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—— Abstract
Solvability is a key notion in the theory of call-by-name A-calculus, used in particular to identify
meaningful terms. However, adapting this notion to other call-by-name calculi, or extending it
to different models of computation — such as call-by-value — , is not straightforward. In this
paper, we study solvability for call-by-name and call-by-value A-calculi with generalized applications,
both variants inspired from von Plato’s natural deduction with generalized elimination rules. We
develop an operational as well as a logical theory of solvability for each of them. The operational
characterization relies on a notion of solvable reduction for generalized applications, and the logical
characterization is given in terms of typability in an appropriate non-idempotent intersection type
system. Finally, we show that solvability in generalized applications and solvability in the A-calculus
are equivalent notions.

2012 ACM Subject Classification Theory of computation — Lambda calculus; Theory of computation
— Rewrite systems; Theory of computation — Type theory

Keywords and phrases Lambda-calculus, Generalized applications, Solvability, CBN/CBV, Quanti-
tative types

Digital Object ldentifier 10.4230/LIPIcs.FSCD.2022.18

1 Introduction

The h-calculus with generalized applications AJ [24, 25] can be seen as a Curry-Howard
interpretation of natural deduction with generalized elimination rules, a system developed in
parallel by Tenant [34] and von Plato [35]. Like the usual A-calculus, AJ is a call-by-name
(CBN) calculus: the arguments of a function are substituted in its body without any other
prior computation. In the call-by-value (CBV) paradigm instead, the arguments are always
reduced before substitution [33]. CBV parameter passing is a choice made by many functional
programming languages such as OCaml, Scheme or Coq. Very recently, a CBV variant of
AJ, called AJ,, was introduced by Espirito Santo [16]. It is surprisingly simple, implements
general strong reduction (inside abstractions), and is very close to the CBN formalism AJ:
they both share the same notion of reducible expression (a.k.a. redezx), so that every function
application is always reducible, because only the underlying notion of substitution differs.

The study of A-calculi with generalized applications is of special interest for the under-
standing of the semantics of programming language. They give a fresh look at applications,
and also bear similarities with explicit substitutions [1, 27] and the sequent calculus [19].
However, while many previous works [15, 17] were dedicated to the proof-theory underlying
different calculi with generalized applications, very few semantical properties have been
studied so far in this framework. In this paper, we show that existing tools and techniques
for solvability can be adapted to this more general model of computation.

Solvability is used to identify meaningful terms. Indeed, all solvable terms progressively
unveil a stable structure along the reduction process: this gives a step-by-step partial result
that is later integrated into the definitive structure of the fully normalized term. Thus, the
set of solvable terms contains all normalizable terms, but also a strict subset of the divergent
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ones. On the contrary, if a term containing an unsolvable subterm u converges to a result,
then u can be replaced by any other term, still giving the same result and thus justifying the
designation of unsolvable as meaningless (Genericity Lemma [8]). In semantical models of
the A-calculus, equating all unsolvable terms (e.g. to bottom) turns out to be consistent, but
this is not the case if one equates in addition terms which are not normalizing [36].

Whilst being an important semantical property, solvability also has a very elegant
operational theory. A solvable term may reduce to any other term when closed by abstractions
and applied to a suitable sequence of arguments (i.e. plugged inside a head context). In the
CBN h-calculus, a term ¢ is solvable iff ¢ has a head normal form iff t head-normalizes [36]. But
because of the different normalization behaviors of CBN/CBV, their corresponding notions of
solvability do not perfectly coincide. In fact, it is only recently that a characterization of CBV
solvability making use of some proper notion of CBV reduction has been achieved [7, 12].

In this paper, we give an operational characterization of solvability for CBN/CBV
generalized applications in terms of an appropriate reduction relation for each case. Indeed,
we define a notion of solvable reduction for CBN (resp. CBV) for which all and only CBN
(resp. CBV) solvable terms normalize. We take advantage of the similarity between CBN
and CBV with generalized applications (given by the fact that they both share the same
notion of redex, in contrast to the A-calculus case) to highlight the divergences of the two
kinds of solvability. On the one hand, our results show the robustness of the operational
theory of solvability. On the other hand, our study of solvability is a step forward in the
understanding of programming language semantics based on generalized applications.

In addition to the previously mentioned operational characterizations, we also provide
logical characterizations of CBN/CBV solvability as typability in quantitative (a.k.a. non-
idempotent intersection) type systems. More precisely, we deduce an equivalence between (1)
being normalizable for the newly defined solvable reduction relations, (2) being (quantitatively)
typable and (3) being solvable. In the A-calculus, such a result was already well-known for
CBN (see [11] for a survey), and it has recently been obtained [5] for CBV, serving as the
starting point for our CBV characterization. We will then also prove equivalence between
solvability in the CBN/CBYV A-calculus and solvability in CBN/CBV generalized applications
by simply reasoning on their associated quantitative type systems. A further advantage of
quantitative types is that they enable simple combinatorial proofs of normalization. They
also have strong ties with denotational semantics, as it is generally possible to derive a
relational model from a quantitative type system.

The adaptation of CBN/CBYV solvability in our framework is not trivial, because of the
particular syntactical structure of generalized applications which facilitates the existence
of blocked redexes. To this end, the original calculi with generalized applications AJ and
AJ, use a permutative/commutative conversion 7 on top of the primary rule 5 for CBN and
By for CBV, respectively. This rule is needed to unblock these stuck redexes. Instead, we
work with distant variants (AJ for CBN [18], written here A J,, and a novel distant variant
AJ, for CBV). Thus, we integrate the permutations into the primary rules, in the spirit of
calculi with explicit substitutions at a distance [6]. In this way, the reduction rules focus on
the computational behavior of the language and not on syntactical accidents. In particular,
only primary reductions (and not permutations) create divergence, and thus unsolvability.
This choice also reflects the logical model in a better way: in our framework, quantitative
type systems are neutral to permutations rules (specifically: the size of derivations does not
change), as quantitativity is only related to the computational rules. Yet, we show that our
results also apply to the original calculi AJ and AJ,.

To summarize, our main contributions are the following:
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We define appropriate notions of head contexts and solvable reductions in calculi with
generalized applications and distance.

We show operational characterizations of CBN/CBYV solvability in this setting.

We also provide (logical) quantitative characterizations of these notions of solvability.
We derive characterizations of solvability for the original calculi with generalized applica-
tions (without distance).

We show that our definition of solvability corresponds to the one of the A-calculus.

Plan of the paper

In Sec. 2 we present the distant calculi with generalized applications for both CBN and CBV.
We then introduce their respective notions of solvability in Sec. 3. We give operational and
logical characterizations of CBN (resp. CBV) solvability in Sec. 4 (resp. Sec. 5). In Sec. 6
we extend our results to the original (non-distant) calculi AJ and AJ, and we relate these
results to solvability in the A-calculus. Related works and conclusions are detailed in Sec. 7.

2 The Distant Calculi with Generalized Applications

In this section we define the syntax and operational semantics of two distant A-calculi with
generalized applications for call-by-name and call-by-value, noted AJ,, and \J, respectively.

2.1 Syntax

Given a countably infinite set X of variables z,y, z ..., the set of terms generated by the
following grammar is called T.

(Values) v =2 € X | Ax.t (Terms) t,u,r,s == v | t(u,z.r)

From now on, values are denoted by v and arbitrary terms by ¢, u, r or s. The term z is a
variable, \z.t is an abstraction and t(u,x.r) is a generalized application, whose part
x.r — that is not a subterm itself — is called a continuation. A generalized application can
be seen as a let-binding/explicit substitution under the (informal) translation of t(u, z.r) to
let = = tu in r. Free and bound variables of terms are defined as expected, in particular,
fv(Ax.r) = tv(r)\ {z} and tv(t(u, z.r)) = fv(t) Utv(u) U (fv(r) \ {z}), so that both Az.r and
t(u, z.r) bind the variable  in the term r. We work modulo a-conversion, so that bound
variables can be renamed when necessary. A generalized application ¢(u,z.r) is said to be
non-relevant if « ¢ fv(r).

