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Abstract. The call-by-need evaluation strategy for the A-calculus is an
evaluation strategy that lazily evaluates arguments only if needed, and
if so, shares computations across all places where it is needed. To im-
plement this evaluation strategy, abstract machines require some form
of global environment. While abstract machines usually lead to a better
understanding of the flow of control during the execution, easing in par-
ticular the definition of continuation-passing style translations, the case
of machines with global environments turns out to be much more subtle.
The main purpose of this paper is to understand how to type a continuation-
and-environment-passing style translations, that it to say how to soundly
translate a classical calculus with environment into a calculus that does
not have these features. To this end, we focus on a sequent calculus
presentation of a call-by-need A-calculus with classical control for which
Ariola et. al already defined an untyped translation [5] and which we
equipped with a system of simple types in a previous paper [32]. We
present here a type system for the target language of their translation,
which highlights a variant of Kripke forcing related to the environment-
passing part of the translation. Finally, we show that our construction
naturally handles the cases of call-by-name and call-by-value calculi with
environment, encompassing in particular the Milner Abstract Machine,
a machine with global environments for the call-by-name A-calculus.

1 Introduction

1.1 Continuation-passing style translations

The terminology of continuation-passing style (CPS) was first introduced in 1975
by Sussman and Steele in a technical report about the Scheme programming
language [40]. In this report, after giving the usual recursive definition of the
factorial, they explained how the same computation could be driven differently:

“It is always possible, if we are willing to specify explicitly what to do
with the answer, to perform any calculation in this way: rather than
reducing to its value, it reduces to an application of a continuation to its
value. That is, in this continuation-passing programming style, a function
always “returns” its result by “sending” it to another function. This is
the key idea.”
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Interestingly, by making explicit the order in which reduction steps are com-
puted, continuation-passing style translations indirectly specify an operational
semantics for the translated calculus. In particular, different evaluation strategies
for a calculus correspond to different continuation-passing style translations.

Continuations and their computational benefits have been deeply studied
since then, and there exists a wide literature on continuation-passing style trans-
lations. Among other things, these translations have been used to ease the defini-
tions of compilers [3I14], one of their interests being that they make explicit the
flow of control. As such, continuation-passing style translations de facto provide
us with an operational semantics for control operators, as observed in [I5] for
the C operator.

It is well-known since the seminal paper of Griffin that in the realm of the
proofs-as-programs correspondence, control operators gives a tangible compu-
tational content to classical logic [16]. Continuation-passing style translations
therefore bring an indirect computational interpretation of classical logic. This
observation can be strengthened on a purely logical aspect by considering the
logical translations they induce at the level of types: the translation of types
through a CPS mostly amounts to a negative translation allowing to embed
classical logic into intuitionistic logic [16/34].

1.2 Call-by-need

Call-by-need evaluation strategy of the A-calculus evaluates arguments of func-
tions only when needed, and, when needed, shares their evaluations across all
places where the argument is required. The call-by-need evaluation is at the
heart of a functional programming language such as Haskell. It has in common
with the call-by-value evaluation strategy that all places where a same argument
is used share the same value. Nevertheless, it observationally behaves like the
call-by-name evaluation strategy (for the pure A-calculus), in the sense that a
given computation eventually evaluates to a value if and only if it evaluates to
the same value (up to inner reduction) along the call-by-name evaluation. In
particular, in a setting with non-terminating computations, it is not observa-
tionally equivalent to the call-by-value evaluation. Indeed, if the evaluation of a
useless argument loops in the call-by-value evaluation, the whole computation
loops, which is not the case of call-by-name and call-by-need evaluations.

These three evaluation strategies can be turned into equational theories. For
call-by-name and call-by-value, this was done by Plotkin through continuation-
passing style semantics characterizing these theories [38]. For the call-by-need
evaluation strategy, a specific equational theory reflecting the intensional behav-
ior of the strategy into a semantics was proposed independently by Ariola and
Felleisen [4], and by Maraist, Odersky and Wadler [2§]. A continuation-passing
style semantics was proposed in the 90s by Okasaki, Lee and Tarditi [35]. How-
ever, this semantics does not ensure normalization of simply-typed terms, as
shown in [B], thus failing to ensure a property which holds in the simply-typed
call-by-name and call-by-value cases.
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1.3 CPS, abstract machines and sequent calculi

The main difficulty in deriving a CPS translation for a call-by-need calculus is
related to the necessity of sharing computations, a problem which can already be
observed when trying to define an abstract machine. While most of the abstract
machines for the A-calculus evaluate terms within a local environment by using
closures (e.g. Landin’s SECD machine [24], the Krivine Abstract Machine [22],
etc.), this is not enough for call-by-need calculi. Instead, the call-by-need eval-
uation strategy requires abstract machines with a global environmentﬂ Such
machines demand in particular to explicitly handle addresses (as in the Lazy
Krivine [25]) or a renaming process (as in the Milner Abstract Machine [I]).

It is folklore than continuation-passing style translations for different flavors
of A-calculi can be advantageously factorized through sequent calculi. The se-
mantics of calculi with control can indeed be reconstructed from an analysis of
the duality between programs and their evaluation contexts. Such an analysis
can be performed in the context of sequent calculi such as Curien-Herbelin’s
Muji-calculus, in which evaluation contexts (and thus continuations) are reified
into concrete object of the syntax [II]. As such, the operational semantics of
sequent calculi are thus really close from the one of abstract machines.

Defining a sequent calculus with the adequate operational semantics can
thus constitute a good intermediate step in order to ease the further definition
of a continuation-passing style translation. Based on this idea, Danvy proposed a
methodology to mechanically obtain CPS translations from the successive deriva-
tions of several semantics artifacts [I2]. This methodology is applied in [5] to get
a continuation-passing style translation for a call-by-need calculus with con-
trol using several call-by-need sequent calculi. The X[lvﬁ]—calculus, an abstract
machine-like sequent calculus they defined, as well as the untyped CPS transla-
tion they obtained, are the main objects of study of this paper.

1.4 A typed continuation-and-environment-passing style translation

The main purpose of this paper will be to type the CPS translation from [5],
that is to say to define a type system suitable to be the target calculus of the
translation. In [5], the translation is indeed untyped, therefore failing at proving
the normalization or the soundness of the X[lw*]—calculus. In a recent paper [32],
these properties have been proved by means of a realizability interpretation a la
Krivine. The structure of this interpretation turns out to be very instructive on
the difficulties encountered when trying to type the CPS translation.

First, since the evaluation of terms is shared, the continuation-passing style
translation has actually to be combined with an environment-passing style trans-
formation. Second, as environments can grow during the execution, the realiz-
ability interpretation is defined to be compatible with environments extension’}

3 For a discussion on the benefits and drawbacks of local and global environment, we
refer the reader to [2].

4 Namely, the definitions of pole and truth /falsity values all include a component made
of an environment, and are stable under environment extension.
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The type translation will internalize this extensibility by means of a variant of
Kripke forcing. Last but not least, the translation has to handle problems related
to the uniqueness of names. In a nutshell, this is due to the fact that terms can
contain unbound variables that refer to elements of the environment. Therefore,
a collision of names can result in self-references and non-terminating terms. We
deal with this by refining the translation to use de Bruijn levels to access el-
ements of the environment, which also have the advantage of making it closer
to an actual implementation. Surprisingly, the passage to de Bruijn levels also
unveils some computational content related to the extension of environments.

The target calculus of our translation will then include typed stores and
a bounded second-order quantification over stores types, written VX <:7 and
reading “for any X extending 7”7, in order to account for store extensions. This
quantification is reminiscent of Cardelli’s System F .. [J], and we will name our
calculus Fr. Also, since we will use de Bruijn levels to access the elements of a
store (i.e. the variable n refers to the n'" cell of the store), an arbitrary extension
of the store may result in the necessity of updating de Bruijn levels to take this
extension into account. To this purpose, we will use explicit coercions to witness
the extension of stores. Interestingly, we will see that the definition of System Fy-
and the structure of the translation are related to the use of global environments
but that they are not peculiar to the call-by-need evaluation strategy.

1.5 Organization of the paper
We briefly outline the organization of the paper.

— Section 2 is devoted to a detailed introduction of the sequent calculi and
abstract machines using global environments that we study in this paper.
We begin with the introduction of the Milner Abstract Machine (MAM) for
the call-by-name A-calculus in Section [2.1] which we relate in Section[2.2)to a
variant of the call-by-name \pji-calculus with global environments. We then
present the by-need version of the MAM (Section , and we introduce
a variant with de Bruijn levels of Ariola et al.’s sequent calculus presen-
tation of a call-by-need A-calculus with control, called the X[lw*]—calculus

(Section [2.4).

— Section[3|focuses on the target system of the typed continuation-and-environment-

passing style translations that we present in the sequel. We first highlight
the guidelines of the translations in Section and in particular the Kripke
forcing-like manner of anticipating environments extensions, before intro-
ducing System Fr in Section [3.2] and some of its properties in Section [3-3]

— Section [4] dwells on two specific continuations-and- environments-passing
style translations: a call-by-need translation in Section and a call-by-
name translation in Section Both translations are shown to be type-
preserving thanks to the properties of System Fy.

— Finally, we conclude in Section [5| by emphasizing the connection between
environment and Kripke forcing, before presenting perspectives and further
work.
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tu o= x|tu| Azt tu x m™ *xT —e t X U-T x T
T a=c¢elt-om Azt x u-m ox T —p t * w * T[T :=T7]
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(a) Milner Abstract Machine

tu = z|tu| Azt tux S+ FE = tx (uk)-S~FE
S = ¢e|(t,E)-S Axt x (U,E')-S x E =gt %S * Elz = (u,FE)
E = ¢|Elx:=t,E)] |z * S x E[r :=(,E)|E" —s t xS x E'

(b) Krivine Abstract Machine

Fig.1. MAM vs KAM

2 Computing with global environments

In this section, we recall and introduce several calculi and abstract machines
that have in common that they use a form of global environments to perform
substitutions. As such, what we call global environments somewhat behave like
(lazy) explicit substitutions or particular stores. To draw the comparison with
the usual notions of stores and environments, two things should be observed.
First, the usual notion of store refers to a structure of list that is fully mutable,
in the sense that its cells can be updated at any time and thus values might be
replaced. In our case, cells might be updated but only to replace an unevaluated
term by its corresponding value. Second, the usual notion of environment desig-
nates a structure in which variables are bound to closures made of a term and an
environment. In particular, terms and environments are duplicated, i.e. sharing
is not allowed. Such a structure resembles a tree whose nodes are decorated by
terms, as opposed to a machinery allowing sharing (like ours), whose underlying
structure is broadly a directed acyclic graph.

2.1 The Milner Abstract Machine

Even though it is far from being the most known abstract machine, the Milner
Abstract Machine (MAM) is probably the easiest presentation of an abstract ma-
chine for the (call-by-name) A-calculus that uses a single global environment [IJ2].
A state of this machine is made of three components:

— a code t for a term ¢ which is not considered up to a-conversion,

— a stack 7 which contains the arguments of the current code, that is to say a
stack of codes,

— a global environment 7, which is a list storing the (delayed) substitutions
generated by the redexes encountered so far.

The machine is given in Figure [I} where we follow the notations of [2] to denote
reduction rules: we write —g for the S-reduction rule, —5 for the rule which
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somehow performs a substitution, and —. for the commutative transition. By
considering invariants of the machine, one can easily prove that the Milner Ab-
stract Machine soundly implements the call-by-name evaluation strategy for the
A-calculus [IJ.

It is worth noting that the soundness of the execution crucially relies on the
uniqueness of names in the environment. Incidentally, this requires the possibility
of an on-the-fly a-renaming process. Executing twice a term bounding a variable
x in different contexts (say (Az.t)u and (Az.t)v) could indeed result in linking
two different terms to the same name in the environment. This is avoided by
asking in the —; rule that if = is linked to some term ¢ in the environment 7,
accessing « results in executing a code I” that is a-equivalent to ¢ and such that
any bound name in " is fresh with respect to those in the current stack = and
environment 7. In the sequel, we will explicitly use De Bruijn levels to handle
this kind of issues.

On the contrary, most of the abstract machines of the literature implementing
the call-by-name or call-by-value evaluation strategies for the A-calculus (e.g.
the Krivine Abstract Machine [22], Landin’s SECD machine [24], Felleisen and
Friedman’s CEK machine [13], Leroy’s ZINC machine [26]) uses many local
environments. In these machines, the concept of closure, that is a term taken
with an environment under which it can be seen as a closed term, plays a central
part. As an example, we give in Figure [1] the definition of the Krivine Abstract
Machine (KAM). In comparison with the MAM, it is interesting to observe that
the definitions of environments and closures are mutually recursive. Notably, it
presents the advantage that the locality of environments makes the a-renaming
process useless. While this design with a local environment presents some benefits
over machines with global ones (among other things in terms of complexity [2]),
it has the drawback of being incompatible with lazy evaluation strategies which
require to share computations and memory bindings.

