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Abstract

The CPS hierarchy of Danvy and Filinski is a hierarchy of continua-
tions that allows for expressing nested control effects characteristic
of, e.g., non-deterministic programming or certain instances of nor-
malization by evaluation. In this article, we present a comprehen-
sive study of a typed version of the CPS hierarchy, where the typing
discipline generalizes Danvy and Filinski’s type system for control
operators shift and reset. To this end, we define a typed family of
control operators that give access to delimited continuations in the
CPS hierarchy and that are slightly more flexible than Danvy and
Filinski’s family of control operators shift; and reset;, but, as we
show, are equally expressive. For this type system, we prove sub-
ject reduction, soundness with respect to the CPS translation, and
termination of evaluation. We also show that our results scale to a
type system for even more flexible control operators expressible in
the CPS hierarchy.

Categories and Subject Descriptors D.3.3 [Programming Lan-
guages]: Languages Constructs and Features—Control Structures;
F.3.3 [Logics and Meanings of Programs]: Studies of Program Con-
structs

General Terms Languages, Theory

Keywords Delimited Continuation, CPS Hierarchy, Type System

1. Introduction

In the recent years delimited continuations have been recognized
as an important concept in the landscape of eager functional pro-
gramming, with new practical [15, 16, 18, 19], theoretical [1, 2,
4, 13, 20, 24, 27], and implementational [17, 21] advances in the
field. Of the numerous control operators for delimited continua-
tions, the so-called static control operators shift and reset intro-
duced by Danvy and Filinski in their seminal work [8] occupy a
special position, primarily due to the fact that their definition has
been based on the well-known concept of the Continuation-Passing
Style (CPS) [23]. As such, shift and reset have solid semantic foun-
dations [5, 8, 10], they are fundamentally related to other computa-
tional effects [10, 11] and their use is guided by CPS [5, 8]. A typi-
cal application of shift and reset, motivating their definition, are al-
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gorithms that non-deterministically generate elements of some col-
lection, based on the success-failure continuation model of back-
tracking [8].

When iterated, the CPS translation leads to a hierarchy of con-
tinuations, generalizing the concept of the continuation and meta-
continuation used to define the semantics of shift and reset. In terms
of so defined CPS hierarchy, Danvy and Filinski proposed a hier-
archy of control operators shift; and reset; (¢ > 1) that generalize
shift and reset, and that make it possible to separate computational
effects that should exist independently in a program [8]. For ex-
ample, in order to collect the solutions found by a backtracking
algorithm implemented with shift; and reset;, one has to employ
shifty and resetz, so that there is no interference between search-
ing and emitting the results of the search. The CPS hierarchy was
also envisaged to account for nested computations in hierarchical
structures. Indeed, as shown by the first two authors and Danvy [5],
the hierarchy naturally accounts for normalization by evaluation al-
gorithms for hierarchical languages of units and products, general-
izing the problem of computing disjunctive or conjunctive normal
forms in propositional logic.

So far, the CPS hierarchy has been studied mainly in the un-
typed setting. Danvy and Filinski defined it in terms of an untyped
CPS translation and a valuation function of a denotational seman-
tics [8], Danvy and Yang introduced an operational semantics for
the hierarchy and built an SML implementation of the hierarchy
based on this semantics [9], Kameyama presented an axiomatiza-
tion for the hierarchy that is sound and complete with respect to
the CPS translation [14], and Biernacka et al. derived abstract ma-
chines and reduction semantics for the hierarchy from the defini-
tional evaluator [5].