We set some special terms that will be used in forthcoming examples and definitions:
I:=MAz.z, 0 := \vx(x, 2.2), Q :=0(9,2.2), as well as a family of projection terms o” :=
ALy, ... Axg.xo parametrized by a natural number n.

Contexts (C) are terms with one occurrence of the hole ¢, and distant contexts (D)
are special contexts used to define the operational semantics of the calculi:

C:=9Q | Ax.C|Clu,x.r) | t(C,z.r) | t(u,z.C) D ::= ¢ | t(u,x.D)

The term C(t) is obtained by replacing ¢ in the context C by the term ¢, so that capture of
variables may eventually occur. When the free variables of ¢ are not captured by C, we may
write C((t)) instead of C(t). Notice that every term can be (uniquely) decomposed into D{(v),

where D is a distant context and v a value. Thus for example, let t := z1(u,y.z2(y, 2.2)).

Then, there are three possible decompositions of ¢ in terms of distance contexts: ¢t =
Do{x1(u,y.x2(y, z.2))) with Dg = O, t = Dy{x2(y, 2.2)) with Dy = x1(u,y.0) and t = Da(z)
with Do = z1(u, y.x2(y, 2.0)).
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2.2 CBN and CBV Operational Semantics

The CBN operational semantics relies on a notion of right substitution, which is the
expected capture-free meta-level substitution on T j-terms:.

{u/x}x u {u/x}(Ay.t) Ay {u/x}t
(z#y) {u/azly y {u/z}(t(s,y.7)) ({u/z}t)({u/z}s, y{u/z}r)

The CBV operational semantics is based on left substitution:

{o\z}t = {v/z}t {s(u,yr)\z}t = s(u,y{r\z}t)

Notice however that left substitution of a value invokes the right substitution, and left
substitution of a generalized application performs a commutative/permutative conversion.
Thus for example, {I\z}(z(I,y.y)) = {I/z}(x(I,y.y)) = I(I,y.y) and {I(I,y.y)\2'}z =
I(I,y{y\7'}2) = I(I,y.{y/z'}2) = I(I,y.2). Given the unique decomposition of a term u
into D(v), we can alternatively define left substitution as: {u\z}t = {D(v)\x}t := D{({v/x}t).
This alternative definition highlights the principle of CBV, which consists of only substituting
values. Thus, in the last example, although 2’ is different from z, the context I(I,y.0) is not
erased, as it is pushed out of the substitution. Notice that {u\z}v is a value if and only if u
is a value. Notice also that {t\z}z = t.

Before giving the reduction rules of our calculi, we first define some general notations. We
denote a reduction rule r C T; X Ty as —,. In this paper, reduction relations, denoted
by —x, are generated by a finite set of reduction rules closed under some particular contexts.
Given a reduction relation —g, we write —% (resp. —%) for the reflexive-transitive (resp.
transitive) closure of —%. A term ¢ is said to be in R-normal form (written R-nf) iff there
is no ' such that t =5 t'.

The reduction relation —, of the original CBN calculus AJ, [24, 25] is defined as the
closure under all contexts of the following two reduction rules $ and 7. The reduction relation

— of the original CBV calculus AJ, [16] is defined as the closure under all contexts of rules
By and 7.

(CBN pB-Rule) Azt)(u,yr) =g {{u/zit/y}r
(CBV fS,-Rule) Azt)(u,yr) g, {{u\z}t\y}r
(Permutative w-Rule) t(u,zr)(u,yr’) = tu,zor@,yr’))

We use instead a distant operational semantics, where permutations are directly integrated
in the primary CBN/CBV rule of the calculus. We do not dispense with permutations
altogether, as they are necessary to unblock §/8,-redexes when the function is not exactly
next to its argument. This way, the distant paradigm focuses on the computational content of
the calculus by using demand-driven permutations, only when primary redexes are blocked.

» Definition 1. The CBN calculus \J, is defined by the grammar T equipped with the
distant call-by-name reduction relation —q, [18]. The relation —q4y is generated by the
closure under all contexts C of the reduction rule: D(Ax.t)(u, y.r) —ag {D{u/x}t)/y}r.

An intuitive explanation of this rule can be given through the previous informal translation of
generalized applications to let-bindings: D(Ax.t)(u,y.r) corresponds to let y = D(Az.t)u in r.
In this first term, the computation in the foreground comes from the function D{\z.t) and
its argument u. We get an intermediate result by substituting « for x in ¢ inside the distant
context D, thus obtaining let y = D({u/x}t) in r. This intermediate result can then be fed
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to the continuation by unfolding the let-binding, which means substituting it for y in r, thus
obtaining the contractum {D{{u/xz}t)/y}r. Both the distant context and the term {u/xz}t
may be duplicated, or, on the contrary, simply erased, such as in this example:

to = Mr.2(I,y.9)) (1,2 .2) —an {{I/2}(x(1,y.9))/2'}z = {1(1,y.y)/2'}z = 2

Although the original CBN calculus AJ, is based on rules § and m, the distant CBN
calculus AJ, integrates a different permutative rule p2 to 3, in the sense that 43 can be
generated by several p2-steps followed by a S-step, where:

(Permutative p2-Rule) t(u,y.\z.1) —po Ax.t(u,y.r).

Integrating the m-rule to define a distant CBN calculus would give instead the alternative
rule D(Az.t)(u, y.r) — D{({{u/xz}t/y}r), where the distant context D is neither duplicated nor
erased: there is exactly one occurrence of D in the contractum. But this feature corresponds

to a CBV behavior, and is not quantitatively well-behaved for a CBN semantics (see [18]).

This same remark is true for the original CBN calculus AJ,.

» Definition 2. The CBYV calculus \J, is defined by the grammar T; equipped with the
distant call-by-value reduction relation —4,. The relation — 4, is generated by the closure
under all contexts C of the reduction rule: D(Ax.t)(u,y.r) —ap, D({{u\z}t\y}r).

Notice that we also use a distance semantics for CBV, whereas the original AJ,-calculus relies

on rules m and B, (48, where D is empty). Both reductions —4, and —4, enjoy confluence.

It is also worth noticing that CBN and CBV reducible expressions (a.k.a. redexes) are the
same. In particular, no d5,-redex is stuck because the argument is not a value. This is a
major difference with most CBV calculi. However, the right-hand sides of the rules d3 and
43, differ in two ways: the kind of substitution used (right for CBN, left for CBV) and the
fact that D might be erased or duplicated in CBN, but not in CBV. To illustrate the first
difference, we sketch the CBV reduction of the previous term tg:

to = Az.2(I,y.y))(1,2 .2)
o, (TN (L y)\ 2 = (LT )\ = I(T9.2) = () (Ly.2)
—ap, {{I\z}2\y}e = {I\y}z = 2

In line two, the substitutions are exactly the ones already detailed after the definition of left
substitution. The two (nested) left substitutions on the last line act on values, so that they
fall back to the usual right substitution. While in CBN a single step was sufficient to reach
the normal form z, in CBV we need one additional step.

As usual, CBV does not duplicate computations (outside abstractions), but tries to reduce
every argument to a value, and this may create divergent computations. Take for instance
t1 = 0(4, z.y). In CBN, t; normalizes to y, while in CBV ¢; loops indefinitely.

(CBN)  0(8, 2.y) —ap {{6/2}(z(z,2.2))/2}y = {6(d,2.2) /2y = y
(CBV) 4(3,2.y) —ap, {{0\2}(z(z,2.2))\ 2}y
= {{6/xH(z(x, 2.2))\ 2}y = {6(0, 2.2)\ 2}y = 6(3, z.{z\2}y) = 6(d, 2.y)

We illustrate the different uses of distant contexts in CBN and CBV on a last example.