2.2 The Apji-calculus with global environments

Before dwelling on the by-need variant of the MAM, let us briefly explain how the
MAM could easily be expressed under the shape of a sequent calculus. We present
here a variant of the call-by-name Apji-calculus extended with a global environ-
ment [I1]. The syntax of the usual Auji-calculus is divided in three categories:
terms, which represent programs; evaluation contexts (or co-terms); commands,
which are pairs of a term and a context representing a system that contains
both the program and its environment. Then, as in the MAM, we extend the
syntax with environments made of delayed substitutions. The notion of evalua-
tion context is a generalization of the notion of stacks where fia.c can be read
as a context leta = [ ]inec. As for terms, the p operator comes from Parigot’s
Ap-calculus [36]: pa binds a context to a context variable « in the same way
fia binds a proof to some proof variable a. In particular, as we shall see now,
it allows terms to capture evaluation contexts and as such plays the role of a
control operator.
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Values Vo= dxt .
Terms tun=V |z | pac Environment 7 :=¢ |7z :=1t]|T[a:=E]
Commands cu=(t|e)
Co-values FE:=t-FE|a Closures e or
Contexts e=FE|jz.c
(LET) | pz.c)T — etz =t
(CarcH) (pa.c| E)T — ctla = E|
(LooKkuP,) (z | E)r[x .= t]7’ — {t| E)rlz =t
(LOOKUP,) (V] a)r[a := E]T’ — (V| E)r]a := E]7’
(BETA) (Az.t|u- E)T — (u| pz.(t | E))7

Fig. 2. Call-by-name Apji-calculus with global environments

The syntax and reduction rules are given in Figure [2| in which terms and
contexts are implicitly considered up to a-conversion in order to preserve the
uniqueness of names in the environment. It is easy to see that on its intuitionistic
fragment (that is without the classical control pa), this calculus behaves exactly
as the MAMP] Observe that the reduction rules for p is restricted to co-values,
which enforces the call-by-name reduction strategy. Call-by-value is obtained
by relaxing this constraint and by dually constraining the reduction of fi to
values [I1]. As for the typing rules, they will be easy to deduce from the type
system we will introduce for the X[lm*]—calculus in Section we thus let them
as an exercise for the reader.

2.3 The Milner Abstract Machine By-Need

The call-by-need evaluation strategy of the A-calculus evaluates arguments of
functions only when needed, and, when needed, shares their evaluations across all
places where the argument is required. Therefore, abstract machines implement-
ing the call-by-need evaluation have to allow for some kind of global environment
in order to share computations [39/10]. The Milner Abstract Machine can easily
be modified to obtain such an abstract machine, called the Milner Abstract ma-
chine by-neeD (MAD) [I]. The main idea consists in adding a dump, which is
used whenever the code is some variable z within an environment 7 [z = t]7o:
the machine momentarily focuses on the evaluation of ¢ in 7; while saving the
current stack together with the rest of the environment 75 and the variable x

® The reader unfamiliar with the Apjfi-calculus might be puzzled by the absence of
a syntactic construction for the application of proof terms. Intuitively, the usual
application tu of the A-calculus is replaced by the application of the proof ¢t to a
stack of the shape u- E. The usual application can be recovered through the following
shorthand: tu £ pa.(r | u-«). It is then an easy exercise to show that the MAM
can be simulated within the A\pjfi-calculus with environments, see Appendix
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tu « m * T * D —e, L KT K T * D
Azt x - *x T * D —5 t *x ™ % Tlx:=u] xD
x * ® xTlz:=17" %D e, L ox £ % T * (x,m,7') 2 D
T ox £ * T *x (z,m,7") 2D —=s V¥ x ® *7[x:=70]7 *D

Fig. 3. The Milner Abstract by-neeD machine

on the dump. Then, if this computation eventually produces a value V in an
environment 71, the machine goes back to the former computation within the
updated environment 71 [z := V]72. The machine is given Figure 3] where envi-
ronments 7 and stacks 7 are defined as in the MAM, and where dumps are given
by the following grammar:

D:=¢|(x,m,7):D

2.4 The X[lw*]-calculus

If the MAD arguably provides us with the easiest presentation of a lazy ab-
stract machine, it does not directly lead to an operational semantics for con-
trol operators (or, equivalently, to the definition of a continuation-passing style
translation). While the addition to the KAM of the call/cc operator, which
allows to capture the current stack into a continuation, is very natural, it is
less obvious to determine its behavior in the MAD. Especially, it is not clear
a priori how control operators should handle the global environment and the
dump. More generally, the problem of soundly defining a CPS translation for
the call-by-need A-calculus turns out to be trickier than in the call-by-value and
call-by-name cases. In particular, a first attempt by Okasaki, Lee, Tarditi [35]
was latter shown to be non-normalizing on simply-typed terms [5].

In [B], the authors apply the methodology of Danvy’s semantics artifacts
to mechanically derive a continuation-passing style translation from a sequent
calculus presentation of classical call-by-need. Starting from a specific evaluation
strategy for the Apji-calculus, they finally obtain a small-step sequent calculus,
the X[lw*]—calculus, from which they get an untyped CPS translation almost
for freeﬁ The X[lw*]-calculus can be understood as a refinement of the A\juji-
calculus with explicit environments (see Section . Before introducing our
variant of this calculus using De Bruijn levels, let us first stick to names in order
to emphasize the main differences between both calculi, which are:

— a new binder, written fi[z].(z | F)7’, which is used to implement laziness as
we shall explain;

— a subdivision of values (resp. co-values) into two categories of weak and
strong values (resp. catchable and forcing contexts).

6 See Appendix for the original definition of the X[lw*]—calculus and the corre-
sponding untyped CPS.
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Strong values correspond to values strictly speaking. Weak values include vari-
ables, which force the evaluation of terms to which they refer into shared strong
value. Their evaluation may require capturing a continuation. Dually, catchable
contexts are co-values strictly speaking, while forcing contexts are contexts ea-
gerly asking for a strong value, which may trigger the evaluation of terms lazily
stored. In details, the lazy evaluation of terms allows for the following reduction:

(pacc| px.c')y — [x = pa.c|

In this case, the term pa.c is left unevaluated (“frozen”) in the environment,
until possibly reaching a command in which the variable x is needed. When
evaluation reaches a command of the form (x | F)7[z := pa.c|7’, the binding is
opened and the term is evaluated in front of the context written f[z].(z | F)7':

(| F)rlz == pa.cr’ — (po.c| plz].(z | F)r')7

The reader can think of the previous rule as the “defrosting” operation of the
frozen term pav.c: this term is evaluated in the prefix of the environment 7 which
predates it, in front of the context fi[z].(z | F)7" where the fi[z] binder is waiting
for a value. This context keeps trace of the part of the environment 7/ that was
originally located after the binding [z := ...]. This way, if a value V is indeed
furnished for the binder fi[z], the original command (z || F') is evaluated in the
updated full environment:

<V H alz] (x| F>T/>T = (V| F)r[z = V]’

The brackets in fi[z].c are used to express the fact that the variable x is forced
at top—leveﬂ Especially, it allows us to keep the standard redex at the top of a
command and avoids searching through the meta-context for work to be done.
As such, reduction rules of the X[lv”]-calculus are close to the ones of the MA

Last but not least, the different syntactic categories can be understood as
the different levels of alternation in a context-free abstract machine (see [5]): the
priority is first given to contexts at level e (lazy storage of terms), then to terms
at level ¢ (evaluation of ua into values), then back to contexts at level E and so
on until level v. These different categories are directly reflected in the definition
of the untyped continuation-passing style defined in [5] (see Appendix, and
will thus be involved in the definition of our typed translation as well.

De Bruijn levels Ariola et al.’s presentation of the X[lv”]—calculus deeply relies
on the assumption that names of variable are unique and thus on the possibility
of performing a-conversion on—the—ﬂyﬂ In turns, we will use de Bruijn levelﬂ

" Unlike meta-contexts of the shape fiz.C[(z | F)] in the X\;,-calculus, see [5].

8 In fact, it is an easy exercise to simulate the MAD within the X[ZUT*]—calculuS. We
outline this construction in Appendix

9 See Appendix for more details on problems related to a-conversion

10 De Bruijn levels were originally introduced as a reversed notations for de Bruijn
indices [§]. While they have been much less used, levels have the significant benefits
that variables referring to the same binder have the same name.
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Strong values v =k | Az;.¢ Stores Tu=c¢| Tl :==t] | T[as := E]
Weak values Vi=v|x Commands ¢ == (t|e)

Terms tu =V | pa.c Closures l ==cr

Forcing contexts F:=k|t-FE

Catchable contexts FE := F | ;| pzs].(mi | F)7

Evaluation contexts e = F | iz;.c

LET) (t| fzi.c)T clan/xi)T[Tn =t with |7| =n
CATCH) (po.c| E)r clan /i) Tam = E with |7| =n
LOOKUP,) (V| an)T (V| r(n))r

<t H ﬂ[mn](mn I F)T,>Tv
(V15 FYr[zn = V](135'7) with |7| = n
<u || axs(t| E>>7'

Ll

RESTORE) (V| filai].(z; | F)7')7

(
(
(
(LOOKUPy)  (@n | F)T[zn = t]7’
(
(BETA) Az t|u- E)T

Fig. 4. The X[lw*]—calculus with de Bruijn levels

for variables (and co-variables) that are bound in the environment. Just as de
Bruijn indices are pointers to the correct binder, de Bruijn levels are pointers to
the correct cell of the environment. We use the mixed notation ] z; where the
relevant information is z when the variable is bound within a proof (that is by a
binder A or fi), and where the relevant information is ¢ once the variable has been
bound in the environment (at position 7). For binders of evaluation contexts, we
similarly use de Bruijn levels, but with variables of the form «;, where, again,
« is a fixed name indicating that the variable is binding evaluation contexts,
and the relevant information is the index ¢. The corresponding syntax is given in
Figure [d] where the presence of names in the environments is absolutely useless
and only there for readability.

As the environment can be dynamically extended during the execution, the
location of a term in the environment and the corresponding pointer are likely
to evolve (monotonically). Therefore, we need to be able to update de Bruijn
levels within terms (contexts, etc.). To this end, we define the lifted term 1/t as
the term t where the free variables z; (resp. a;) with j > n have been replaced
by 1, (resp. O‘HJ')E The reduction rules are given in Figure 4} Note that we
choose to perform indices substitutions as soon as they come, maintaining the
property that z,, always refers to the (n + 1)*® element of the environment.

Regarding the type system, we consider nine kinds of (monolatere) sequents,
one for typing each of the nine syntactic categories. We write them with an
annotation on the - sign, using one of the letters v, V, t, F', E, e, [, ¢, T:

'l 't T I't.e: T
IFee by VT Ity E:TL
. 7:1" I',v:T kp F:TL

11 Note that we could also use usual de Bruijn indices for bound variables within terms.
12 Gee Appendix for a formal definition
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(k:T)eS Nz, :THt:U |I'l=n I'(n)=(xn:T) T'tyv:T
'y k:T 'y A t: T —U 'ty xn: T 'y ov:T

(k:T)ES I't:T T'bgE:UY Nop:TYvec |[M=n I[kpF:T"

I'rpe:TY  Tbkpt-E: (T =-U)* I'Ft pan.c: T IkpF:.T%
I(n)=(an:T") La:T,"Fp F:TY Lag:Thr: I |Il=i pr,y.7
I'kgay,: T I'bg ple) (o | F)yr: T - Vv:T
Nop:T4vree |[=n TrFpE:TY  TLan:Thee |[I'|=n
Ity pom.c: T . E:.TH I'be fign.c: T I'bre:e
Fber:I" LIt T LT =n I'byt:T Thee:TH
Ik 7lon =t : Tz, : T Tk {t]e)
I'.r:I"  LI'FgE:T*% |II'|=n Il'bec Thor:I7
'y Tlan = E): I ay : T I'ker

Fig. 5. Typing rules for the X[lvT*]-calculus with de Bruijn levels

where types and typing contexts are defined by:
T.U:=X|T—=U Fi=¢|lNa:T| o T

Sequents typing values and terms are asserting a type, with the type written on
the right; sequents typing contexts are expecting a type T with the type written
THL: sequents typing commands and closures are black boxes neither asserting
nor expecting a type; sequents typing environments are instantiating a typing
context.