A byproduct of Danvy and Yang’s implementation in ML is
a rather restrictive type system for the hierarchy, where at each
level, the answer type of the continuation is fixed once and for all.
This type system generalizes Filinski’s type system for shift and
reset [10], but it has not been investigated on a formal ground. For-
mal type systems for the hierarchy appear in Murthy’s [22] and in
Shan’s [25] work. Murthy proposes a more relaxed typing disci-
pline than that of Danvy and Yang in that it allows the delimited
continuations of level ¢ to have varying answer types, provided the
answer type agrees with the type expected by the continuation at
level ¢ + 1. Shan’s type system, in turn, generalizes Danvy and
Filinski’s type system [7] which is the most expressive monomor-
phic type system for shift and reset. In Danvy and Filinski’s type
system, control effects can modify the answer type of the context
(i.e., a first-order representation of the continuation) in which they
occur, so statically, the answer type of the continuation at level ¢
can be different from the argument type of the continuation at level
1+ 1. Shan’s work is driven by applications in linguistic theory and
the hierarchy he considers is organized differently from the origi-
nal CPS hierarchy of Danvy and Filinski (level O in his hierarchy is
the highest whereas it is the lowest in the original hierarchy). Fur-



thermore, no metatheoretic properties of the presented system are
considered in Shan’s work.

In this article, we propose a type system which also general-
izes Danvy and Filinski’s type system but which has been derived
directly from the iterated CPS translation that defines the original
CPS hierarchy. Furthermore, the control operators we consider are
slightly more flexible, although equally expressive, than the origi-
nal shift; and reset; family in that they capture the subsequent con-
tinuations to separate continuation variables and allow for throwing
to tuples of continuations, where the continuations may come from
different captures. Such control operators arise naturally from the
structure of CPS if one considers the operations of capturing con-
tinuations and throwing to captured continuations independently.

We would like to stress that it is our intention not to limit the
type system for control operators in the CPS hierarchy in any way
and to offer the programmer the full power of the simply-typed
CPS, even though the resulting type system is rather complex. One
of the goals of this work is precisely to explain the most naturally
typed version of the CPS hierarchy as it is. Moreover, it has al-
ready been observed by Shan [25] that the most general types a
la Danvy and Filinski are necessary in some practical applications,
for instance, to deal with quantifier scope ambiguity in linguistics.
Also, there exist examples that require answer type modification at
the first level of the hierarchy, for instance, listing list prefixes [5]
or the printf function [2], and there are potentially many more that
live higher in the hierarchy waiting to be discovered. A typical sce-
nario in which a mismatch between the answer type at level 7 and
the type expected at level ¢ + 1 may arise involves a rather stan-
dard operation when programming in CPS—aborting computation
of type « at level ¢ and returning a value of a different type /3 to
level 7 + 1.

The overall goal of this article is to establish type-theoretic
foundations of the CPS hierarchy and to build a general framework
for studying typed control operators definable in the CPS hierarchy.
The contributions of this work can be summarized as follows:

e the definition of a new family of control operators in the CPS
hierarchy that are slightly more flexible than the shift; and
reset; family, given in terms of a CPS translation and reduction
semantics provably sound with respect to the CPS translation
(Sections 3.1 and 3.2);

a type system a la Danvy and Filinski for the proposed opera-
tors, with proofs of subject reduction and soundness of the typ-
ing with respect to the CPS translation (Section 3.3);

e a proof of termination of evaluation in reduction semantics,
using a context-based method of reducibility predicates (Sec-
tion 3.4);

a simulation of the presented operators with the original family
of shift; and reset; (Section 3.5);

a generalization of the presented results to a hierarchy of even
more flexible control operators expressible in the CPS hierarchy
(Section 4).

2. A Programming Example

Before proceeding to the proper part of the present article, let us
briefly discuss a representative example of programming in the
CPS hierarchy. A typical application of the CPS hierarchy is non-
deterministic programming with two layers of continuations (suc-
cess and failure) on top of which there is some mechanism emitting
or collecting the generated objects [8]. In order to separate search-
ing for solutions from collecting them one uses shift; /reset; for the
former and shifts/resets for the latter. Here are the definitions of the
standard backtracking primitives written in SML, using Danvy and
Yang’s implementation of the CPS hierarchy [9]:

fun fail ()
= shift_1 (fn k => ())

fun amb cl c2
= shift_1 (fn k =>
(reset_1 (fn OO => k (c1 0O));
reset_1 (fn ) => k (c2 ()))))

fun emit v
= shift_2 (fn k => v :: (k )))
fun collect c
= reset_2 (fn () =>
let val () = reset_1 (fn () => emit (c ()))
in nil end)