Let to = x1(u, x2. z.2) (v, y.y(y, 2.2)), that can be written as D(Az.z) (v, y.y(y, z.2)), where
D = 21 (u, z2.0). Using the distant semantics, the term v turns out to be an argument of the
function Az.x, and thus the redex can be fired, although both terms are separated by the
(distant) context D:

18:5
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(CBN)  ty =35 {D({v/a}x)/y}(y(y, 2.2)) = {D(v)/y}(y(y, 2.2))
= D(v)(D(v), 2.2) = w1 (u, 22.0) (21 (u, 22.), 2.2)

(CBV) 1y =g, D<{{7f\\$}~’6\\y}( (¥, 2.2))) = D{v\y}(y(y, 2.2))

(v z.z))

= D(v(v,2.2)) = z1(u, x2.0(v,

The way distant contexts are handled in both variants is reminiscent of how the result of
the S-reduction is treated by the two different substitution operations, as the applications
inside the distant context are duplicated or erased only in CBN. This difference is justified
by the use of distinct underlying permutation rules: p2 for CBN and 7 for CBV.

As a last remark, notice that g ,-reduction preserves m-normal forms. Thus, an alternative
to distant CBV reduction is to “pre-process” all terms by using full m-normalization, so
that neither distance nor permutations are needed for the CBV computation, which is then
defined only on terms in 7-nf. Yet, instead of computing only with 7-nf, we choose to work
in a more general framework with arbitrary terms, by applying only those permutations that
are necessary to fire S-redexes, following the same philosophy used in CBN.

3 Solvability for Generalized Applications

In this section we give definitions of solvability for CBN and CBV by using the key notion
of head context. In contrast to the A-calculus, the syntax of generalized applications makes
the identification of the head of a term very subtle. In particular, whereas it is possible
to use vectorial meta-notations in the A-calculus, we must use inductive definitions in this
framework. Head contexts are given by the following grammar:

H:= O | \e.H|Hu, z.H () | t(u, 2.H)

While, in general, there are several possibilities to decompose a term into a head con-
text surrounding a subterm, there is a closely related notion of head variable, which
deterministically distinguishes a particular variable in each term:

hv(t) =z hv(r) =y hv(t) =z hv(r) =z x#y
hv(z) =« hv(Ay.t) =« hv(t(u,y.r)) = hv(t(u,y.r)) ==

In the third rule we assume w.l.o.g. that y is not bound in r. Notice that the head variable
may be either free or bound, since y can be equal to x in the second rule. To understand
the last two rules, we use the previous analogy with let-bindings. To an application ¢(u,y.r)
corresponds a binding let y = tu in r, and to find the head variable of this term, we look
inside r. For instance, the head variable of let x = zz in y, corresponding to z(z,z.y), is y.
But if we take let = zz in x, corresponding to z(z, z.z), its head variable is z. Thus, the
head variable of a term with generalized applications is the head variable of the corresponding
term where all the let-binding have been unfolded. In the example, z is the head variable of
z(z,z.x) because z is itself the head variable of the subterm z inside the continuation.
Given a term ¢ verifying hv(t) = x, there is a unique head context H such that (1) ¢ = H(z),
r (2) t = H{{x)) if « € fv(t). Thus for example, given t3 := z(z,x.y), we have hv(t3) =y
as well as t3 = H{(y)) with H = z(z,2.0). Given t; := z(z,z.x), we have hv(t;) = z as well
as th = H((z)) with H = {(z,z.Hp{(z))) and Hy = . An example where the head variable is
bound is hv(Ay.t3) = y, where \y.t3 = H'(y) and H' = M\y.z(z, 2.0).
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» Definition 3 (Solvability). Let t € T;. Then:
t is CBN-solvable iff there is a head (resp. distant) context H and D such that H(t) —7%, D(I).
t is CBV-solvable iff there is a head context H such that H(t) —}, I.

In the CBN A-calculus, several equivalent definitions of solvability for a A-term M coexist.
In particular: (1) there is a head context H such that H(M) —% I; (2) for all A-term N,
there is a head context H such that H(M) —% N. The head contexts here are the usual
head contexts of the A-calculus. The proof that (1) implies (2) is trivial, since IN —g N
always hold in the CBN A-calculus. On the contrary, in Plotkin’s original CBV, the two
formulations are not equivalent [20], since IN only reduces to N when N is a value. In our
CBYV framework, the equivalence of these alternative definitions is straightforward: for any
Tj-term u, I(u,2.2) +rqp, u always holds. Moreover, our definition of CBN-solvability for a
term t is equivalent to an alternative one stating that for all T ;-term wu there exist H and D
such that H(t) —2%, D(u). Indeed, D(I)(u,z.2) —q4p D(u) for any w.

Notice in our definition of CBN-solvability that the reduction yields an identity plugged
inside a distant context, and not just an identity alone. Take e.g. the term ¢4 = Q(y, 2.I)
containing a non-relevant continuation, as z ¢ fv(I). In the A-calculus, ¢4 translates to
(A2.I)(Qy), which is solvable since (Az.I)(Qy) —s I. This suggests introducing a garbage
collection-like rule for generalized applications which reduces in this case Q(y, z.I) =g I.
This would be consistent with different models of CBN, such as our quantitative type
system. However, we prefer to avoid such ad-hoc solution, which can be simply seen as an
implementation detail, as it does not change the operational and denotational behavior of
terms.

Now, why does our notion of CBV solvability not use this distant context? Take again the
term t4 = Q(y, 2.I) and its translated A-term (Az.I)(Qy). CBV reduction in the A-calculus
loops on the argument Qy, that could only be erased if Qy is reduced to a value. Therefore,
having a definition of solvability which reduces to D(I) in CBV would be too liberal, and
incoherent with the A-calculus and its associated models.

Although the two definitions of CBN/CBYV solvability are slightly different, they both
share the same notion of head context, which is independent from the operational semantics.

Head reduction in the A-calculus is the reduction relation generated by the closure of the
rule 8 under head contexts. A key (operational) property is that a term ¢ is CBN solvable
iff t normalizes for the head reduction, that is why we say that it is a solvable reduction.
In Subsec. 4.1, we define a notion of solvable reduction for A\J,,, and show that it also has
this crucial property. For \J,, we will see in Subsec. 5.1 that the solvable relation is bigger
than plain CBN solvable reduction. Nevertheless, the solvable reduction we give mimics the
behavior of a solvable reduction for the CBV i-calculus.

4 Call-by-Name Solvability

This section is organized in two parts. We first give an operational characterization of
solvability through a solvable reduction relation, and then a quantitative type system
providing a logical characterization of it.

4.1 Operational Characterization of CBN Solvability

The following solvable reduction relation for \J, plays the same role as the head reduction
plays for the A-calculus.
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» Definition 4. The CBN solvable reduction —, is defined as the closure of the following
reduction rule under head contexts.

D(Az.t) (u, y H{(y)) —apn {D{u/x}t)/y}H(y)

Notice that the solvable reduction is not based on the full d5 rule, as it only reduces redexes
to which (one of the hereditary) head variables is bound. Thus, the term ¢4 = Q(y, 2.1) is
sn-normal but not dS-normal.

» Lemma 5. The following grammar NFg, characterizes sn-nfs.

(CBN Neutral Normal Contexts) G:=0 | G(u,z.G{x)) | t(u,y.G)
(CBN Solvable Normal Terms) NFg, =z | z.NFg, | G{(z))(u,y. NFgp)
| t(u,z. NFg,) where x # hv(NFg,)

The previous grammar NFg, is used to show the following key result:
» Lemma 6. Let t be an sn-normalizable term. Then t is CBN solvable.