The typing rules are given on Figure [5| where we adopt the convention that
constants k and co-constants k£ come with a signature S which assigns them a
type. The typing rules are the same as for the named calculus [32], except for
the one where indices should now match the length of the typing context. As in
the named case, this type system enjoys the property of subject reduction.

Theorem 1 (Subject reduction). If I't;er and et — 't/ then 'y /7.

Proof. The proof proceeds by induction on typing derivation, and is almost the
same as in the case without de Bruijn levels [32] Theorem 1].

3 Quantifying on environment extension: System Fy

We shall now introduce System Fy, the calculus that we will use as the target
of several continuation-and-environment-passing style translations. We insist on
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the fact that our purpose is to isolate the minimal ingredients that are necessary
to define a generic target calculus, independently of the source languages (here
simply typed calculi). We shall warn the reader that our interest in a minimal
and generic system has the trade-off that its definition is quite technical. To
ease the introduction of System Fy, we first describe the intuitions guiding the
translation of types (which we only outline in this section), highlighting the
different features that it requires. As we will explain, the definition of Fpy will
be partially parameterized by the translation of formulas, making it usable for
translating different calculi with global environments as we will see in Section

3.1 Guidelines of the translation

Before presenting in detail the target system of the translation, let us explain
step by step the rationale guiding the definition of the translation. Because of
the sharing of the evaluation of arguments, the environment associating terms
to variables has to be passed around. Passing the environment amounts to com-
bining the continuation-passing style translation with an environment-passing
style translation. Additionally, the environment is extensible, so, to anticipate
extension of the environment, Kripke style forcing has to be used too, in a way
comparable to what is done in step-indexing translations. To facilitate the com-
prehension of the different steps, we illustrate each of them with the translation
of the sequena Ao ALY b:Ble: C.

Step 1 — Continuation-passing style. In a first approximation, let us look only
at the continuation-passing style part of the translation of a X[l'u‘r*] sequent.

As shown in [5] and as emphasized by the definition of the realizability in-
terpretation in [32] reflecting the 6 nested syntactic categories used to define
XUUT*], there are 6 different levels of control in call-by-need, leading to 6 mutu-
ally defined levels of interpretation. We define [A — B], for strong values as
[A]: — [B]E, we define [A]F for forcing contexts as = [A],, [A]v for weak
values as = [A]r =2 [A],, and so on until [A]. defined as % [A], (where we
use the notations 5 A2 A — | and "' 4 £ - 2 A).

As observed in the realizability interpretation [32], hypotheses from a context
I' of the form a : A% are to be translated as [A]z =2 [A], while hypotheses
of the form = : A are to be translated as [A], =% [A],. Up to this point, if
we denote this translation of I" by [I'], in the particular case of I' ; A the
translation is [I'] - [A]; and similarly for other levels.

Ezample 1 (Translation, step 1). Up to now, the translation taking into account

the continuation-passing style of a : A, : AL b: BF,e: C is simply:

[a:A,a: AL b:BF.e:C)=a :JA]]t ya:[Alg ,0:[B]: Fle]e: [C]e
=a:=[A], ,« =) [A]s ,b:= [B]o F [e]e 2 [C].

13 We omit de Bruijn levels for the moment and we write a : A,b : B, ... instead of
xz:T,y:U,.. for the sole purpose of easing readability.
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Step 2 - environment-passing style. The continuation-passing style part being
settled, the environment-passing style part should be considered. In particular,
the translation of I F; A is not anymore a sequent [I'] - [A]; but instead
a sequent roughly of the form F [I'] — [A];, with actually [I'] being passed
around not only at the top-level of [A]; but also every time a negation is used.
We write this sequent F [I'] > A where > A is defined by induction on ¢ and A:

[[>:A =[] — ([IpeAd) — L = [I]— ([I'] = ([L]pvA) - L) > L -

Moreover, the translation of each type in I" should itself be abstracted over the
environment at each use of a negation.

Ezample 2 (Translation, step 2). Up to now, the continuation-and-environment-
passing style translation of a : A,a: A b: B, e: C is:

[a:A,a: A b:BF.e:Cl= Fle]e:a:Aa: A b: B>, C
= Flee:[a:Aa: A b:B] = (Ja: A,a: AY b B]> C) — L= ...
where:
fa:Aa: ALY b:Bl=Ja:A,a: AL], b:a: A,a: AL]> B
=Ja:Aa:AL], b:fa: Aya: AL] = (Ja: A,a: AL)op B) - L= ...
[a:Aa:AY]=[a:A], a:[a: Ajog A
=Ja:A], a:fa: A] = (Ja: A] > v>gA) > L =...
[a:A)=a:evy A = a:4[A],

Step 3 — Extension of the environment The environment-passing style part being
settled, it remains to anticipate that the environment is extensible. This is done
by supporting arbitrary insertions of any term at any place in the environment.
The extensibility is obtained by quantifying over all possible extensions of the
environment at each level of the negation. In the realizability model, this was
reflected by the compatibility of realizers with any environment extension [32].

For this purpose, we use as a type system an adaptation of System F.. [0
extended with stores, defined as lists of assignations [z := t]. Store types, denoted
by 7', are defined as list of types of the form (z : A) where x is a name and A
is a type properly speaking and admit a subtyping notion 7’ <:7" to express
that 77 is an extension of 7. This corresponds to the following refinement of the
definition of [I'] >y A:

[Iee A=VY <:[I'].Y - T>pA) - L
=Vr<:[I']Y - (VY' <Y -7 py A—L)— L=..

Such a quantification is reminiscent of Kripke forcing [21]: thinking of store types
T as worlds, the accessible worlds from 1" are precisely all the possible 77/ <: 7.
To emphasize this correspondence, we give here the translation of the arrow both
in Kripke models and in our setting, where the forcing translation is interleaved
with the continuation/environment-passing parts:

Yo, T —-U VW< Y=Y T)» YrplU)— L
wl-FA= B Yw' > w. WwiFA = J'IFB

ey
ey
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Ezample 3 (Translation, step 8). The translation, now taking into account store
extensions, of a : A,a: A% b: BF, e: C becomes:

[a:A,a: AL b:BF.e:Cl= Fle]e:Ja:Aa: AL b: B]>. C
= Flee: VY <:fa:Aa: AL b:B]Y - (T C) = L= ...

where:

f[a:Aa: ALY b:Bl=[a:Aa: AY], b:[a: A,a: AL, B
=la:Aa: AL], bV <:[a: A,a: AL]Y - (TopB)— L =..
Ja:Aa:AL])=[a:A], a:[a: Ajog A
=Ja:A], a: V¥ <:Ja: A].T - (T>y A) —» L = ..
[a: Al =a:epy A = a: V1T - (Tpd)— L

The only remaining step is to take into account de Bruijn levels both inside
the source and target languages. Therefore, in the target language stores are
simply defined as lists of terms while store types are lists of types (that is to
say A, A ... instead of a : A, : A, ...). Interestingly, de Bruijn levels will
give a computational content to the subtyping relation 7’ <: 7" through explicit
coercions ¢ : 7" <: T mapping each type in 7" to the corresponding type in 7”.

3.2 System Fy

The target language of the continuation-and-environment-passing style trans-
lations we will present in the next section thus includes the different features
that we previously evoked. Namely, the target language is defined as the usual
A-calculus extended with stores (that are lists of terms) and coercions to keep
track of store extension and to update pointers. As for its type system, it contains
simple types as in the source language and a bounded second-order quantifica-
tion over store types. We refer to this language as System Fy which syntax of
terms is given by:

T tun=k|x|Axt]|tu] As.t|to | Aot |tr
(Terms) | split 7 at n along o as d1,x,02 in t
(Coercions) o w=c¢l|s|ot|flo]|d’ oo

(Stores) T ou=[0| [t [tle |7

while types are defined by the following grammar:

(Types) AB:=X|A=>B|VW<TA|Tp, T - A
(Store types) T =0|TY |1 F

(Simple types) WU :=X|T—-U Fu=T1T%"

(Typing contexts) I' o= |Nz:A|s:Y<T|[,6: T, Y

As we shall explain thereafter, the variable Y is actually a shorthand for a vector
of second-order variables. We also assume that types contain at least a constant
for each atomic type X of the original system, and we still denote this constant
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(gr::A)eFM (k:A)eS(C) I''z:AFt:B N I'Ft:A—> B Fl—u:A(@)
I'Fz:A I'Fk:A I'FXxit:A— B I'Ftu:B

F,62T0DTT1|_tZB (1) F"t:ToDTT1—>B F"T:T()DTT1
T'FXt:Too, 1 — B ° I'Ftr:B

Is:Y<:THt:A Y¢FV() “n I'-t:VY<:TA I'Fo: 7' <:T g)
E
T'FXst:VY <:T.A ! I'Hto: A{Y :=7"}
F"Tiro,T,Tl
'Fo:0,T,7 <0, T, 11
I' + split 7 at |Yo| along o as o, x,01 int: B

(TE)

F,(So:Té,l’ZTé > T, 01 ZTé,TDTTll'_tZB

(split)

Ier: X, T4y

Fho: L0 T T <7, T 7, oo : Yo, x:YoeT 6 : Y5, T e, Y Ht: B

(splitjl)
I' - split 7 at || along o as do,z,01 int: B

'tt: Yoy T I'tt: YT
(e) (1¢) o (&)

IF[]:00,0 TFt):To,T IFite:To, T
(6:Yo>- V)Tl r'7:Yp,: 7 r=+:,1)e, 7 )
Tro: Too, 7 0 7 Yo, 1,7 )

(S : 1A/<i5 1”) (S r I o ]ﬁ/ <: T

(<) o (<:ax) T S (<:4)

'te:0<:0 I'kFs:Y'<:T I'to™: (Y ,F)<: (1, F)
I'Fo:7T'<:Y (<i0) 'Fo:7T'<:T F"O'/:T”<ZT/(<')
o (Y, F)<:T ! I'ko'oo:7"<:T °

Fig. 6. Typing rules of System Fr

by X. This allows us to define an embedding ¢ from the original type system to
this one by:

UX) =X UT = U) = (T) — o(U)

To alleviate notations, we will identify ¢(7") and T in the sequel of the paper.

Regarding the reduction rules of the language, there are only four of them,
three witnessing the usual S-reduction (for application to terms, stores and co-
ercions) and one to split stores with respect to a given index:

(Ax.t)u — tlu/x] (Ao.t) T — t[7/d] (As.t) o — tlo/s]

split 7o[u]m at n along o as 01, z,062 in t — t[19/do, u/x, T1/61]
where |79| = [o](n). For the last rule, we assume that the coercion o is com-
putable (that is without variables) and [o] refers to the partial function from N

to N associated to 0. We will come back to this in the next section, we refer the
reader to Example [4] for a comprehensive example on coercions.
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We shall attract the reader’s attention on several aspects of the typing rules,
which are given in Figure [f] and include three kinds of typing sequents: one for
terms, one for stores and one for coercions. First, observe that we introduce a
new symbol 7°>, 7" to denote the fact that a store has a type conditioned by 7"
(which should be the type of the (missing) beginning of the store). In order to
ease the notations, we will sometimes write 7" instead of § >, 7" in the sequel.

Second, notice that the typing rules to form and split stores are parameterized
by two translations of simple types written 7' >; T and 7 > T. These notations
are shorthands which we will define later when typing the continuation-and-
environment-passing style translation in Section [4] (we will for instance translate
asequent I' by t : T by F [¢]: : [I'] >¢ T). In particular, this will allow us
to use the same type system for different translations, since 7" t>; T will be
defined differently depending on whether we consider a call-by-need or call-by-
name translation. Incidentally, this also means that the rules to type stores
force elements of the store to have types following the structure of types obtained
through the translations. Even though this could appear as a strong requirement,
it appears naturally when using coercion to witness the inclusion 7’ <: 7. Indeed,
with de Bruijn levels we need to update pointers when inserting a new element,
and such an operation would not have any sense (and in particular would be
ill-typed) for an element that is not of type 1" >, TE Besides, note that each
element of the store has a type depending on the type of the head of the store.
Once again, this is natural and only reflects what was already happening in the
source language or within the realizability interpretation.

Last, but not least, we shall explain that the quantification VY <: 1. A is actu-
ally a (voluntarily) simplifying notations hiding the need for considering vectors
of second order variables. Indeed, remember that we need to anticipate arbitrary
insertions of any terms at any place. For instance, this means that a store [¢]:[u]g
of type >, T, UL might be arbitrarily extended into a store 7o [t]; 71 [u] g2 of type
>y To, T, Ty, UL, Ty where T; = Ty, ..., Ti, and where we write Ty, T, Ty for
the flatten list Tyo,T01,...,T,T10,.... Therefore, we should strictly speaking
consider the second-order variable Y in the quantification VY <:7.A as a vector
of vector of types, whose length is fully determine by the one of 7". Writing Y}
for the vector of types Yio,...,Ysp, we should then formally define VY <:7.A4
as:

vY'Po L VYPr (YT (0) Y Y1) .. Y ) < T — A

where n = |Y|. Observe in particular that the vector of vectors Yyl =yro . ypr
is interleaved with the types in 1", so that we only quantify over the extensions
while the type of the extended store is defined by interleaving the quantified
types and the existing ones.