Given the types of shift_i and reset_i:

shift_i :
reset_i :

((’a -> ans_i) -> ans_i) -> ’a
(unit -> ans_i) -> ans_i

for fixed types ans_i for each i, if we fix ans_1 to unit and ans_2

to int list list we can, for example, write a program that lists
list prefixes as follows:

fun prefixes xs
= let fun walk nil

= fail ()
| walk (x :: xs)
= amb (fn () => x :: nil)
(fn ) => x :: (walk xs))

in collect (fn () => walk xs) end

The semantics of the control operators shift;/reset; is given
by an iterated CPS translation, where the number of iterations is
greater than ¢ [8]. So, in order to see what is going on in the above
code, let us CPS transform the backtracking primitives and the
function prefixes using three layers of continuations (n-reducing
them where possible to avoid clutter):

fun fail () k1 k2
=k2 ()

fun amb c1 c2 k1 k2
=cl O k1l (fn O

Il
\

c2 () k1 k2)

fun emit v ki1 k2
=kt QO
(fn () => fn k3 =>
k2 O (fn u => k3 (v :: u)))

fun collect c
=c O
(fn v => emit v (fn u => fn k2 => k2 u))
(fn ) => fn k3 => k3 nil)
(fn vs => vs)

fun prefixes xs
= let fun walk nil

= fail O
| walk (x :: xs)
= amb (fn () => fn k1 => k1 (x :: nil))
(fn O =>

fn k1 => walk xs
(fn vs => k1 (x :: vs)))
in collect (fn () => walk xs) end

In this model of backtracking the first level serves to generate
the current solution, the second level remembers non-deterministic-
choice points, and the third level is responsible for storing the
generated solutions. Since in the above example there is always
at most one choice point, we can write its simpler version, where
the second level collects the prefixes and, therefore, the third level
is not needed any more [5]:



fun prefixes xs
= let fun walk nil k1 k2

= k2 nil
| walk (x :: xs) k1 k2
= k1 (x :: nil)
(fn vs =>

walk xs (fn vs => k1 (x :: vs))
(fn vss => k2 (vs :: vss)))
in walk xs (fn vs => fn k2 => k2 vs)
(fn vss => vss) end

This simplification has an interesting consequence for the types
of the continuations used in this program. We can observe that
while the answer type of k1 is int list, the argument type of k2
is int list list. We face here a phenomenon known as answer-
type modification [2, 5, 7], i.e., a continuation of answer type int
list is used through a control effect to construct a value of type
int list list. A direct-style counterpart of this program is the
following familiar function [5]:

fun prefixes xs
= let fun walk nil
= shift_1 (fn k => nil)
| walk (x::xs)
= shift_1
(fn k =>
(x (x :: nil))
(reset_1 (fn ) => k (x ::
in reset_1 (fn () => walk xs) end

(walk xs)))))

Due to the answer-type modification, this program type-checks
neither in Danvy and Yang’s type system [9] nor in Murthy’s
type system [22]. It requires a type system a la Danvy and Fil-
inski [7, 25], where programs have types derived from their CPS
semantics and where computations can modify the answer type of
continuations. The rest of this article is devoted to such a type sys-
tem.

3. Flexible Control Operators

In this section, we present a hierarchy of flexible delimited-control
operators and we define a type system for it. We then show that
it enjoys the standard correctness properties, such as subject reduc-
tion, soundness with respect to the CPS translation, and termination
of evaluation. We also discuss the link between these operators and
the original hierarchy of control operators due to Danvy and Filin-
ski [8].

