we build:

——— (MANY

OFLx.p):a Qﬂ—u:[]( )

OFLAz.p)y<u] :a

The statement is then trivial since I' = (). For neutral terms, we use induction on Ne with a

stronger hypothesis: there exists a derivation for any given type 7.

e t =x. We can build ® >z : [7] F x : 7. Note that x € ndv(¢t).

o t = t'u, where t' € Ne. By the i.h. there is a derivation ® > T'+ ¢’ : [] = 7 verifying the
statement. We then build:

(cuT)

YTkt :[|or  OFu ] Y

FHtu:r
The statement holds by the i.h. because ndv(t) = ndv(t').

e t = t'[x <u], where ¢’ € Ne. By the i.h. there is a derivation ®' > Ty - t' : 7 verifying the
statement. Let T'y = I";x : [07];e;. There are two cases.

(APP)

— If 2 ¢ ndv(t'), then by the i.h. I = []. We can then build the following derivation.
S >T'Ht T OFw:|] (MANY)
(cur)

MEto<u):

The property holds for I' = I because ndv(t) = ndv(t').
— Otherwise, ¢t = t'[z/u], and u € Ne. We apply the i.h. on u. There are derivations
D! > A uo;. We take I' =Ty Wier A; and we build:

(B! > Ak u: o)

MANY
' >Tybt 7 WierAibu: [oilier ( :
; (cur)
PHx/u]:T
where I' = T" W;c; A;. Moreover, ndv(t) = (ndv(#') \ ) Undv(u) so the second property
holds on I'" by the two induction hypothesis. []

Lemma 6.14 (Partial Anti-Substitution). Let C{(x)) and u be terms s.t. x ¢ fv(u) and
O>TFC{u) : 0. Then AT, IA, IM, 39', 3P, s.t. T =T'WA, ¥'>T"Wa: M C(z) : o
and ®, > AFu: M.

Proof. By induction on the structure of C.

e If C = ¢ then the property trivially holds taking IV =0, A =T, M = [o], ®'>x : [o]Fz: 0
and ¢, = O.
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e If C = \y.C' then y ¢ fv(u) and by a-conversion we can assume that x # y. There are two

cases:
/
(1) If & = Po> 1y ',My P C{u) s 7 then by i.h. there are IV, A, M, ®( and ®,, such
I'FAyC(u) : My — 7
that Ty : My, =T{W A, &>Tiwe : MEC(x) : 7 and &, > A F u: M. By the
Relevance Lemma 5.1 y ¢ dom(A) thus I'y = I';y : M,,. Therefore, I'y Wz : M =
MWz : M);y: M, and

o> TwWr: M)y My EC () : 7
Vo : MEXyC(z): My — 7

/

2) If & =

@ l_ )\ycl«u» a then taklng FI,A = @, M = H and q)u > @ l* u H we ha.Ve

/

T Ay.C'((z) : a

OS> FC(u) : M — o Po>To bt : M
LWl C(uht:o
By i.h. there are I}, A, M, @} and ®,, such that T'1 =Tf WA, &/ > T Wa: MEC' () :
M — o and @, > A+ u: M. Therefore, taking IV =T} W 'y we have
o+ MEC(2) M =0 Po>To bt : M
MWz : M)Wy bk C(a)t:o

o If C =C't then ® =

, where I' =Ty W I's.

o =

where (I Wa: M)Wy =T"wz : M.
e If C = tC’ then ® is of the form
(®; > T + C'((w) Ti)ie[
Fg = C’<(u>> : [Ti]iEI .
I why - tC(u) : o

1> FHt: [Ti]iel — 0

where I's = W;crI'; and I' = I'y W 'y, There are two cases:
(1) If I # 0 then by 4.h. 30%, 3A;, IM;, 3P, F0! st T =T, WA, S >Tiwe: M; F
C'{x) : 7 and @ > Ay Fu: My, for all i € I. Let A = Wi A; and M = Ui M;
(@6, > Ay Fus M)
AFu: M

then from Split Lemma 5.5 we have ®, = €L Let Ty = Wie T
then I'y W A = T’y and 9 is defined by

(@;>TiWa: M+ C'{(z): 7)

O >Ty ki [rlier — el
1> ikt frlier = o Thwz: MEC(x) : [Flies
M) we: MEtC{x): o
where IV =T W I,
(2) If I = 0, then [r;];er =[], T2 = 0 and T' = T'y. Therefore, taking IV = T';, A = 0),
M=[],®,=0Fu:[],wehave 1 =T1Wa:[|=Tdz:[Jand "WA=T100 =T.

We take

oDkt oo OFC ()]
N [y -t {z) o '

(P/
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D1 >Ti5y: My EC{(u) o Qy>Tot: M,
Wl - (u)y<t]:o

'y W'y, Moreover, y ¢ fv(u) and by a-conversion we can assume that x # y. By i.h. there

are I, A, M, ®] and ®, such that I'i;y : My, =T/ WA >z MEC(z):0

and ®, > A Fu: M. By the Relevance Lemma 5.1 y ¢ dom(A) thus I'} =T";y : M,,

Mz M=T"dz: M);y: M, and I & A =T'y. Therefore, taking I" =T" W Ty we

have

e If C = C'[y<t] then ® = where I' =

(I),:<I>'1D(F"Lﬂfc:/\/l);y:/\/lyl—c'«x)):a Py>Ty -t M,
TMyx: M)Wy C(x)|yat] o
where (I Wz : M)Wy =T"Wz: M.
e If C =t[y<C'] then ® is of the form

(@;>Ti FC'(u) : 1)
Ty FC'{(u)) : [7ilier
I wlho-tyal(u)]:o

where I'y = W;c/I'; and I' =T'; W I'y. There are two cases:
(1) If I # () then by i.h. there are I';, A;, M,;, @} and ®!, such that I'; = T,WA;, T We :
M; = {x) : 7 and @ > Ay Fu s M, for all i € 1. Let A = Wiy A and M = Uit M;
(@luDAil—u:Mi)

At u: M

iel

Q1 >Ty: [TilierFtio

then from Split Lemma 5.5 we have &, = €1 et Iy = WierT

then I', W A = T’y and @' is defined by

(P;>TijwWa: M; - C' () : 1)
Iowa: MEC{(2): [rlier

Tyl Wa: MEty<aC{z)] o

(leFl;y: [Ti]iejl_tIO' el

where IV =T WT%.
(2) If I = 0 then [ri];er =[], T2 = 0 and T' = T';. Moreover, y ¢ dom(I'y). Therefore,
taking IV =T1, A=, M =], P, =0Fu:[],wehave 1 =T1 Wz :[|=T"Wx:|]
and VWA =T,80=I. We take
oy pTiktio OFC (@) ]

(I), I Ftly<C{a)]:o

[
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