To give some intuition about the proof, we know ¢ sn-normalizable implies there is some
sn-normal form ¢’ such that ¢ —% t’. The goal of the proof is to construct a head context
H such that H(t') —2% D(I) for some D. This is done by induction on the grammar NFg,.
Therefore ¢t is solvable since H(t) —% H(t') =4 D(I).

» Example 7. Let t5 = y1(I, 21.2)(y2(I, 22.22), 23.Ay.23) € NFg,. Notice that hv(t;) = x.
We take H = (Az.0Q)(0!, 2.2)(I, z.2) (remember that o' = Az Axg.70). Then,

H(ts) = (A\z.y1 (T, 21.2) (y2(I, 20.22), 23.\y.23) ) (01, 2.2)(T, 2.2)
—an ¥1(T, 21.01)(y2(I, 29.29), 23.2\y.23) (1, 2.2)
—ran (Ayy1 (T, 21.0))(T, 2.2)

—dn yl(I, 21 OO)

Taking D = 41 (I, 21.0), we get a term of the expected form D(I) (since o® = I).

4.2 Logical Characterization of CBN Solvability

We now give a type system, called NIV, in which typability and normalization of solvable
reduction coincide, i.e. not only does typability imply normalization, but the converse
implication also holds. In system NN, terms can be assigned several types. However, they
are not typed with sets — which would give an idempotent intersection type system [13] —,
but with multisets, which give a quantitative flavor to the type system. Also, non-idempotent
types justify the use of rule p2, instead of m, to obtain a distant notion for CBN with
generalized applications which is quantitatively well behaved ([18]). Moreover, as in other
calculi with non-idempotent intersection types, the proofs of normalization are notably
simplified: reducibility or computability arguments can be replaced by simple combinatorial
proofs based on the fact that the size of the type derivations strictly decreases along each
solvable sn-step.

Given a countable infinite set BTV of base type variables a, b, ¢, . . ., we define the following
sets of types:

(Types) o,7,p u= a€BTV| M=o
(Multiset types) M,N == [o5]ic; where [ is a finite set
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The empty multiset is denoted []. Environments, written I', A, A, are functions from

variables to multiset types assigning the empty multiset to all but a finite set of variables.

A typing is a pair of an environment and a type. The domain of T is given by dom(T") :=
{z | T(z) # []}. The union of environments, written I' A A, is defined by (I' A A)(z) :=
I'(z) UA(x), where U denotes multiset union. This notion is extended to several environments
as expected, so that A;c;['; denotes a finite union of environments (A;c;T'; is to be understood
as the empty environment when I = (). We write I'\\ # for the environment such that
M\ 2)(y) =T(y) if y # « and (T'\\ z)(x) = []. We write I'; A for T' A A when dom(T") N
dom(A) = 0. A sequent has the form ' - ¢ : o, where (T, ¢) is a typing and ¢ is a term.

iz MEt:o (TiEt:0i)cr
— (vaw) (ABS)
x:lolkz:o F'FXxzt: M—o Nierli bt [o3)ier

(MANY)

LkHt:[M;— oilier AFwu:UjerM; Nx:fo)ierbr:T
PAANAFt(u,zr) T

(APP)

Figure 1 System NN.

The quantitative type system NN is defined in Fig. 1. Notice that the system is relevant,
as there is no weakening. It is a natural extension of Gardner’s [21] and De Carvalho’s [14]
systems to generalized applications. Rule (MANY) may give the empty multiset to any term
(case I = (), so being typable with [] means in fact being untyped. The interesting rule is
(APP), where both t and u are assigned multiset types, since z is not necessarily linear in

r. Because u is the argument of ¢, it is assigned all the types on the left of the arrow of .

For n € N, we write I' I[F} 5, t : 0 or simply I' I[F" ¢ : o if there is a derivation in system NN
ending in I' ¢ : o and containing n occurrences of rule (APP). This derivation measure is

sufficient to capture the fact that each sn-step deletes at least one (APP) rule (c.f. Lem. 10).

» Example 8. Take again ¢4 = Q(y, 2.1) (we expand I to Az.x in the derivation). Although
the evaluation of the subterm (2 is not terminating (and thus Q can only be typed with the
empty multiset), ¢4 is typable:

R F— (VAR)
——— (MANY) (MANY) vilolfe:o (ABS)
FQ:] Fy:[] Flxx:fo] >0
(ApPP)

FQy,z x.x) : [o] = o

We now prove that terms typable in NIV are exactly the ones that normalize with — ;.

The proof relies on two key lemmas.

1. Weighted subject reduction does not only state that the typing of a term is preserved
along reduction — as usual — , but also that the size of the typing derivation decreases at
each sn-step. From this we can deduce that typable terms normalize with —gp,.

2. Subject expansion is the opposite of subject reduction: if ¢ reduces to a term ¢’ and ¢’ is
typable, then ¢ is also typable with the same typing as ¢’. It is also possible to attach
quantitative information to the subject expansion lemma, proving that the size of the
type derivation of ¢’ is smaller than the one of , but this will not be useful here.
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FSCD 2022



18:10

Solvability for Generalized Applications

Subject reduction and subject expansion give soundness and completeness of —4, w.r.t. to
the type system. This is a peculiarity of intersection type systems, which makes it possible
to derive a denotational semantics from the typing itself. In the case of quantitative type
systems, it is a relational model, i.e. a model in the category Rel of sets and relations [9].

Soundness

To prove subject reduction, we first need to prove a substitution lemma, as usual. Because we
are in a quantitative model, this lemma also relates the sizes of the corresponding derivations.

» Lemma 9 (Substitution for "\N). If 'z : MIFRN t: 0 and ARy uw: M, then there is a
derivation T A A IR {u/z}t o

» Lemma 10 (Weighted Subject Reduction for NN). If ' Ik t1 : 0 and t1 —e ta, then
['IFR3y ta 2 0 with ny > ng.

Proof. The proof is by induction on the reduction step t; —¢, t2. The base case is t; =
DAx.t) (u, y H{y)) —en {D{{u/z}t)/y}H{y)) = t2, which we decompose into a series of
p2-permutation steps followed by a fh-step (a dfh-step with an empty distant context):
t1 5o (Az.D(t))(u, y.H((y))) = pn t2. We prove subject reduction independently for p2 and Sh.
For the last one, we apply the substitution lemma twice. The permutative and the inductive
cases (reduction under head contexts) are straightforward by the induction hypothesis. <«

The size of type derivations is a natural number decreasing at every step, so that soundness
is a direct corollary. Notice that no reducibility proof is needed.

» Corollary 11 (Soundness for AJ,,). IfT IF(y t: o, then t is sn-normalizable and the number
of sn-steps needed to normalize t is bounded by n.
Completeness

To show that every sn-normalizable term is typable, we need subject expansion. This
property, like subject reduction, needs a preliminary lemma, this time anti-substitution.

» Lemma 12 (Anti-Substitution for N\N). If T I {u/x}t : o, then there exists Ty, T, and M
such that T'y;z : MIFt:o, TylFu: M and T =Ty AT,,.
» Lemma 13 (Subject Expansion for NN). If T lkay ta: 0 and t1 —van ta, then T lkay & : 0.

Proof. Notice that the statement is about full dn reduction, which is useful in the proof of
Thm. 16. The proof is by induction on t; —4, t2 and uses the anti-substitution lemma. <

Another component of the completeness proof is the fact that sn-normal forms are typable.

» Lemma 14 (Typing sn-nfs). Let t € NFg,. Then there exists o such that
1. If t = H{{x)) for some x, then there is T such that x : [7]IFt: 0.
2. Otherwise, D I-t: 0.