3.1 Syntax

The language of terms at an arbitrary level n of the hierarchy
extends the usual lambda terms with delimited-control operators
capture L., reset (), and throw <=, forn € N1. Atany level n,
all operators inherited from lower levels j < n are also available. In
the following, we assume we have a set of term variables, ranged
over by x, separate from n pairwise disjoint sets of continuation
variables, ranged over by k1, ..., k,. The syntax of terms at level
n is defined as follows (where 1 < 7 < n):

t u= x| Awt | tt | Li(kr,. .., ki)t | (E): |
(h1,...,hi) <t
hi == ki | "E
v o= Ax.d

and the syntax of (call-by-value) evaluation contexts is given by
(where 2 <i<n+1):

E] = e ‘ UE] | Elt | (FE]‘I’”.’I’E[I) < E]
E; = e | EiEiq

Li(k1,...,k;).t are capture operators, each (-); delimits the scope
of the corresponding capture operator, and the throw constructs
(h1,...,h;) <>; t (similar to that of SML/NJ [12]) are used for
applying a tuple of continuation variables or evaluation contexts to
a term (or, throwing the term to the tuple).

In the original hierarchy of control operators [8], the shift; con-
struct S; k.t binds only one continuation variable instead of a tu-
ple, and continuations are applied as regular functions, without any
throw construct. Independently from this work, a throw construct

k <—; t can be introduced to distinguish continuation applications
in the original hierarchy for typing purposes, as discussed in [4]
(and in Section 3.3). Translating a term written with operators S;

and <ﬁ>1 to fit our system amounts to replacing singular variables
k by tuples of continuation variables of size .

In a source program, a term can be thrown only to a tuple of
continuation variables (k1,. .., k;), and the programmer does not
handle evaluation contexts explicitly. However, they can be intro-
duced during evaluation, when some of the variables k1, . . ., k; are
replaced by contexts captured by an operator £ ;. Therefore, we dis-
tinguish plain terms, i.e., terms that contain only throw constructs
of the form (k1, ..., k;) <= t.

An abstraction Az.t binds x in ¢ and a capture construct
Li(k1,..., k).t binds the variables k1, ..., k; in ¢. The sets of
free term and continuation variables are defined as usual, and we
say a term is closed if it does not contain any free variables of
any kind. A context is closed if and only if all terms occurring in
it are closed. We equate terms up to a-conversion of their bound
variables.

Contexts F; can be seen as terms with a hole. We repre-
sent contexts inside-out, i.e., e; represents the empty context
of level 1, v F; represents the “term with a hole” Ei[v []],
E1 t represents Ei[[ ] t], and ("E7,...,"E]) <; Ei rep-
resents Fi[("E(",...,"E;") <>; []]. A context of level i for
i = 2,...,n 4+ 1is a stack of contexts of level ¢ — 1 separated
by a delimiter (-);—1. Therefore the empty context e; of level 4
stands for the term with a hole ([]);—1, and E;.FE;_1 represents
Ei[(Ei—1[])i—1]. Formally, the function plug, (1 < ¢ < n + 1)
gives the term obtained by putting a term ¢ within a context E;. We
define plug, as follows:

t

pluyl (’U t7 El)
plugy (to t1, E1)

plug, (t,1)
plug, (t,v E;)
plug, (to, E1 t1)
plug, (t,("Ei7,...,"E]) <, EY) =
plug, ("E,...,"E]) <> t, E)

and fori = 2,...,n + 1 we define:

plug, (t,e;) = ¢
plug; (t, E;.E;—1) plug; ((plug,_, (t, Bi—1))i-1, E;)

We write E;[t] for the term plug, (¢, E;).

We choose the inside-out representation of contexts (rather than
the outside-in representation) because inside-out contexts arise
naturally as defunctionalized continuations, i.e., they are first-
order counterparts of continuations seen as higher-order functions.
Consequently, continuations can be obtained by refunctionalizing
inside-out contexts, as shown in Figure 1.