We do not want to enter here into too many details about vectors and the
definition of our subtyping relation, but readers familiar with type theory should
easily be convinced that both are perfectly definable in any language with a form

' One could circumvent this by tagging each cell of the store with a flag (using a sum
type) indicating whether the corresponding elements have a type of this form or not,
but here it would only make the translation more complex.
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of dependent types allowing for the definition of (sized) vectors. In particular,
such a structure could be defined in Coq or Agda without any further difficul-
ties. Even though considering the size of vectors will be crucial to ensure the
correctness of the definition in Figure[6] to ease the notations we will omit them
most of the time and stick to our simplified quantification VY <:7". For most of
the definitions and proofs, it is enough to know that any store type has a size
(which might depend on some integers), and that consequently, any typed store
7 : 7 also has a size which coincides with the one of its typ

3.3 Properties

We shall now state a few properties of system Fy, and in particular of coercions.

Properties of system Fy We begin with stating basic properties of the system
that are independent of the translations 7 >; T and 7 >g T that parameterize
the type system. First, it is clear that the type system is compatible with the
following weakening rule:

I'-t:A rrcr’
I''-t: A

(F'w)

We can verify the safety of types with respect to reductions:

Proposition 2 (Subject reduction) For any context I', any type A and any
terms t,t', if T+t: A and t - t', then ' -1 : A.

Proof. See Appendix

Normalization It should be clear to the reader that system Fy could be defined
through a more expressive language including a form a dependent types and a
second-order quantification. In particular, it could be expressed within many
type theories or proof assistants, which especially implies that typed terms are
normalizing. Combined this with Ariola et al.’s result of operational correctness
for the CPS translatiorﬂ this would provide us with an normalization proof
for the X[lw*]—calculus. Once again, we could make this statement more formal
but as we already dispose of a proof of normalization for the X[lw*]—calculus, we
prefer to focus on the details of the different translations.

Coercions We say that a coercion is in normal form if it contains neither
variables nor compositions of coercions. Formally, these coercions are given by
the following grammar:

Normal forms ou=c|ot| fo

!5 In particular, when considering a variable 6 : Y, we define |6| as |Y].
16 Tndeed, once the coercions erased, our translation is essentially Ariola et al.’s trans-
lation, hence we could benefit from their result of computational correctness.
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Interestingly, when two coercions are in normal form, it is possible to compose
them to compute another normal form. In other word, we can define the com-
position function — ® — between coercions in normal form by:

of @0 £ (010 00)" flor © 09 24101 © )
oy © foo £1M(o1 © 00) E@og=0f Oec2e¢
We can verify that this function is sound with respect to the typing rule for

composing coercions:

Lemma 3 (Composition of normal forms) If o,0’ are coercions in normal
forms such thatt o : T <7 and Fo' : V' < T", thento' ®o: T <:T".

Proof. Direct by structural induction on o¢”.

This lemma suggests us that we can actually consider a slightly larger frag-
ment that includes compositions, since we are able to compute them to get
normal form. We define computable coercions as being coercions of the shape:

Computable coercions ou=c|ot| fo|o oo

We can in fact safely reduce properties of computable coercions to the ones of
normal forms:

Proposition 4 (Computing normal forms) For any computable o, if I' +
o : Y <:T then there exists o, in normal form such that I' o, : 7' <:7T.

Proof. By induction on typing derivations, using the previous lemma for ¢’ o o.

It is worth noting that for any ¢,7,7”, if - o : 7/ <: 7, then o is necessarily
computable. We then deduce as a corollary of the previous proposition:

Corollary 5 If Fo:7' <Y, then |Y| < |Y|.

Proof. Using the previous proposition, we can reduce this to the case of o in
normal forms. The proof then proceed by easy structural induction on o.

If a computable coercion is typed by F o : 7/ <: T, we can actually identify it
with a partial monotone function from [0, [Y]] to [0, [Y’|] which intuitively maps
the index of every type in 1" to its corresponding index in 7.

Formally, if o is a coercion in normal form (if it is computable we first re-
duce it to a computation in normal form), we define its domain dom(o) and its
codomain codom(c) by:

dom(g)
codom(g)

0 dom(c™)
0 | codom(c™)

dom(o) +1

dom(fi¢) £ dom(o)
codom(o) + 1 =

codom(fo) codom(o) + 1

L L
L L

We then associate to o the partial function [o] from [0, dom(o)] to [0, codom(o)]
defined by:

[e] £ {0~ 0} [fo] 2 {n < dom(a) ~ [o](n)
[o*] = [¢] U {dom(c) — codom(c)} n = dom(o) — [o](n) +1
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Notice that [o] is always a strictly monotone function. We can check that these
definitions are indeed in adequacy with the intuition we gave above:

Proposition 6 (Associated function) If o is in normal form and s.t. - o :
Y <71, then:

1. dom(c) = |7 3. Yn < Y, ([c](n)) =7 (n)

2. codon(o) = 1| 4. [oI(T) = 1T

Proof. See Appendix

This proposition thus opens the way for proving properties of computable coer-
cions through their associated functions.

Ezxample 4. As an example, we let the reader verify that for any types T, U, Ty, T1,
if we denote by o for the coercion f}((fte)™") which is in normal form, we have:

0 2
(1)) Ty T, U, Ty << T, U o1 (2],
—[o]:{ 1—2 “w N v
— dom(o) = 2, codom(c) =4 24 |T“ T | Ull\
0 2 3 4

Visually, this corresponds to the situation pictured on the right.

Last, we introduce the following shorthands:

o0t Lo oD+ & (gH)k+ o 2o e 208 (o)
idg =0 id,y 1 = (id,) ™" shiftk 29Fid,

that will be useful when defining the translations. Indeed, we have that:
Lemma 7 (Shifts) For any Yo, 7,11, writing n = |1o| and k = |11| we have:
I'to: 7)< 7
T'-oft 7 <1 'k shifth . o7 <71

Proof. Both proofs are easy inductions on |13].

Lifting terms and stores Finally, we conclude this section by showing how
terms and stores can be lifted using coercions for their types to remain consistent
while extended stores are passed in the translations. First, we show that the
bounded quantification can be composed with a subtyping relation witnessed by
a coercion o, by precomposing terms with o. Given a coercion o of type 7/ <: T
and a term ¢t whose type is of the shape VY <: 1. A, we define:

(17t) £ Xs.t (so )
Lemma 8 The following rule is admissible:

I'-t:VW<TA I'Fo: 7' <7
'k (1%t): VY < 7. A

(7)

Proof. See Appendix
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When the translations 7 >; T and 7 > T are of the shape VY <:7T...., this
definition can be scaled to stores by setting:

17(e) 2 e 17([ther) 2 (18,17 7) ([t s7) 2 (186 (17 1)

Observe that in a store [t];[u];7, t is lifted with o while v is lifted with o+ (and
so on recursively). This is due to the fact that if o is of type 7’ <:7 and the
store of type 1 >, T, U, ..., the term ¢ is then of type T >; T and can be lifted
with o. In turns, u is of some type 7, T >; U and thus requires to be lifted with
a coercion of type Y’,T <:T,T, that is to say oT. More generally, we deduce
from the former lemma the following corollary that will be crucial when typing
the translation of terms:

Corollary 9 If T > T (resp. Y >g T) is of the shape VX <:T.F (X, A) (resp.
VX <:T.G(X,T)), then the following rules is admissible:

I'tr: 1>, T T'Fo:11<: 7
r-@®r): e, T

Proof. See Appendix

4 Continuation-and-environment-passing style
translations

We are now equipped to define typed continuation-and-environment-passing
style translations to system Fp. These translations exactly follows the intu-
itions outlined in Section We first focus on the case of the (call-by-need)
X[lm*]—calculus, and then illustrate the generality of our method by giving a
translation for the call-by-name Auji-calculus with environments. Theses trans-
lations also apply to the MAD and the MAM through the adequate embeddings

(see Appendix . A call-by-value translation is also given in Appendix

4.1 A typed call-by-need translation for the X[lv.,.*]-calculus

Translation of terms We can now take advantage of the features of system
Fr to type Ariola et al.’s untyped translation for the X[lw*]—calculus (given
in Figure [13]). This translation was obtained by refining the reduction system
(see Figur into a context-free abstract machine (that is to say an abstract
machine in which it can be decided which reduction rule to apply by analyzing
only the term or the context independently) [5]. The translation of terms is
nothing more than the untyped translation of Ariola et al. rephrased to handle
De Bruijn levels and coercions. Along the translation, we maintain two invariants
on de Bruijn levels:

1. Stores are always consistent, that is, in a store 7[t],7, ¢ has its levels coherent
with its prefix 7, and ignores its suffix 7/. In terms of types, if 7 is of type
T, t will be of a type T >, —.
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zit]y o TuE = [t]; o 7[u] TShift\lf\E [k]l. = k
[t-ElrocTv & v idjr 7 (P7[tle) (1°[E]e) [klr & &
[v]lverF £ F idjr T (17 [v]w)
[xi]voTF £ split 7 at i along o as 0o, T, 01

in @ idjsy| do (AsSGV.V (shift? ) (56[1" V] Ts+61) (TU/F))
where 1 — ‘(50‘ _ [[0']](2)7 k= |(56| —n, p=101]+1, o = sPt
and MV = AséE.Eid;s 6 (1°V)

[as]le o TV £ split T at i along o as g, 2,61 in x (shiftlgé}_"l) TV

[Alw] (@i | F)'ls oV 2V shige” ™ A1t V] [7]) (17 [Fle)

where k = |7/| + 1, ¢/ = oF "
VlierE £ Eidy 7 (1 [V]v) [pes.cli o E 2 [deot r[E]s
[Eleort £ tid, 7 (17[Ele) lazicle ot & [c]ec ot T[t]e
[erlio " £ [c]e o' 7 (17[7]-) . [tlelcor 2 [e]e o (17[t])

where k = |7'|, o' = ¢

[rolei :=tll- £ [rol-[lthele  [el- = [rolas := Ell- = [ro]-[[Ele]e

Fig. 7. Call-by-need translation of terms

2. Continuations/terms that are passed with a store are always consistent with
it, i.e. they do not need to be lifted and their types match the store type.

Let us spend a few lines to explain the definitions of two cases, namely
[i[x;].{z | F)7']g and [x;]v. In the untyped translation, we have:

[ale] G | F)r'le 7V
[x]v Tz :=t]7" F

V [z =t V][']- [Flr
tT (AMAV.V 7z =t V|7 F)

L
Y

Let us first focus on the [f[z;]. (x| F)7']g. In the named version, its translation
is a term which waits for a store 7 and a value V', then forms a store looking like
7z := [V]]7" and passes it to V with the continuation [F] r. Now, when using de
Bruijn levels, the continuation is somehow expecting a fragment 7 of the store
T that is passed, together with a coercion o witnessing that 7 is an extension of
7o (let us loosely write o : 7 <: 7y to simplify our explanation). Therefore, only
the value V has its de Bruijn levels consistent with 7, [F]r and [7'], will have
to be updated. In details, [7'], was expecting 7o[1* V], we thus update it with
ot which witnesses 7[t* V] <:79[t? V]. On the other hand, F' was waiting for
o[t V]7’/, we thus need to update it with o**, where k = |7/| + 1. Finally, we
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Fig. 8. Call-by-need translation of judgments and types

need to give to V a coercion witnessing the extension of 7 into 7[t* V][],
that is to say shift‘le. In the end, we obtain the following definition:

[lei] (@i | F)7'ls o 7V 2V idi) (71 VI([F]0) (17 [F]e)

As for [z;]v, it is a term waiting for a coercion o and a store 7, which it will
split at [o](¢) as 79, , 71 to execute the term ¢ with its prefix 79 (with which it is
already consistent) and a continuation inlining the translation of fi[z;].(z; || F)7’.

The translation of terms is given in Figure[7} where we assume that for each
constant k of type T (resp. co-constant & of type T-) of the source system, we
have a constant of type T' in the signature of the target language that we also
denote by k (resp. k of type T — L).