» Corollary 15 (Completeness for AJ,,). Let t € T; be sn-normalizable. Then t is typable in
system NN

Proof. By definition, the term ¢ is reducible to a sn-normal form ¢’. By Lem. 14, ¢’ is typable.
Subject Expansion gives typability of ¢. <
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Characterization of CBN Solvability

We can now derive the main theorem of this section.

» Theorem 16 (CBN Characterization). Lett € T;. Thent is CBN solvable iff t is NN -typable
iff t is sn-normalizable.

Proof. Normalizable = solvable holds by Lem. 6. Typable = normalizable holds by
Cor. 11. For solvable = typable: take t solvable, so that there are contexts H,D such that
H(t) —%, D(I). Since D(I) is NN-typable by Lem. 14, and the system NN satisfies subject
expansion (Lem. 13), then H(t) is NN-typable, which implies ¢ is NN-typable. <

5 Call-by-Value Solvability

As in the previous section, we first give an operational characterization of solvability and
then a quantitative type system characterizing it.

5.1 Operational Characterization of CBV Solvability

In CBN, the method to get the identity from a term plugged into a head context is to
successively erase all the arguments, by replacing the head variable by a projection term
o" = Az, ...2o.2z¢. But in CBV, arguments which are not values cannot be erased: in order
to be erased they need to be potentially valuable.

» Definition 17. A term t is potentially valuable iff there exist a distant context D and a
value v such that D{t) =%, v.

The distant context in the previous definition can be seen as a list of substitutions — eventually
affecting the free variables of ¢ — used to transform ¢ into a value.

» Example 18. Let tg = z(Q,2.2). In CBN, it is sufficient to take the head context
H = I(o!,2.0) so that H{tg) —an 0(£2,2.2) —ran I simply erases the diverging term . In
CBYV, however, this is not possible since H{tg) —4y 01 (Q, 2.2) —rqy (8, 2.1), which diverges.
The term tg is only solvable in CBN. On the contrary, the term x(Ay.Q2, z.2) is solvable in
both CBN and CBV because the argument \y.{2 can be erased.

Interestingly, there is a (non-deterministic) reduction relation —p, such that the normal-
izing terms for —y are exactly the potentially valuable terms (c.f. Thm. 34). It is in fact a
weak reduction relation in which reduction can occur anywhere but below abstractions. We
detail this result before tackling the CBV solvable reduction.

» Definition 19. The valuable reduction relation —, is defined by the following rules:

tap, t t—py ¢ U —py U 7=y T

t—py ¢/ t(u, y.r) —py t'(u, y.r) t(u, y.r) —py t(u', y.r) t(u, y.r) —py t(u, y.r")

» Lemma 20. Consider the following grammar:

(Valuable Neutral Normal Terms) NE;, := x| NE(NFp,,y. NEg)
(Valuable Normal Terms) NFpw = | NE(NFpy,y. NFy,) | Az.t

Then, t € NFyy iff t is in pv-normal form.

18:11

FSCD 2022



18:12

Solvability for Generalized Applications

This grammar is used to show the following property, whose converse is obtained in Thm. 34.
» Lemma 21. Let t be a pv-normalizable term. Then t is potentially valuable.

Note that being potentially valuable is weaker than being solvable, because values are
always potentially valuable but not necessarily solvable, like Az.Q2. We are now ready to
build the solvable reduction on top of the valuable one.

» Definition 22. The CBYV solvable reduction relation —, is defined as follows:

t g, t t—gy t’
t—rey t' Azt =gy Azt
t—py ¢/ U —py U e
t(u, z.1) —vey t'(u, .1) t(u, z.1) =gy t(u', 1) t(u, z.1) =gy t(u,z.1")

An equivalent formulation can be given by the closure of 43, under head contexts, plus the
first and second rules for closure under application. With these rules, we make sure that
in an application t(u, z.r), the subterms ¢t and u are pv-normalizable, and thus potentially
valuable. In case there is a divergent term in u or ¢, the solvable reduction will diverge. This
relation is strictly bigger than the CBN solvable relation —4y,, as it diverges on more terms.

» Lemma 23. Let us consider the following grammar:
(CBYV Solvable Normal Terms) NFg, ==z | Az.NFg, | NE,, (NFy,,y. NF,)

Then, t € NFgy, iff t is in sv-normal form. Notice that NFg, C NF,.

» Lemma 24. Let t be an sv-normalizable term. Then t is CBV solvable.

A hint of the proof: since t is sv-normalizable, there is some sv-normal form ¢ such that
t —%, t'. We must construct a head context H such that H(t') —%, I. This is done by
induction on the grammar NFg,. Therefore, t is solvable since H(t) —3i H{t') =5, I. A
difference with Lem. 6 for CBN is that the head context must erase all applications of ¢/,
even the ones which are non-relevant, making the proof more involved.

» Example 25. Once again, the goal is to construct a head context for the sv-normal form
of t. Take for instance the term t5 = y;1(I, z1.2)(y2(I, 22.22), 23.\y.23) from Ex. 7, also in
NFg,. This time, we take H= (Ay;.\z.\y2.0) (0!, 2.2) (0}, 2.2) (0!, 2.2)(I, 2.2). Indeed,

H(ts) = Ay Az 2.1 (I, 21.2) (y2 (I, 22.22), 23.Ay.23)) (01, 2.2) (0, 2.2) (0!, 2.2)(I, 2.2)
—>§V 01(I7 2. 01)(01(I7 29.29), 23.7y.23) (1, 2.2) —>§V 01(01(1, 29.29), 23.2y.23) (1, 2.2)

—dy ol(I,23.)\y.23)(I,z.z) —dv ()\y.oo)(I,z.Z) —p 0ol =1

5.2 Logical Characterization of CBV Solvability

We will now define a quantitative type system characterizing CBV solvability. The grammar
of types is different from Subsec. 4.2, as multiset types are considered as types and in
particular may also occur on the right hand-side of an arrow.

(Types) o,T = a€BITV I M|M—=o0o
(Multiset types) M,N == [0;]ies where [ is a finite set
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(Fi;!E : MZ = t: Ui)ie[
———  (VAR) (ABS)
- MkFx: M /\ie]Fil—ACC.t:[Mi—)O'i]iE[

F'kHt: [ M—= N Atu: M Nz:Nbr:o
TAAANAFt(u,zr):0

(APP)

Figure 2 System NV.

We use a unique type system NV, defined in Fig. 2, to characterize both potential
valuability and solvability. The type system is inspired from [10]. Again, we write T'IF, ¢ : o
if the sequent I' F ¢ : o is derivable in this system with a derivation of size n (containing n
occurrences of (APP)). We will show that typability in NV is equivalent to normalizability
of the valuable reduction. To logically characterize solvable terms, we constraint typability
to a particular set of types, where the empty multiset type cannot appear anymore on the
right-hand sides of arrows. We take this idea from [5], where these types are called solvable.

» Definition 26 (Solvable types). A solvable type is not an empty multiset, and has no
empty multiset on the right of an arrow. Formally,

(Solvable types) oS, 78 a€ BTV | M5 | M — of
(Solvable multiset types) M5 N® = |[of|;,c; where I is a non-empty finite set

Unlike CBN, where the empty multiset [] is used to mark untyped subterms, being typable
in CBV with [] is equivalent to being potentially valuable. The unsolvable term Az., for
instance, can be typed with [] by rule (ABS) with I empty. But it cannot be typed with

any other type, and in particular with a solvable one, otherwise 2 would need to be typable.
Notice also that the terms ¢ and « in rule (APP) must always be typed, at least with type [].

That is why the term ¢4 of Ex. 8, typable in NNV, is not typable in NV

We now prove that terms typable in NV are exactly those that are normalizable for
the valuable reduction, and among them, those typable with a solvable type are the ones
normalizing for the solvable reduction. The proof method is the same as for CBN (Subsec. 4.2),
but the statements cover both reduction relations at the same time.