Translation of types Regarding the translation of types, it follows exactly the
intuition we presented in Section [3.1} so that we mostly already said everything
about it. To summarize the construction, we start by embedding the types and
typing contexts of the source calculus thanks to the ¢ function. A typing context
I'=x,:Th,...2, : T, is then translated into the store type [ = T1,...,Tn.
This allows us to translate a sequent, for instance I' F; ¢ : T, into a judgment
F [tle : [I'1r >¢ T. The type [I']r ¢ T can be understood as the types of
terms translated at level ¢, which are waiting for any store extending [I'], and
a continuation at the inferior level (that is E) for the same base type T":

[IMro:T=VY<:[Ir.Y = Y>eT)— L

It is worth noting that the translation —>; — is defined internally in system Fy,
which allows in particular the recursive definition Y > T to makes sense (since



Continuation-and-environment-passing style translations 23

e tlv oruE 2 [t o 7w TShift‘lT‘E
[
[t-ElgocTtv 2 v i (1°[t)) (°1E]e)
[zi]t o T E split 7 at ¢ along o as do,z,01 in z (Shift}gé}H) B

> >

[azi.cle o Tt [c]e oF T[]

(a) Translation of terms (excerpt)

[[Fl‘vV:T]]éF [[Vﬂv:[[F]]pDvT
Yoy T —U2VY < .Y - (Y T) = (YrU) > L
(b) Translation of types and judgments (excerpt)

Fig. 9. Call-by-name continuation-and-environment-passing style translation

Y is at the moment an interleaving of types in I" and second-order variables that
are not the images of types in the source calculus). As we already explained, the
different levels e, t, E,V, F, v of translation reflect the dynamics of the (context-
free) reduction system of the X[ZUT*]—calculus, that is to say the different syntactic
categories which are examined successively during the reductiorﬂ

The resulting translation is given in Figure

Correctness We are finally equipped to state the main theorem of this paper,
that is the correctness of the translation with respect to types.

Theorem 10. The translation is well-typed, i.e.:

1.IfI'Fyv:T then 'k, v:T] 6. If 't e: T then [[t.e:TH]
L .l

2. IfFFFFT then[[FFFF.T ﬂ 7 IfFI—cC then [[F"CC]]

3 If Ty VT then|['Hy V:T]

4 IfT b BT hen [ Fg BT 8 Il then [I'H 1]

5. IfI'Hit:T  then [I'Fet:T] 9. If I'tr 7 then [I'by 7: I

Proof. The proof is done by induction on typing derivations, the interesting parts
of the different cases corresponding to the previous lemmas. The complete proof
is given in Appendix [E] together with a few auxiliary lemmas.

4.2 A typed call-by-name translation for the Aujfi-calculus with
environments

To emphasize that Fy is a generic target calculus for typed continuation-and-
environment-passing style translations, we give the example of a call-by-name
translation for the call-by-name Apjfi-calculus with environments (see Figure .
We spare the reader from the redefinition of its reduction rules and type system

17 The context-free reduction rules are given in Appendix
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using de Bruijn levels, which is fully deducible from the ones of the X[lm*]—
calculus when considering only the levels e, t, E/, V and typing terms and contexts
at the appropriate level.

Similarly, we do not wish to enter into too many details about the translation
of terms and types. We follow the same process as for the X[lw*]—calculus, by
refining the dynamic of the calculus into a context-free abstract machine (see
Appendix [C.2). This machine only has four level of alternation, as reflected by
the syntax, and so does both translations of terms and types. The definition of
the translation almost comes for free modulo the careful treatment of de Bruijns
levels. Most of the definitions are identical (or simpler) than in the call-by-need
case, the main difference lying in the fact that in call-by-name, terms remains
unevaluated in the store, thus avoiding the need for an extra layer of alternation
to handle their (shared) evaluation. We give a few cases of these translations in
Fig. (for the full translation see Appendix . Once again, we have:

Theorem 11. The translation is well-typed.

5 Conclusion and perspectives

5.1 Conclusion

In this paper, we presented a variant of the X[lw*]—calculus with de Bruijn levels.
We showed how this calculus could be equipped with a type system in order
to define a typed continuation-and-environment-passing style translation to a
target language that we called System Fy. We believe that the principles guiding
the typing of the translation emphasized its computational content, whose three
main ingredients are the following:

1. a continuation-passing style translation,
2. an environment-passing style translation,
3. a Kripke forcing-like manner of typing the extensibility of the environment.

The latter is particularly highlighted by the use of de Bruijn levels, since levels
are shifted using coercions when extending the store, these coercions thus giving
a computational content to the subtyping relation (i.e. to store extension). To
enhance the fact that our technique is generic, we illustrated it on several flavors
of calculi with environment, namely the call-by-need X[lw*]—calculus and the
call-by-name and call-by-value Auji-calculi with environments.

5.2 About environments and forcing

Actually, the connection between (Kripke) forcing and the environment-passing
style translation does not come as a surprise. Indeed, the translation on types
logically accounts for the compilation of the calculus with environments to a
calculus without environments. In the realm of functional programming, memory
states are given a meaning through the state monad. For instance, the monadic
translation of an arrow enriches it with a state S:

[T U] &£SxT—SxU
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In particular, the result of a function may depend on the current state. If one
observes precisely the realizability interpretation in [32], it is very similar to the
definition of truth and falsity values: for a type T, its interpretation is roughly
of the shape T x 7. It is folklore that the state monad can be categorically inter-
preted by means of presheaves construction [3729]. Interestingly, Kripke models
are a particular case of presheaves semantics [33]. Cohen forcing construction
is also interpreted in terms of presheaves [27], and this interpretation scales to
type theory [I9I18]. Therefore, the state monad and the forcing translation were
already known to be connected. Last but not least, the analysis of Cohen forcing
in the framework of Krivine classical realizability [23I30] relies on an extension
of Krivine abstract machine with a cell (which contains the forcing condition).
In short, our typed environment-passing style translation is just another obser-
vation of the connection between forcing translations and explicit environments
as a side-effect.

5.3 Further work

This work naturally raises the question of studying the logical strength of the
translations. Indeed, we were initially interested in a computational translation
of classical arithmetic with dependent choice to System F. Both systems are
indeed known to be logically equivalent, and such a translation has been defined
in the converse direction by Blot [7]. In a recent paper [31], the second author
defined dLPA“, a sequent calculus for classical arithmetic with dependent choice,
which is a reformulation based on the X[lw*]—calculus of the first author’s dPA%
system [I7]. While the present CPS translation can be tailored for dLPA%, as
such we still do not know whether it can be typed using only System F. On
the one hand, System Fy seems to be stronger than Systems F or F .. in that
it allows a restricted form of dependent types: the second-order quantification
range over vectors of arbitrary size. On the other hand, it is probably weaker
than a higher order calculus with unrestricted dependencies in types, like the
calculus of constructions (which is logically as strong as F,,). Yet, it might also
be the case that a clever analysis of the translations could lead to a bound on
the size of the store extension at each step. This would offer a way to remove
this dependency and to embed the target language into System F.

Furthermore, following Kesner’s work, several recent papers have been us-
ing intersection type system to characterize normalizing by-need terms [20J6].
Even though these calculi are not classical, it might be interesting to adapt her
approach to our framework. Specifically, we have the intuition that intersection
types could be an alternative to our subtyping relation in the target language of
the translation.

Last, we would like to study whether our construction is compatible with
more complex source type systems. We indeed showed in this paper that it was
generic for different simply-typed calculi, the next step would then naturally be
to get a construction that is suitable for other type systems such as Systems F
or Fv.
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a. Milner Abstract Machine
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b. The Apji-calculus with global environments

Fig. 10. Milner Abstract Machine and Afi-calculus

A Simulations of Milner Abstract Machines with sequent
calculi

A.1 The MAM and the call-by-name Apji-calculus with global
environments

It is quite obvious that the call-by-name \uji-calculus with global environments
allows us to faithfully simulate reductions of the MAM (which we recall in
Fig. . We first define the following compilation function from states of the
MAM to closures of the Auji-calculus:

[t x 7w« 7] £ ([t | [7]<)17]-

o [ ] £ [[U'[[W%w % [uls - [7]~
\z.t]y & a.[t]; B elx N K B
[l 2 podl 1T 0) | T '_[ﬁﬁi , =l

where k is a fixed co-constant materializing the end of the execution.

It is then quite easy to verify that reductions of the MAM are preserved
through the compilation process (modulo the fact that we consider terms of the
Mji-calculus up to a-conversion). Formally, to avoid considering the contexts
stored in the environment, we first define a substitution function for co-variables.
We write (er){7’} for the closure ¢r in which all the co-variables o bound in 7/
are recursively substituted by the terms to which they are bound:

(er){r'[w == 1]} = (er){7'}
(er){r'[o = E} £ ((e)[E/a]){7'}

(er){e} & cr

We then say that two closures ¢ and ¢/7’ are equal up to co-variables substitu-
tions, which we denote by e = /7, whenever (er){7} = (¢7"){7'}.
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Proposition 1 (MAM simulation). If S,S’ are two states of the MAM such

that S 2 &', then there exists a closure 't such that we have [S] & ¢+ and
() =[8].

Proof. Trivial induction on reduction rules of the MAM.

In other words, we showed that a variant of the A\pfi-calculus with global en-
vironments where catchable contexts would be immediately substituted instead
of being stored is exactly simulating the MAM through the compilation function.

A.2 The MAD and the X[lv.,.*]-calculus

Similarly, we can prove that the X[lw*]-calculus allows us to simulate reductions
of the MAD. The compilation function from states of the MAD to closures of
the X[lw*]—calculus is almost the same, except that we know need to take the
dump into account. As we explain in Section the dump is somehow inlined
in the Aj,,4-calculus through the binder fi[z].(z | F)7’. Following this intuition,
the definition of the translation is almost direct:

[t % 7% 7% D] £ ([t]e | [7]5°1") [7]-

with:
HAE%E i ix.utﬂt [ 7l = [ule [l | [l =) 2 [7]-fo =[]
[l 2 o[l [l -o)| I = [l 2 <
[(@,7,7) : Dlp 2 fla]- (| [7)E19)[7]. | [elo 2w

Once again, it is straightforward to check that:

Proposition 2 (MAD simulation). If §,8’ are two states of the MAD such

that S > S', then there exists a closure '’ such that we have [S] 5 ¢ and
(d7) =[8].

Proof. Trivial induction on reduction rules of the MAD.
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Strong values v u= Azt |k Environments 7 = ¢ |7z :=1t]|7[a = E]
Weak values Vo=l Commands cu= (t]e)
Terms t,u 2= V| pa.c | Closures lu=cr
Forcing contexts F = t-E|k

Catchable contexts E := F |« j[z]{z|F)r

Evaluation contexts e == FE|jz.c

(LET) (t| px.cyT — etz ==t
(Carch) (pa.c| E)T — et := E|
(LOOKUP,) (V|a)rla:=Elr" — (V|E)r[a:=E}"
(LoOKUP,) (@|F)yrlz =7  — (t|a]l(z]|F)r)r
(RESTORE) (Vv H plz].(z | F)yr'Yyr — (V| F)r[z:=V]7'
(BETA) (Azt|u-E)T - (u| pz(t| E))T

Fig. 11. The Ajj,-4-calculus

B The X[lw*]—calculus

B.1 Definitions

We recall here the definition of Ariola et al.’s X[lw*]—calculus [5]. The syntax and
reduction rules are given in Fig. while the type system, defined in [32], is
given in Fig. Finally, Ariola et al.’s original untyped CPS translation is given

in Fig. [13]

B.2 The necessity of a-renaming

The original presentation of the X[lm*]—calculus deeply relies on the assumption
that names of variable are unique and thus on the possibility of performing a-
conversion on-the-fly. Consider for instance a command formed by a term of the
shape t = po. (u | fw.(z | «)) and a context of the shape e = fiz. (z | F).
Such a command is perfectly typable (if w and F' are) in the type system in-
troduced in [32], however, reducing this command (without a-conversion) would
loop forever because of the auto-reference [z := z] in the environment:

(na(u] -tz @) | e ] F)) = (@] F)lo = pa(u | fiz. (o] a))]
(nov(u] i@ ) | fle)- (o | F) )
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(k:X)ESk Iz: Ak t: B (x:A)erl FFov:A
E:A)€o o wAes o Ihev:d
TFok:X TForzi:A— B TFyz:A Tryo:a®)
(I{:A)ES() I'bit: A F}—EE:BJL_” (a:A)eF()
—_—(r 1 —_— («
I'Fpr: AL I'Frpt-E: (A= B* IFpa: At
LbpF:A” Ty V:A - La:A'bkec : LrpB: A%
kg F: AL Trv:A"  Trjaca™ Tr E:a"
Fax:Abe.c Iae:AI'rp F:AY Tk 7:I"
@™ - i (alh
't jzce: A I'tg glz]{z| F)yr: A
I'Hit: A Fl—ee:AL() Ir'r.c FI—TT:F’(”
't (t]e) I'kyer
I'tr7:1' F,F’I—tt:A() I r:1 F,F’I—EE:AL( )
FF.,E:E(E) brrlz:=t]: I"x: A " FFTT[a::E]:F'7a:Al "

Fig. 12. Typing rules for the X[lw*]—calculus

While a simple a-conversion of one of the x binding solves the problem, this
becomes much more subtle to handle through a CPS translation without renam-
ing (as the one in Figure (13| originally defined in [5]). Indeed, since “different”
variables named z (that is variables which are bound by different binders) are
translated independently (e.g. [(t || e)] is defined from [e] and [t]), there is
no hope to perform a-conversion on the fly during the translation. Thus, the
problem becomes unsolvable after the translation, and the problem of renaming
should be tackled together with the definition of the translation of terms. For
instance, through this translation, the same closure is again a program that will
loop forever:

[eel = lee e [t]: = [aa-(z | F)]e € [t
= [{= | F)]c [ == [tl:]
=[] [o = [t]e] [Fr
= [po(u | pz(z | a))]e e ATAVV 7z := MrE.ETV] [F]F)
= [(u | p(z | )] [ := ATAVV 72 := MrE.ETV] [F]F]
= [z {z | a)]e [ := ATAV.V 7l := ArE.ET V] [F]F| [u]:
=[(z| )] [ := ATAV.V 7[z := MrE.ETV] [Flp,z := [u]]
=[d]g [ :=AMAV.V 7l .= \rE.E7 V] [Flr,z = [u]] [=]v
= MANVV 1z = MEETV]) [a:=AMAV.V 7lx := MrE.ETV] [Flp,x := [u]] [z]v
= [z]v [a = ATAV.V 7lz := AMrE.ETV] [Flr,x := [u]i, z := [x]]
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[em]imo & [c]e 1o’
[tleer = [ele 7 [t
[e]- 2 €
o=l 2 [l = [
[la=Ell. 2 [l [ =[]z
[E]le Tt £ ¢t [E]le
[pz.cle Tt 2 [c]e 7]z :=1]
VleTE & E7[V]v
[pacle T E 2 [ce T[a := E]
[a]e 7la == El7" V % Erja:=ElT'V

lalz]) Az | F)']e TV Vrlx = ME.ETV|["]: [Flr

[[’U]]V T F
[z]v 7]z :=t}7" F

F 7 [v]
t 7 (AMTAV.V 7[z:= ME.ETV|T F)

1> >

[k]lr £ &
[t-Elrtv & v [t]: [E]e
K. 2 &
Dzt TuE 2 [t]y 7z :=u] E

Fig. 13. Ariola et al. untyped CPS translation

Observe that as the translation is defined modulo administrative reduction, the
first equations indeed are equalities, and that when the reduction is performed,
the two “different” x are not bound anymore. Thus, there is no way to achieve any
kind of a-conversion to prevent the formation of the cyclic reference [z := [z]v].
This is why we need either to be able to perform a-conversion while executing
the translation of a command, assuming that we can find a smooth way to do
it, or to explicitly handle the renaming.

In order to ensure the correctness of our translation, we address the problem
at the source in the XUUT*}, using de Bruijn levels. As we observed in the previous
example, the issue arises when adding a binding [z := ...] in an environment that
already contained a variable x. We thus need to ensure the uniqueness of names
within the environment. A simple solution consists in renaming the variables
bound in the environment by the position at which they occur in the environ-
ment, which is obviously unique. Before presenting formally the corresponding
system and the adapted translation, let us reduce the same example using this
idea. We use a mixed notation for names, writing  when a variable is bound
by a A or a fi, and z; (where ¢ is the relevant information) when it refers to a
position in the environment. The same reduction is now safe if we replace stored
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variables by their de Bruijn levels:

<ua.<u | iz ] @) H fi (x| F>> — (o | F)Ppov(u | iz (x| )]

= (pa(u] (o | @) | Alal x||F>> = (u iz(x | a0)) file]-( | F)]
= (o |ao)lal-( | F)."u] = (o | Alal. x||F>[ fla)-(@ | > ul
= (o | F)Cal]- (@ | ) u o] = (ol fla] (@ ) F)Paa])Cfile]. (@ | F)]

where the exponents ©,1, ... to number the cells are only there to ease the read-
ability.

Another solution would have consisted in defining the translation using an
explicit renaming function. In broad lines, the translation of terms (resp. con-
texts, closures, etc.) should be of the form [—] where o is a substitution used to

rename variables. To compact the notations, we write [, [5]...] for the renaming

substitution [z := m,a := 7, ...], where we adopt the convention that the most
recent binding is on written on the right. As a binding [z := n| overwrites any

former binding [z := m], we write [J[5] instead of [7,|S]5]. Using this trick, the

translation of the former command would be (where m and n are fresh names
generated during the translation):

lee] = [el: € [1]; = [ (e | EO < [

= [ | B! [m = [¢]:]

= [a]i™ [m =[£I [F]

= [no(u] fo-w | a))]i™ e (rAV.V 7fm =1t V] [F] )

= [(u] fiw(e | )Y [y i= APAVV rlm =t V] [F])

= [ (x| )[e" [y = ArAVY =t V] [F]) [l

= [(@] a)]lr=mes=re=nl [y i APAVV 7lm =1t V] [F]i) n o= [u]i ]

= [[oz]]E’"M”] [y := ATAV.V 7[m =1 V] [[FﬂFm o= [u ]]tm"‘{]}[[x]]vml'ylz]

= (ATAVV 7lm =41 V]) [y i= AAVV 7l =t V] [FT5 0 o= ™) el

S 25 by = AAVIY =1 V] [F) = Y = [

= [215™ [y = AAVY #m =1 V] [F]E, 0= W = 2]

We observe that in the end, the variable m is bound to the variable n, which is
now correct. While this method has the benefit of avoiding the reformulation of

the source calculus with de Bruijn levels, it has the flaw of hiding a part of the
computational content related to the renaming process (that is Kripke forcing).
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B.3 De Bruijn levels

We give here the formal definition of the lifted term 1;*¢, the term ¢t where all
the free variables z; with j > n (resp. ;) have been replaced by z,; (resp.
a+;). Given ¢,n two natural numbers, we define:

T (er) = (tale)(tal)

T ((Ele)) = (it e)
n (k) =K
2t E) = (1) - (13 E)
n () = a; (if j <n)
' (ay) = ajyi (ifj =n)
() (g | F)yr) & AL 5] (15 (25 | F)T)
n (fxj.c) = A a)-(15e)
tig £ ¢
W (Tl =) = () g =130

Hirloy =E) 24 [ty g =1 B

w (k) =k

n (Awj.t) = AT 5)-(147)

n (x5) = (if j <n)

n (x5) 2 iy (if j = n)
15 (ney.c) 2 p(th ay). (o)
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C Context-free abstract machines

C.1 The named context-free abstract machine for the

X[lv.r*] -calculus

(t] fiw.c)er
(] E)er

(pac| E)er
VI E)er

V) prla := Bl
<V H alz] (x| Fyr >ET
(VI F)er

(x| F)yvrlz = t)7
(| E)vr

(vlw-E)pr
Azt|u- E)r

ceT[z :=1]
(t] E)er

ceT[a := E]

(

(V| E)gT|a := E]7’
(V| Fyvr[z = V]’
(VIF)vr

(t H Alz].(z | F)m" )
(| Fyvr
(v|u-E)or

<u H ax.(t| E>>6T

v
v

U

Fig. 14. Context-free abstract machine for the X[lw*]-calculus 1]

C.2  Context-free abstract machine for the call-by-name
Apfpi-calculus with environments

(t| fxs.c)er
{tIE)e

3

(@0 | E)ir
(V| E)r

(V]on)er
(V0 |u-E)gT

Azt u- E)r

)

)
(pavi.c| E)er

)

)

AN

clen/xileT[xn :=1t]  with |[7] =n

(] E)er

clan/aglet[ay := E] with |7] =n
(r(n) | E)e
(VIE)ET

(VIr(n)er
Viu-E)yvr

<u H ax.(t| E>>ET

Fig. 15. Context-free abstract machine for the call-by-name Auji-calculus with envi-

ronments
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D Properties of System Fy

We give here the properties of System Fywith their proofs.

Properties of system Fy First, it is clear that the type system is compatible
with a weakening rule:

Lemma 12 (Weakening) The following rule is admissible:

Ir'-t:A rrcr
It A

(I'w)

Proof. Easy induction on typing derivations. In the case of second-order quan-
tification, we might need to rename the second-order variable X if it occurs in
I'" and not in I

We can verify type safety with respect to reductions:

Proposition 2 (Subject reduction). For any context I', any type A and any
terms ¢, ¢/, if '+t: Aandt — ¢, then ' Ht' : A.

Proof. The proof is standard and does not bring much information. We start by
proving the following statements for safe substitutions:

LU Ne:AT'+t:Band I'tw: A, then I'' T + t{u/z] : B.

2. 06 : Yoo, N, I"Ft:Band 't 7: Yy, 13, then I, 17 - t[7/d] : B.

3 UINs:Y<:\I"Ft:Band I't o : Y <7, then II"[Y'/Y] F t[o/s] :
B[T'/Y].

Each of the three statements is proved together with the similar statements for
typing judgments for stores and coercions by mutual induction on typing deriva-
tions. The proof of subject reduction is then direct by induction on reduction
rules using the previous statements to conclude.

Normalization It should be clear to the reader that system Fy could be defined
through a more expressive language including a form a dependent types and a
second-order quantification. In particular, it could be expressed within many
type theories or proof assistants, which especially implies that typed terms are
normalizing. Once again, we could make this statement more formal but as we
already dispose of a proof of normalization for the X[lm*]—calculus, we prefer to
focus on the details of the different translations.

Coercions We recall the definition of coercions in normal forms:

Normal forms ocu=c|lot| fo
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We define the composition function —® — between coercions in normal form by:
oy ©og £(01000)" fio1 ® o9 (01 © 09)
oy © foo £1Mo1 © 00) E@oy=0] Oec2e¢

We can verify that this function is sound with respect to the typing rule for
composing coercions:

Lemma 3 (Composition of normal forms). If 0,0’ are coercions in normal
forms such that F o : T<:7" and o' : 7' <:7" thento' ©o: T <: 7.

Proof. Direct by structural induction on ¢”.

We define computable coercions as being coercions of the shape:

Computable coercions ou=c¢c|ot| fo|d oo

Proposition 4 (Computing normal forms). For any computable o, if I'F
o : 7' <:T then there exists o, in normal form such that I' -0, : 7/ <: 7.

Proof. By induction on typing derivations, using the previous lemma for the
(<:o) -rule.

It is worth noting that for any ¢,7,7”, if - o : ¥/ <: 7', then o is necessarily
computable. We then deduce as a corollary of the previous proposition:

Corollary 5. If Fo:7"<:7, then |7] < |T7|.

Proof. Using the previous proposition, we can reduce this to the case of ¢ in
normal forms. The proof then proceed by easy structural induction on o.

If o is a coercion in normal form (if it is computable we first reduce it to a
computation in normal form), we define its domain dom(o) and its codomain
codom(c) by:

dom(e)
codom(e)

0 dom(o™)
0 | codom(c™)

dom(o) +1
codom(c) + 1

dom(fo)
codom(fo)

dom(o)
codom(o) + 1

L A A
L A A

We then associate to o the partial function [o] from [0, dom(o)] to [0, codom(o)]
defined by:

[e] = {0+~ 0}
[o*] £ [o] U {dom(c) + codom(c)}

(1>

[] {n < dom(o) — [o](n)

n = dom(o) — [o](n) +1

Proposition 6 (Associated function). If ¢ is in normal form and s.t. - o :
Y’ <:7, then:
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1. dom(o) = |7 3. Vn < [T, T ([e](n)) =T (n)
2. codom(o) = |Y’| 4. [o](|7]) = |7

Proof. The first two items are proved by a straightforward induction on typing
derivations. The third and forth items are then proved together, again by induc-
tion on typing derivations: the case (<:) is trivial; while for (<:4) and (<:q) it
suffices to unfold the definition, using the first items to connect |77 and dom(o).
Let us define idg = () and id,, 1 = (id,)™", we have that:

Proposition 13 (Subtyping) In the empty context, the subtyping relation <:
s an order relation on store types.

1. For any T, the rule + idjy|: 7 <:T (<i1a) s admissible.

2. If Fo:T<:Y and Fo' : 7' <Y, thento' oo : T <:T".

3. If Fo:TY<:Y and Fo' : 7' <7, thenY =7".

Proof. Straightforward using the previous lemma to reduce it to the case of
coercions in normal forms. The first two items are straightforward. As for the
third one, it is a direct consequence of Proposition [6] since [o] and [o'] are
two strictly monotone functions from [0,|7]] to itself (by Corollary [5| we have
|Y'| = |T|), they are necessarily the identity. Equivalently, we could have seen
that necessarily o is of the shape of (and so is ¢’), so that 7/ = 713, T and
T =7y,T, from which we can conclude by an easy induction.