Soundness

Soundness follows the same scheme used for CBN (no reducibility proof is needed): a weighted
subject reduction property, based on a substitution lemma, is used to show that typability
implies normalization.

» Lemma 27 (Substitution for NV). Let Tz : M IFEy t:0 and AR, w: M.
If u is a value, then T A AIRT™ {u/z}t 0.
For any u, T A AT {u\z}t : 0.

» Lemma 28 (Weighted Subject Reduction for N\V). Let T' -7}, ¢ : 0 and t1 —qy ta. Then
I H—fﬁ/ to 1 o with ny > na. Moreover:

1. If t1 —pv L2, then ny > na.

2. Ift1 =gy t2 and o is a solvable type, them ni > no.
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» Corollary 29 (Soundness for N\V'). Let I'IF%y, ¢t : 0. Then,

1. The term t is pv-normalizing and the number of pv-steps needed to normalize t is bound
by n.

2. If 0 is a solvable type, then t is sv-normalizing and the number of sv-steps needed to
normalize t is bound by n.

Completeness

Completeness also follows the same scheme used for CBN: we show that normal forms are
typable, together with a subject expansion property, based on an anti-substitution lemma.

» Lemma 30 (Anti-substitution for NV').
IfT Ikqy {v/x}t : o, then there are Ty, Ty, and M such that Ty;z: M Ikay t: o, Ty lkqy
v:Mand ' =Ty AT,.
If T kv {u\z}t: o, then there are Ty, T'y and M such that Ty;2: M lkqy t: o,
FulFrvu:MandT =T, AT,.

» Lemma 31 (Subject Expansion for N\V). Let T IFqy t2 : 0 and €1 —ay t2. ThenT lkay t1 @ 0.

» Lemma 32 (Typing NF,-nfs). Lett € T;.
1. Ift € NFyy, then there exists I such that T lFqy ¢ : [].
2. Ift € NFg,, then there exist I' and o® solvable such that T IFqy t: o®.

» Corollary 33 (Completeness for N\V'). Lett € T;.
1. Ift is pv-normalizing, then t is typable in NV .
2. Ift is sv-normalizing, then t is typable in NV with a solvable type.

Characterization of CBV Solvability

We can now derive the main theorem of this section.

» Theorem 34 (Characterization). Lett € T;. Then,
t is potentially valuable iff t is NV -typable iff t is pv-normalizable, and
t is CBYV solvable iff t is NV -typable with a solvable type iff t is sv-normalizable.

Proof. pv/sv-normalizable = potentially valuable/CBV solvable holds respectively by
Lem. 21/Lem. 24. Typable/Typable with a solvable type = pv/sv-normalizable: both
hold by Cor. 29. For potentially valuable/CBYV solvable = typable: similar to Thm. 16,
with the corresponding Lem. 31 and Lem. 32, and using the following two facts: (1) every
value is typable and (2) I is typable with a solvable type. <

6 Extension to AJ,, AJ, and the A-calculus

We have argued in favor of endowing generalized applications with a distant operational
semantics: permutations are only used when they are necessary to unblock redexes, thus
putting the focus on the computational content on the calculus, and also bringing the
operational semantics of the calculus closer to the quantitative model. Nonetheless, this
choice should not have an influence on overall properties such as strong normalization,
solvability or potential valuability. We also wish to be conservative with respect to the
original CBN and CBYV calculi AJ,, and AJ,. In this section we show that. More precisely,
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we prove the equivalence of CBN/CBYV solvability with and without distance using the
quantitative type systems introduced in previous sections. We also show that our CBN/CBV
notion of solvability is equivalent to the original one for the A-calculus, a result which is
expected but not evident.

6.1 Solvability for AJ, and AJ,

Remember that —, (resp. —) is the reduction relation associated to the original CBN (resp.

CBYV) calculus. In what follows we write local to mean non-distant.

» Definition 35 (Local Solvability). Lett € T.
(AJ,,) t is CBN local solvable iff there is a head context H and a distant context D such
that H(t) —2% D(I).
(AJ,) t is CBV local solvable iff there is a head context H such that H{t) —3 I.
Notice that the terms t4 = Q(y, 2.I) and tg = x(2, 2.I) are CBN but not CBV locally
solvable. The term t5 = y1(I, z1.2)(y2(I, 22.22), 23.A\y.23) is both CBN and CBV solvable.

» Definition 36. The CBN local solvable reduction — 14, is generated by the closure of
the following rules fh and wh under head contexts.

(Az.t)(u, yH{{y)) —pn {{u/2}t/yH{y)
t(u, vr) (', y B(YY) = t(u, 20 (u', y-Hy))
The local valuable reduction —1,, and CBV local solvable reduction —4, are defined

by the closure of rules By and m under the same contexts used in their distant counterparts
(Def. 19 and Def. 22 respectively).

» Theorem 37 (Local Characterization). Let t € T;. Then,

CBN: t is CBN local solvable iff t is NN -typable iff t is 1sn-normalizable.

CBV: t is CBV local potentially valuable iff t is NV -typable iff t is 1pv-normalizable, and
t is CBYV local solvable iff t is NV -typable with a solvable type iff t is Lsv-normalizable.

Since the same notion of typability is used in the distant and local characterizations, this
gives the following equivalence for free.

» Corollary 38. CBN (resp. CBYV) solvability is equivalent to CBN (resp. CBV) local
solvability.

6.2 Equivalence with Solvability in the A-Calculus

We also relate solvability of generalized applications to solvability in the A-calculus. More
precisely, we consider A-calculi with explicit substitutions. The set of terms with explicit
substitutions Tgg is generated by the following grammar:

M,N =z | e M| MN | [N/x)M
The last clause is an alternative notation for a let-binding let x = N in M.
We show that the following standard translations preserve solvability in both directions.
» Definition 39 (Translations).
Ax.t)" == Aet™ t(u,zr)” = [tTu"/x]r”
(Ax.M)° := dx.M°
(MN)°:= M°(N°,z.z) ([N/z]M)°:=I(N° z.M°)

(TJ — TES)

* g
(TE'S — T,]) °i=z

T
T
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Our proofs use quantitative types. For CBN, we call A the type system in [28, 10], which
characterizes head normalization and thus solvability. For CBV, we call ¥V an alternative
but faithful presentation of the type system in [5] for which all and only solvable terms are
typable with a solvable type.

Indeed, we show that the translation of a Tj-term typable in system NN (resp. NV) is
also typable in system A (resp. V), and vice-versa.

» Theorem 40 (Preservation of Typing). Let ¢t € T; and M € Tgg.
Tlran t: 0 implies T lbar t* : 0 and T l-pr M 2 o implies T lFqny M° : 0.
LAy t:o impliesTIky t* : 0 and T' Iy M 2 o implies T IFqy M° @ o.

As CBN/CBYV solvability in the A-calculus is equivalent to N-typability/V-typability
with a solvable type, we get the final results:

» Corollary 41. Lett be a T j-term.
t is CBN solvable if and only if t* is CBN solvable in the A-calculus.
t is CBV solvable if and only if t* is CBV solvable in the A-calculus.

7 Related Works and Conclusion

Solvability for Plotkin’s CBV calculus has been first studied in [32], where some key concepts
(notably potentially valuable terms and solvable types) are introduced. Another contribution
in this same framework is [20], where a genericity lemma is proved. An operational charac-
terization of CBV solvability in terms of CBV reduction appears in [7], for a distant CBV
calculus with explicit substitutions. In [12], a similar result is obtained for Plotkin’s CBV
A-calculus combined with permutative rules used to unblock redexes. The authors of op.cit.
also give a relational model of solvability, based on quantitative types. We draw inspiration
from all these works to address the challenge of solvability in generalized applications, where
stuck redexes are produced by the particular applicative structure of the calculus.