Last, we introduce the following shorthands:
ot 2, oD+ 2 (gH)kt e e 205 (o) shiftf 24%iq,
Indeed, we have that:
Lemma 7 (Shifts). For any 15, 7{, 71, writing n = |15| and k = |73| we have:

'Fo:7[<T
Ik okt ZT6T1 <: 7Ty I+ Shifti o1 <Yy

Proof. Both proofs are easy inductions on |13].

Lifting terms and stores Finally, we conclude this section by showing how
terms and stores can be lifted using coercions for their types to remain consistent
while extended stores are passed in the translations. First, we show that the
bounded quantification can be composed with a subtyping relation witnessed by
a coercion o, by precomposing terms with o. Given a coercion o of type 17/ <: T
and a term ¢ whose type is of the shape VY <: 7. A, we define:

(17t) £ Xs.t (soa)
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Lemma 8. The following rule is admissible:

't:VW<TA I'Fo:T' <7
'k (1%t): VY <Y A

(7)

Proof. We assume that Y is fresh with respect to FV(I"), otherwise it suffices
to rename it. Unfolding the definition of 17¢, we can derive:

I'Et:VY <:1.A ) I'Fo: 11 <71y F,s:Y<:T1|—s:X<:T1EZa}){)
Is:Y<TiFt:VY<:1y.A "° F,S:Y<ZT1|—SOO‘ZY<ZTQ(V) -
I's:Y<TikFt(soo): A " Y¢FV

I'Asit(soo): VY <:11.A
where we use Lemma [I2] to weaken I',o : X <:717.

When the translations 7 >; T and 7 > T are of the shape VY <:7T....; this
definition can be scaled to stores by setting:

1) 2 e (1) 2 1780017 7) 1([fe7) 2 170017 7)

Observe that in a store [t];[u],7, ¢ is lifted with o while w is lifted with ot (and
so on recursively). This is due to the fact that if o is of type 7’ <:7 and the
store of type 1 >, T, U, ..., the term ¢ is then of type T >; T and can be lifted
with ¢. In turns, u is of some type 7,7 >; U and thus requires to be lifted with
a coercion of type 1/, T <:1,T, that is to say 7. More generally, we deduce
from the former lemma the following corollary that will be crucial when typing
the translation of terms:

Corollary 9. If Y'>; T (resp. T >g T) is of the shape VX <:T.F(X, A) (resp.
VX <:7.G(X,T)), then the following rules is admissible:

I'E7r: 10, T I'Fo:T1<: Ty
r-@®r): o, T

Proof. The former lemma directly gives us that

I'tt: Yoy T I'Fo:11<: 7 I'tt:YoopgT I'Fo:T1<: 1y
M%) i T ') N>eT

The proof then simply proceeds by induction on the structure of 7.
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E Proof of well-typedness

We give here the complete proof of the correction of the translation of terms
with respect to types. We begin by making a few observations that will be useful
in the proof of the main theorem.

First of all, it is easy to check that the rules for forming stores and witnessing
extensions are safe through the translation:

Lemma 14 (Store formation) The following rules are admissible:

'7:70,. 7 FI—t:TO,TDtT([tD I'to:T<:[o]r
'ty : Yo, 1, T 'tot 1T <:[Io,T)r

The same holds for T'=E : Y0, Y > T and I' - 7[Elg : Yoo, T, T,

Proof. Straightforward typing derivations. For instance, for the left-hand side
we have:

I'Ht: 2, Y>> T
I'tr: %> Y I'F[t]:: 2, o, T
I'Erit]y : Yo, 1T

(7¢)
(r1)

Since the translation of types satisfies the hypothesis of Corollary [0} we de-
duce from the previous lemma that:

Corollary 15 For any level o of the hierarchy e,t, E,V, F, v, the following rule

are admissible:

I'tt: Yo, T I'Fo: 1< 7 ) I'E7r: %>, T I'Fo: 11 <7
't :N,T (7)o, T

Lemma 16 (Lifting values) The following rule is admissible:

I'cv:ToyT
IV T, T

)

Proof. We can derive (weakening contexts on-the-fly to ease readability):

(<:ax)
(%)
(@
eY]

I'cV:ToyT s:Y<:Trs:Y<T
IIg INs:Y<TH*V:Yp>y T
Ds:Y<X6:Y,E:Y>pThkEid;; o (1°V): L
'+ AsdE.E idjs (V)Y T

where we used Corollary [15| and ITg is the following derivation:

A .
ETopTrEYopT ) 5 YFidy Y<y
(5) T (AY)

0:YE:TopTrHEidgs:Y =Yy T — L 6:YHFS:Y
Q
S Y. E: TopThEidyo: Yoy T o1 @

Observe that we implicitly use the fact that since d : Y, by definition || = |Y|.

We are finally equipped to prove the main theorem:

Theorem 10. The translation is well-typed, i.e.:
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1. Ity v: T then [I'F,v:T] 6. If 't e: T then [I'F. e: TH4]
Neghin LAl

2. If I FF F:T-*then [[F FFFT ﬂ 7. IfF'—CC then [[F }_c C]]

3. U by V:T then [I'Fy V :T]

4. UItpg E:Then [Fg E: 7] 8 EIF L then [IF ]

5. 'k t: T then [I'Ft: T 9. If 't 7 then [I'F, 7: I']

Proof. We reason by induction over typing derivations. We (ab)use of Lemma
to make the derivations more compact by systematically weakening contexts as
soon as possible, and compact the first (V;) and (A) rules in one rule.

1. Strong values [k], = k, which has the desired type by hypothesis.

e Case Az;.t. In the source language, we have:

La;:THt:U |I'=14
'y t: T —=U

Hence, we get by induction a proof IT; of [t]: : [I, z; : T]t>+U and we can derive:

11
Sl <L LY Y epU— L
s Y < [I[F[t]es™: (V,T) = (Y, T)>pU— L  II, -
o:Y<[I,7:Y,u:Y>; TF[t]y st rfu] : (V,T)>pU— L IIg

- (@)
s:Y<[I',7:Yu: Y T,E:Y > Ut [t]; sT 7[u] TShlftllT‘E:J_

FAsTuBL[t], s* T[u] B WY < [I)Y 5 Y o, T > YopU — L

N

where:

— HIgisaproof of E: Y >pU FTShiftllﬂE : (Y, T) >g U (derivable according
to Corollary ;

—II. isaproof of 7 : Yyu : Y >y T;F 7[u] : Y,T (derivable according to
Lemma [14));

— 11, is simply:

(<:ax)

c:Y<:[IFo:Y< ][I
(<)

s:Y<[Ikst:Y,T<:[[ax;:T]

2. Forcing contexts

e Case [K]r. [K]Fr = K, which has the desired type by hypothesis.

e Case [t.E]r. In the source language, we have:

I'Ht:T TI'brE:UY
I'rpt-E: (T —U)*
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Therefore, we have by induction hypothesis that - [¢t]: : [I']r > T and F [E]; :
[I'r>g U, so that we can derive:

(AXx)
v:Y D>, T =U;Fv: VWY <Y Y Y >, T oY >pU— L * II, )
I

T:Y,0: YD, T = Uskvid Y =Y >y T -Y>pU— L II,
T:Y,0:YD>, T = Uskvidy 7 : YDy T =Y >pU— L II,
(@
o Y<[I,7:Y,0: YT > Ubrvid, 7 (1[t]): YU — L IIg

o:Y<[I,7:Y,v:Y>,T—=Ukrwvid, 7 (1°[t]) t7[Ele): L
FAorvw id, 7 (P7[t]e) (P7[Ele) : VY <:[I|rY =Yoo T - U = L

(N

where:

— IIg is a proof of 0 : Y <:[I'] = (1° [E]g) : Y >g U, derived from the
induction hypothesis for ¢ and Corollary [9}

II; isaproof of o : Y <:[I'] F (1°[¢t]¢) : Y ¢ T, derived from the induction
hypothesis for E and Corollary [0

— Il is the axiomrule 7 : Y - 7: Y}

— Il is a proof of id|,| : Y <:Y (Proposition .

3. Weak values

e Case [v]y. In the source language, we have:

I'F,v:T
I'tyo:T

Hence, we have by induction hypothesis that - [v], : [I']r >, T and we can
derive:
F:YoprTHF VY <YY =Y >, T— 1L Iy @
o:Y<[I',F:YopTEFid;:Y =-Y>,T— L T:YibT: Y
o:Y<[I,7:Y,F:Yp>pTEFid7:Y>,T— L 11,
U:Y<:[[F]]7T:Y,F:YI>FT}—Fid|T|T(T"[[vﬂv):L
FXTEF idj, 7 (17[v]o) : VY < [I']Y =Y >pT — L

where:

— Il isaproofofo : Y <:[I'T+ (17[v]y) : Y>, T, derivable from the induction
hypothesis and Corollary [0

— II, is the axiom rule 7 : Y- 7:Y

— Ily is a proof of idj;| : Y <:Y (Proposition

e Case [z;]v. In the source language, we have:

) = (z;:T)
F}_V inlT

(@)
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so that I' is of the form Iy, x; : T, I'y with ¢ = |Ip|. By definition, we have:
[x:]v =XoTF.split T at i along o as dy,x, 01
inz idjs,) 0o (AsOV.V (shifth ) ([t V] 1°61) (17 F))

where n = |6| = [o](i), k = 6] = n, p = |61] + 1, o/ = sPT and MV =
AsOE.E id|5| 5(TSV)

T Yo Tz Yoo T ) Fidpy, Yo<i¥ ™
T Yo TFaiday Yoo YobsT oL % 5 YoFd: Yo 7
0o : Y0,z :Yo>raltids, do:Yo>rT — L ) ITg
F YbrT,00 Yoo Yobra 01 Yoo, ViFaidg o E:L M, II, _
o:Y<:[I'|lr,7:Y,F:Y>pTk split 7 at ¢ along ¢ as 0o, x,01 inz idjs, do £ : L <Sil)t)

F AoTF.split T at ¢ along o as 0o, %, 01 inx idjs, do E: VY <:[I']r.Y =Y p>rT — L
where:

— Il is the axiom rule:

(<:ax)
oY < [[['()ﬂp,’T7 [[Flﬂp Fo: %7T,Y1 <I([[F0]][‘,n : T, [[Fl]][‘)
remembering the fact that the notation o : Y <: [I']r hides an interleaving
of vectors of second-order variables with the types in [I']r. In particular, Yj
is again a notation for an interleaving between such vectors and [Ip]r, and
besides, we have that o(|Ip|) = o (i) = |Yo| = n.
— II, is the axiom rule: 7: Y F7:Y rax
— E = Xsop V.V (shift] ) (5[t V]e 1°61) (17 F) and IIg is the following

derivation:

(A%) Lemma [7]
V.Yyov T;FV Yy T F,}—(shiftfl+k):Yd7T,Y1<:Yd

v
LV:Yyoy THV (shitt?,,): (Yo, T,Y1) = (Yo, T,Y)) br T — L

)
;

(@
[)s:Yg<:Yo,V:Ygoy THV (shift?, ) ot V] 1° 61) : (W, T, Y1) bp T — L IIs

(@)
+ ’
Iys: Y] <:Yo,80: Yy, VY >y THV (shift? ) (65[1" V] +° 61) (17 F) : L

, %)
IR AsG V.V (shift?, ) (B[ V], 1 61) (17 F) - You T

where I' = 6, : Yy, T) >, Y1, F : (Yo, T, V1) >p T.