More generally, finding good operational formalisms for call-by-value is an active topic of
research (see [4]), with new insights from linear logic [2, 22] and the sequent calculus [23].
We believe that AJ, holds a singular place among them, thanks to its natural way to deal
with stuck redexes. An open problem is to find a fully abstract model for the CBV A-calculus.
We would like to see whether generalized applications help in this quest. In particular, it
would be interesting to understand CBV approximation for generalized applications, CBV
Bohm trees [8, 26] based on the solvable reduction, as well as separability [31].

Idempotent intersection types for AJ,, are proposed in [30]. Although intersection types
achieve to characterize all and only strongly normalizable terms, they do not reject = as
a permutation rule for CBN, albeit quantitatively unsound. Quantitative types for CBN
and AJ, are introduced in [18], where only strong normalization has been addressed. Our
quantitative CBN and CBV type systems can be seen as the first relational models for
generalized applications. They are adapted from [10], but we take the key insight about
solvable types from [5]. It would be interesting to see if the techniques developed for tightness
[3, 29] can also be adapted to this framework.
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D. Kesner and L. Peyrot

A Main proofs

In this section, we detail the crucial proofs showing that normalizability of a term ¢ w.r.t.

the CBN/CBYV solvable reductions implies that ¢ is CBN/CBYV solvable. First, we define the
number of head applications of a term as follows.

|$|@ =0 |)\.’17.t|@ = |t|@ |t(u,$,7‘)‘@ _ {T|@ + | |@ + i x V(’I")

7@, otherwise

Each proof will be decomposed in two statements. A first lemma states that solvable

normal forms can be reduced to a value (surrounded by a distant context in the CBN case).

The main property can then be shown by constructing an appropriate head context.

A.1 Call-by-Name

The following intermediate lemma is stated with S-reduction, instead of dS-reduction. This
enables us to use it in the characterizations of both distant and non-distant CBN.

» Lemma 42. For allt = H{{x)) € NFq,, n > |tla and distant context Dy, there is m > 0,
there are variables x1,...,zm and distant contexts D,D1,...Dy, such that {Do(0")/x}t —7}
D(AZp Dy (... Ax1.D1 (0"~ 1@V In particular, if t is neutral normal, then m = 0.

Proof. By induction on (|t|a,t). We reason by cases on the form of the normal term ¢.

t = x, so that |t|@ = 0 (this is the base case of the induction). We let m = 0, D = Dy and
conclude since {Dy(0")/z}x = D(o") = D(o"~|*le),

t = Ay.t', where t/ = H{x)) (x # y). We suppose w.l.o.g that y ¢ fv(Dp(0™)). Let
n > |tla = |t'|a- By the 4.h. there are m/, z1,..., 2, and D’,Dy,...,D,, such that
{Do(0™)/x}t" =% D' (AZppr Dy (- . Az1.Di (0" Wle))). Thus we obtain {Do(0")/z}t —%
AY.D (A Dy (... A1 D1 (0" 1¥12))) since |t|a = |t/|a. We conclude by taking m =
m' +1, z,, =y, D, =D and D = .

t = s(u,y.r), where r = H((y)) (y # z) and s = G{(z)). We have |t|a = |s|a + |r|a + 1.

Let n > |t|a > |s|a@. Applying the i.h. on the neutral normal term s, we know that for
any Do, there is D" such that {Do(0")/x}s —7 D' (0"~ Isle),
Let ' =n — |s|a — 1. Then n/ > |r|a and we can show that {Dy(0™ t1)/z}r € NFg, and

[{Dg (0™ 1) /z}r|a = |r|a. Moreover, {Do(0™ *1) /z}r is of the form H”((y)), for some H".

We can then apply the i.h. on {Dg (0"I+1>/x}r, so there are m’, z1,...,%m/,D,D1,...,Dpy
such that {D'(0™)/y}{Dg(0™ 1) /z}r —% D(AZpms Dy (. .. Az1.Dy (0™ ~I7l@))) . We take
m = m’/. In the case where ¢ is neutral normal, we have m = 0 as required. Since
n' — |rla = n — |t|a, we conclude as follows:

{Do(0™)/x}t = {Do(0")/x}s({Do(0")/x}u, y.{Do{0"™)/x}7)
—% D' (0" ) ({Do(0") /x }u,y.{Do(0") /z}7)
—5 {D'(0") /y}{Do(0™) /x}r —% D(A&y Dy (. .. Az1.Dy (0" 1)),

t = s(u,y.t'), where y # hv(t'). Let n > |t|a = |t'|@. By the i.h. on ¢/, for all Dy there are

m' @1, ..., T, DD, . Dy 5. {Do(o™)/x}t —% D' (AZyy Dy (.. Ay Dy (071 1@))y,

In particular m/ = 0 if ¢’ is neutral normal. We set D = {Dg(0"™)/z}s({Do(0™)/z}u,y.D’)

and m = m’. Since |t'|a = [t|a, then {Do(0")/z}t —% D{AZsm D (. .. Az1.Dp (0" Isle))),

<

18:19

FSCD 2022



18:20

Solvability for Generalized Applications

» Lemma 6. Lett be an sn-normalizable term. Then t is CBN solvable.

Proof. Since t is sn-normalizable, then there is a solvable normal term ¢’ € NFg, such that
t =% t' (and thus t =3, t'). Let hv(t') = x. The term ¢’ can take two shapes:
1. ¢ =H({a) if x € tv(t');
2.t/ =D;(Axy. ... Axo. Dy Az H (z)) for x € {z1,..., 2}, if z ¢ fv(t)).
In both cases, we must give a head context H such that H(t) —}, D(I) for a distant context D.
We start with the first case (x is free in /). Let n = |t/|e. By Lem. 42, there are
m > 0, variables yi,...,ym, and distant contexts D’,Dy,...,Dy, such that {o" /z}t' —7
D' {AYm D (... Ay1.D1(I))), which is also a dn-step. We let H = (A:U.O)(o”,z.z)(l,z.z)m.
Then, we have:
H(t) =5 H(E') = Oat')(0",2.2)(1, 2.2)  —van {0" J2}t(T,2.2)
30 D'\ D -+ Ay DUDN (T, 2:2) " = D {1/ D (- {T/51}D1(T)))

We conclude by taking D = D'({I/ym }Dm (... {I/y1}D1)).
In the second case (x is not free in ¢’), let 1 < ¢ <1 such that z = z;. Let us consider the
following reduction sequence:

YT 22 =Di(Aar....Dya K (@) (T, 20) =i D"l (&)

where D" = Dl<{I/ml}Dl_1<. .. {I/I1+1}Dl>> and H' = {I/zj}i<j§lDi—l<Axi—l~ . D1 <)\I1H/>>
The subterm H”{(x)) above is obtained by substituting a sn-normal term with variables
different from the head variable. This kind of substitution preserves the property of being
sn-normal, so that H’{(x)) is sn-normal.

Let n = |H'{(z))|a. Then Lem. 42 applied to {o™ /z}H’{(z)) gives integers m,y1,...,Ym
and distant contexts D’,D/,...,D! such that (this is also a dn-step):

{o" Jz}H"{(x)) =5 D (Aym D, (- .. Ay1.DI(I))).