— IIr is the following proof, obtained by Corollary

Lemma [7]
sp:Yy<:Yobo Y, T,Y1<: Yy, T, Y1

F:(Yo,T,Y1)orTio1: Y{ < Yo F (17 F): (Y, T,Y1) >p T

) (A%)

(Ax
F:Yo, T, Y\)>rT;F F: (Yo, T\ Y1) >r T )
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— I/ is the following derivation, where we used Lemmas [14] and

(A%)
(A V:YyovTHV :Y{>y T .
X
80 Yo 8, Yy V'YOI\>vT|—TtV'YO'\>tT<[t])
Y0,<:Y0760 YOaV YO I>VT}_50[T V] YOa H51 ( )
T <
81 (Yo, T)br Yi, s Y0 <: Yo, 8 - YO,V Yoy TH&H V] 1° 61 : Y, T,V
— IIs, is obtained by Corollary
7 7 (<:ax)
s:Yg<:YoFs:Yy<:Y
(Ax) (<:4)

0 : (Yo, T)>r Y61 : (Yo, T) >, V1 s:Yg<:Yob st Y], T<:Y,, T

01 : (Yo,T) >r Y1;8 : S/OI<ZY0 = (TS+(51) : S/OI,TI>7— Y1

4. Catchable contexts
e Case [F]g. This case is similar to the case [v]y .

e Case [fi[z;].(x; | F)7']g. In the source language, we have:

Do, T,["+Fp F:T% Lz, :TrH 7T |T|=i
g plog) o | F)7" - T

We have by induction hypothesis a proof of = [7']; : [, z; : T]|r >, [I']r and
a proof g of - [Flp : [Ix; : T,I"]r >p T. We can thus derive:

ViYouTrV Yo, T - shife] T (v, T[] ) <0 Y
v YDVTH/shlft}T H Y, T [ r) = (YT [ e) e T — L . I, )
oY < [[r,7:Y,V: YDVTFVshlft‘T otV L) (ST ) se T — L v Iy
oY < [Ir,7:Y,V: Yy THV shift}T|'+1 VAT ] 7 TFDF) : L N

F AorVV shigtT e V(17 1) (47 [FDR) [T lror T
where:

—k=|"+1, o/ = ot
— Iy is the following proof, obtained by Corollary

Lemma [7]
F:([MrT,[r)>rT o:Y<[[rFo*t Y, T,[")r<[I]r,T, [ r

o Y < [["p+ Q7 F): (Y, T,[["]r) >p T
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— II is the following proof:

o VY TRV Yoy T ((?)X)
v Er Yy ™ VY ey TV Y 5y T o
T:Y,V: Yoy TEHTt'V] : Y, T I

(')

T Y,V Y oy Tio: Y < [C]p b 71 V][] (Y, T, [I']7l==n])

— II,/ is the following proof, obtained from the induction hypothesis for 7" and
Corollary
(<:ax)

(<)

o:Y<[INrkto:Y<[I'r
Flrlr: [Lr, Tor [r o:Y<:[[rtot: Y, T<:[[r,T
o Y < [Ir 17 7] Y, T s [I]r

5. Terms
e Case [V];. This case is similar to the case [v]y.

e Case [pa;.c]. In the X[lw*]—calculus, we have:

Mo :THFoe |I=i
'ty paje: T

Hence we have by induction a proof of ;i [c]. : [I,z; : T*]r >, L and we can
derive:

Flcle: [z : TH]r>e L I,
(Ve)
o:Y<:[Ir,7:YF([ccot: (Y, T*) = L II. @
o:Y<:[[r,7:Y,E:Y>gTt[c.ot 7[E]g: L o
FXoTE.[ccot T[Elg : [[r>:e T
where
— II,, is the following derivation (since |7| matches |Y|):
(<!ax)
o:Y<:[INrto:Y<[Ir )
oY <[[|rFot: (Y, TS < [Dai: T r
— IIg is also obtained by Lemma
NN (Ax)
T:YFT1:D> Y E:YDET}—E:YDET([ED

7 Y,E:Y>pT;F1[Elp: >, Y, T+

6. Contexts
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Case [E].. This case is similar to the case [v]y.

Case [jiz;.c].. This case is similar to the case [ua;.c];.

7. Commands

Case [(t | €)]c. In the A, 4-calculus we have:

I'tt:T IbFee:TH
I'i=c (t]e)

thus we get by induction two proofs of ;& [t]; : [I']r>+T and ;F [e]c : [Ir>eT-
We can then derive:

Flele: [Ir>eT o:Y<:[Irkto:Y<[[]r (<iax)
(Ve) —— (AX)

o:Y<[INr,7m:YF[e]eoc: Y =Y >, T — L T:YFT1:Y
o:Y<[[r,7:YF[elecT: Y>>, T — L (re) II,
o:Y<[[r,7:YF[e]e c 7 (17[t]s) : L
FXorfele o (17It]e) : [Ir>e L

(@

N

where:

— II; is obtained using Lemma

Fl [Clr T o Y < [[lrFo:y <[y

oY < [IrH1t)e : Yo T

8. Closures

e Case [cr'];. In the X[lm*]—calculus, we have:

Il Fee THo7 T
't et

where n matches | I'|. We thus get by induction two proofs - [7'], : [I'rt>-[I"]r
and F [c]c: [T, I"]r > L. We can derive:
_—— (A
Flele: [T r>e L 11, ) T:YFT:Y(X) .
o:Y<[Irtlcdeco (Y, [I"]r) = L oo Y<[Irtr0[7]:) : Y[ r
o:Y<[INr,7:YF[cco T(TJIHT/HT) s L

FXorfce o 7(1°[7']+)

(")

(TE)

N

', o' = "t and:

where k = |7

— I, is a proof of o : Y <:[[]|r F o** : (Y,[I"]r) <:[I,I"']r obtained by
Lemma [7}
— 11/ is the following proof also obtained by Corollary

s e o [Cr Fo Y < [Tr o

QM ESED a=2a P A I

9. Stores
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e Case [7[z; := t]],. We only consider the case 7[x; := t], the proof for the
case T[a; := FE] is identical. This corresponds to the typing rules:

[e,r:I" LI t:T |0 =i
bl =t : Iz : T

By induction, we obtain two proofs of = [, : [I'|r >+ [I']r and F [t]; :
[L,I"]r ¢ T. We can thus derive by Lemma [14}

Flrle  [Tr > [T F 0D s [, 7] > T
L)) s [0 s [ ], T

(1)
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Dazit]ly o TuE 2 [t ot 7[u] 1751E [Klv = k
[t-Eleorv = vidir (17[t]e) (17[E]e) [kle = &
[ai]e o TV 2 split 7 at i along o as &o,,01 in x (shift}?é}“) TV
[Vlior E £ Eid, 7 (17[V]v) [noidior B 2 L[c]]c ot 7[Elp
[z:]: o 7 E 2 split 7 at i along o as do,z,01 in x (shift}(séﬁl) TE
[Eleort = tid, 7 (17[E]e) [fzi.cle o Tt = [c]e ot T[t]s
[tleleor = [e]e o (+7[t])
[er]i o £ [clc o’ 7'(17 [7]-)

where k = |7'| = n, ¢/ ="

Irofws = Al 2 [rol,[Iel:)e [rofas = E]]

[e]- = €

[ro]-[[E]e]s

(a) Translation of terms

LAl A .
[MFee: ] = Flee :MTreeT | gpy 00 2 | [, [l oe L
[[Fet:T] =+ [ty :[L]r>e T A Ir|

=STEN ) [ 1] S FE " Lr>eL
[[F}_EE~T ]]*FIIE]]E'HF]]FDET [[F}— ,F/]]Al_ﬂ]] [[Fﬂ D[[F/]]
[Cv V:T] 2 F [V]v: [[]r>v T rresl= e e
Yo . T 2V <Y — L

N . Tl>vX é)(
To.T VYV <:7.Y - (Y . T)—> L YouT U 2

T T 2V <Y = (YrT)— L

Y < Y = (Y T) = (Y 1
TosT2VY <TY 5 (YoyT)— |7 < TY 2 e T) = (Vepl) =

(b) Translation of types and judgments

Fig. 16. Call-by-name continuation-and-environment-passing style translation

F A typed call-by-name translation

We first rephrase the reduction rules to use De Bruijn levels:

(t| pz.c)T — claxn /x| TlX, ==t with |[7| =n
(nay.c| E)T — clan /o)y, = E] with |7| =n
Gl By = @By
(V] an)r - (Vi 7(n)r
(Az;t|u-E)T — (u| ;.| EY)T

We give in Fig. 16| the full translation for the call-by-name A\yfi-calculus with
global environment. Once again, we have:

Theorem 11. The translation is well-typed, i.e.:
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1.UTFy VT then [I'Fy VT 5. If I'k. ¢ then [I' k. (]
2. I Fg E:T % then [I" Fp E : T

S U t:T then[[Fot:7] O W1l then [I' 0]
4. ¥ Toe: T then [MFee:TY] 7. I L, 7 then [, 7: 1]

Proof. The proof is very similar (and easier) than the proof in the call-by-need
case, by induction on typing derivations. In particular, all the lemmas proved in
Section [4:1] also hold for the call-by-name translation.

It is interesting to observe that even though terms are stored once and for
all in call-by-name, the use of a global environment forces us to quantify over
arbitrary extensions of the store. Indeed, through the translation each (typed)
term ¢ is waiting for a store whose type should match its former typing context.
Yet, many computations may happen before [t]; is evaluated, corresponding to
other branches of the global typing derivation. As a consequence, the store may
contain arbitrarily more elements at that time.

Ezxample 5. Consider a term x : A,y : B F; u : C, through the translation we
will thus have F [u]; : A, B>; C — D. Now, imagine that we dispose of three
values Vj, V1, Vs respectively of types A, B, C, we can thus construct three closed
terms tg,t1,t2 such that, given a continuation, ¢; is going to produce arbitrary
computations (and in particular store arbitrarily many terms, let us denote the
resulting store by 7; : U;) before returning V; to its continuation. These terms
can thus be assigned the types (A — D) - D, (B— D) —» D, (C — D) — D,
and the closed term t, = to(\z.t; (A\y.tau)) can thus be typed by ¢, : D. Now,
if t,, is evaluated in an initially empty store, at the moment where uVs will be
evaluated, the store will be o[z := Vo|r1[y := V1|12 of type Uy, A, Uy, B, Us.
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G A typed call-by-value translation

To illustrate the generality of our construction, we give one more example by
giving a typed continuation-and-environment-passing style translation from the
call-by-value Apfi-calculus with explicit environments. The syntax of the calculus
is given by:

Values Vio=Azit|a | k Co-values E:=t-e|la; |k
Terms tyu =V | pa;.c Contexts e = FE | fjx;.c
Environment Tu=¢|7[z; :=V]| Ty := E]
Commands cu=(t]e)
Closures lu=cr

while the reduction rules are given by:

(CaTch) (uoy.c| eyt — clan Jag| oy, = €] with |7] =n
(LET) (V| pxs.cyr — clen/xi] T[Ty, = V] with |7] =n
(LooKUP,,) (V| an)T — (Vr(n)r

(LOOKUP,,) (xn | E)T — (t(n) || E)T

(BETA) Az t|u-e)r — (u| p.(t | e))r

Since only values can be stored in environments, we will use the following
parameters for Fr:

I'Ft:TopT

Tt (tE)
) TFfp:To. T °

I'tEt: Yoy T
Fk[t]tITDTT

The translation of terms, which is naturally obtained by first examinating a
small steps reduction system, is defined by:

crl|t o T
[er]]

[Mit]ly o TuE £ widj 7 (Asov.[t]; (soo)t T[v] 1°E
[z;]y o 7 £ split 7 at i along o as &y, x,6; in x (shift}g;}H) T
[klv = Kk
[t-eleocrV £ Vid, 7 (17[u]e) (17e]e)
[ei]z o 7V = split T at i along o as dp, 7,61 in @ (shiftlgé}ﬂ) TV
lpzicle o7t & [c].ot T[t]:
[kle = &
Vliore £ eid, 7 (17[V]v)
[peicli o E 2 [].ot 7[E]E
[Ktlelcor = [e]eoT (+7[t]e)
N

[]e o (17 [7]+)

where k = |7'| — n, o k+

=0

[rolzs :==t]]+
HT()[O[Z' = EH]T
le]-

[7o]-[[#]:]:
[70]-[[Elele
9

> > 11>
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As for the translations of types and judgments, it is very similar to the
translation in the call-by-name and call-by-need settings, but adapted to match
the alternation of levels in the translation of terms. Namely, since terms at level
t are first analyzed, then context at level e, then values, the translation follows
the same hierarchy:

I t:T Sk [t :[Ir>eT
%F l—t e:T]]iL]] £+ %e]]]]t :%F%j: DtT L+ d] N [[C]]\Crf b L
[ChyviT] 2+ [Viv:[Mroyr | R0 2 e L
[MreE:TL] 2 b [Blg: [ropr | LF7: 012 Fle e [
T>.T 2VY <T.Y — L

‘roa ) YopX £ X
Yo, T =VY <Y = (Yo .T)— 1L TopT 50U 2

T>.T 2VY<TY - (YiuT)— L

ToyTAVY <T.Y - (Y opT)— L VW< Y - YpovT)—» (Y>>, U)— L

Once again, we can check that:

Theorem 17. The translation is well-typed, i.e.:

1. IfTby VT then [’y V:T]| 4. If T'k.c then [ F. (]

2. IfTFee:TY then [CFee:TY] 5 If Tl then [T ]

3 IfT'+t: T  then[I'Fit:T] 6. If 't 7 then [IT'p 7: 1]
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