——i —m
To conclude, we let H = ((I,z.z) (0", 2.2)(I,2.2) , where m and n were obtained
before. The whole reduction from H(t) goes as follows:

H{t) >3 B() = (T, 2.2) (0", 2.2)(T,2.2)

m

— DAz, ... Dy Az H (@), 2.2) (0, 2.2) (T, 2.2)
= DB (2) (0", 2.2)(T, 2.2)

—an D" ({0" /2 ())(T,2.2)

i DD (A Dy (- Ay DI (T, 22)

= DD ({1 /g ID) (- {T /31 DT

where D" = Dl<{I/$[}Dl_1<. N {I/.I‘i+1}Di>> and H' = {I/mj}i<j§lDi—1<Axi—1~ ...Dq <)\$1.H/>>.
We conclude by taking D = D”(D'({I/ym D, (... {I/y1}D}))) so that H(t) =%, D(I). <«

A.2 Call-by-Value

Before showing the property that sv-normalizable terms are CBV solvable, we need to show
that pv-normalizable terms are potentially valuable. Here also, we use an intermediate lemma
to prove that pv-nfs can be reduced to a value. The main difference between this lemma, as
well as the one for sv, and the corresponding one in CBN; is that we must assign arbitrary
terms o™ to free variables of ¢, and not just to the head variable. This lemma proceeds by
induction on the grammar NF;,, we do not give the proof for lack of space.
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» Lemma 43. For allt € NFy, with fv(t) C {z1,...,2n}, there exists h > |t|a such that
forallny,...,nm > h there exists a value v such that {o™ /zp}...{0™ [z1}t =} v. If
t € NEp, with hv(t) = x; (necessarily free), then v = o™~ Ita,

» Lemma 21. Lett be a pv-normalizable term. Then t is potentially valuable.

Proof. Since ¢ is pv-normalizable, then there is a pv-normal term ¢’ such that ¢ — oy t'.
Therefore t' € NF,, by Lem. 20. Let fv(t) = {z1,..., 2}, so that fv(t') C {z1,...,2m}.
By Lem. 43, there is h > [t/|a such that {o”" /x,,}...{o" /o1 }t' —, v for some value v.

Consider D = I(o", z;.I(o", 2o....I(0",7,,.0)...)). Then,

D(t) =% T(0", 1. 1(0", @m.t')) =5, (0", @s. ... T(0" &m0 fa1 }t')...)

=% {o" Jzm} .. {o" Jxi}t' =5 v (by Lem. 43)

As a consequence, D(t) —3%, v. <

We are now ready to prove the property for sv-reduction. First, the intermediate Lemma.

» Lemma 44. For all t € NF, with tv(t) C {z1,...,2m}, there exist h > |t|a,k >
0 such that for all ni,...,Nup+r > h there exists n > 0 such that the following holds
{o"m Jzm} ... {o™ [zi}t(o"mHt, . 0"t z.2) =) o

Proof. By induction on ¢ € NFg,.
t is a variable, thus t = z;. We take h = 0 = |z;]@, k = 0 so that for all ny,...,n,, >0
we have {0"™ /x,,}...{0™ /x1}t = o™. We let n = n; > 0 and we conclude.
t = A\z.s with s € NFg,. We suppose w.l.o.g that « ¢ {x1,...,z,}. Then, fv(s) C
{z,z1,...,2m}. By the i.h., there exist b’ > |s|la = |tla,k’ > 0 such that for all
n',ny,...,Nmer > h' there exists n > 0 such that

{0 Jz}{o™ Jam} .. {o™ Jxi}s(0"mH, . oM m | z.z) —5, 0",

Taking h = h’ and k = k' + 1 we have:

{o"™ /xp}...{0o™ /xl}t(on/, L N -
=Xz.{o"" [z }... {0o™ /xl}s(o”/, o'tmHt L o"mtE  z.z)
—3, {o”/ N\zHo™ Jxpm} ... {o™ [x1}s(o™m+t, . .. 0" m+H  z.z)

= {o" /z}{o™™ Tm}...{0™ Jx1}s(0™mt1 ... 0"tk 2.2) —% o™ (by the i.h.
By

t = s(u,y.r) with s € NEy, u € NF,, and r € NFg,. We suppose w.l.o.g that y ¢
{z1,...,zm}. Thus fv(r) C {y,z1,...,2m}. Let x; = hv(s) for some 1 < j < m. By
Lem. 43 and the i.h.respectively:
1. There is hs > |s|a s.t. for all nf,...,ng, > hy we have {0"n /2, } ... {o™ Jx1}s =%,

0nj—|s|@.

2. There is h, > |u|a such that for all n¥, ... , n% > h, there is a value v such that
{omm [y} {o™ Jzi1tu =% v

3. There are h, > |r|a,k’ > 0 such that for all n,,ny,...,n; ., > h, there is n > 0 such
that {o" /y}{o"™ /xy,}...{0™ [x1}r(0™m+1, ... o"mik 2.2) =% o

We take h = max (hs + h, + 1, hy) > |t|a and we consider any ny, ..., %, > h.

We have h > hg+h, +1 and thus nq,...,n,, > himplies in particular nq,...,n,, > hs.

This gives {o"™ /2y, }...{0" Jz1}s =] o~ lsle by (1).

18:21

FSCD 2022



18:22

Solvability for Generalized Applications

We have h > h,, and thus nq,...,n,, > h implies in particular nq,...,n,, > hy. This
gives {0"™ [xy,} ... {0" /z1}u —5, v by (2).

We have h > h,. +1 > h, and thus nq,...,n,, > h implies in particular ni,...,n, >
hr +hs+1 > h. + |sla +1 > h,.. This gives n > 0 such that by the é.h. (3)
{ori~lsla=1 /i fonm /o, V.. {o™ Jxi}r(o™mtt, ..., o"mik | 2.2) —p, o™

In summary, we reduce as follows:

{0"" Jxm} ... {0" [z }t(0" ™t .. 0" 2.2)

=5, o lsle (y y {0 [xpm ). {0™ Jzy}r) (0" L o mE 2 z)

=g, {07l /g0 Jay ) {o™ fai}r(o” L 0"k 2 .2)

—5, 0" (by the d.h. (3)) <

» Lemma 24. Let t be an sv-normalizable term. Then t is CBV solvable.

Proof. Since ¢ is sv-normalizable, then there is an sv-normal term ¢’ such that ¢t =%, ¢'.
Therefore t' € NFg, by Lem. 23. Let fv(t) = {z1,...,2m}, so that v(t') C {z1,...,Zm}.
By Lem. 42, there are h,k € N such that for all ni,...,np4r > h there is n > 0
such that {o"" /z;,}... {o™ [z}t (0"m+1, ... 0"tk z.2) —% o, which is also a dv-

. h A ek
step. We take ny,...,npmyr = h. We can then write (o”,...,0", 2.2) as (0", z.z) . Let

H=1I(0" 2p....1(0" 21.0)...)(o", zz) (1,7.2) . Then:

l

H(t) =5, H(t') =3 dv{o" [z} ... {o" /o1 }t' (0", 2.2) (I, 2. 2) —7%, 0" (I, 2.2) -5, 1

As a consequence, H(t) —4y I. <

B Quantitative Type Systems for A-calculi with Explicit Substitutions

We use the following type system for the proofs of equivalence between our calculi and the
A-calculus with explicit substitutions in Sec. 6.

We start with the CBN type system of [28]. The grammar of types is the same as ours
for the CBN system. This system differs, in the presentation only, by the fact that we write
(MANY) as a separate rule.

(Ti M :o0y) iz MFM:o
— (AX) (MANY) (—4)
z:lolFax:o Nierl's B M [oi)ier 'tXeM - M—o
r-M: M—o AFN: M Lie: MEM: o AFN: M
—e) (cur)
F'NAFMN :0 ITANAF[N/z]M : 0

For the CBV type system, we define a new type system using the rules of the system
from [5], but using our CBV type grammar. A difference in the presentation is that we
include rule (MANY) inside the rules for variables and abstractions. Typability is equivalent
in both systems.

- (Ax) (Fz,ﬂf . M,‘ M : Ui)ie[
z:MFxz: M NierDi B dx. M : [M; = oi)icr

I'EM:[M—= N AFN: M a i MEM:o AFN: M
TAAFMN:N (@) TAAFR[N/z]M : 0o

(Es)
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