In the following, we represent terms as programs in order to
keep the layers of contexts delimited by the reset operators (-);
explicit. Such a representation is useful when writing reduction
rules, where we have to decompose a term and locate its redex.
It is also well suited for defining reducibility predicates to prove
termination of well-typed terms (cf. Section 3.4).



CPS translation of terms

T = Mea...knsrkizka... kni
Art = Mkp..
tot1 = Mki...kny1.to ()\volf’z . k::z_,_l.ﬁ ()\vlkg ...
ko ... kni1
{ty; = Mki..
Lok, kD)t = Mer...knprt{ki/KL, ..
(h1,.. hi) =it = Mki..
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Refunctionalization of contexts

. kn+1.f 91 . Qi()\vok;_‘_g . k‘,ln_;,_l.kl Vo ]{32 e ki+1 k;_._g .

k‘n+1.£ (A’Ulk‘é . k;l-t,-l/UO U1 HE1]] ké ..

. kn+1.]€1 ()\Ik‘ll.l{?é ce ]6,/,1+1.% k‘ll ké e k:l+1) k‘Q oo k:n+1

" " " / ’
kn+1.'l)0 V1 kl k’g .o k’n+1) ]{:2 e kn+1)

kni1) kiga - . knt1

kiKY 61 0 ki kg
. knJrl.E ()\'U[)k; PN k;+1~"“h1]] Vo IIhQ]] o thﬂ ()\Ulk;l_‘_g N k::-i,—l-kl (%1 klz PN k’/L-I—l k;l_‘_g e k;:_;'_l)

Kio . K1) ko ko

fort=1,...,n

. k':l+l) k2 “ee kn+1

[k:] = ki
o] = o
HEZ t]] = A’Uok2 .
IIU() E]]] = Avlk‘g...kn+1.’00* U1 [[E]]]k)g...kn+1
[[(rElj, RN rE‘f) < E{]] Avokg ..

. kn+1.ﬂE1]] Vo [[EQ]] e HEZ]] ()\’U1k’§+2 .

k:,_;'_l.HE{]] (%1 kQ e ki+1 k;+2 e k:,_;'_l)

ki+2 . kn+1

[[Ei.Eifl]] =

Azttt = Azt

)\Uki+1 e k‘nJrl.[[Eifl]] v [[Ezﬂ ]fi+1 . kn+1

Figure 1. CPS translation

Formally, a program at level n of the hierarchy is defined as
follows:

pu=(t, Ei,...
The program (¢, Ey, . ..

plug, 11 (.. (plug, ({plug; (¢, E1))1, B2))2 ..
which can also be written as

Enpal(-- (B[(Er[thi])2 - n].

It can be seen from this definition that each term that we repre-
sent as a program at level n, will be implicitly enclosed by the
reset operators of each level from 1 to n. For example, the term
Az.t will be represented as the program (Az.t,e1,...,,,1) that
yields (... (Az.t)1 ...)n after plugging. From the operational point
of view, such a sequence of delimiters surrounding a term is su-
perfluous, since it is enough to replace them by the reset of the
highest level. Therefore we introduce another definition of the plug
function—one that introduces fewer delimiters—defined on pro-
grams, which is shown in Figure 2. The idea is that the new plug
function when operating on entire programs can detect sequences
of empty contexts when it is enough to introduce only one delim-
iter of the highest level, rather than all of them (this behavior is
captured by the last two clauses of plug). This definition relies on
the fact that the first context £ that is not empty has necessarily
the form E;y1.(E;.(...(E2.E1)...)), as it can only be obtained
by pushing a sequence of contexts from level 1 to ¢ onto E;+1 (as
a result of decomposition or reduction). We will use this definition
when reconstructing a term from a program. For technical reasons,
also the definitions of plug, functions will be used in the remainder
of the article.

A term (which we consider in its representation as a pro-
gram) can have many different decompositions into the term part

B E’VLJrl > .
, En41) tepresents the term

->n7 En+1)7

and the context part; consequently different programs can rep-
resent the same term. For example, for n = 2, the program
((Ax.t) wv,e1,F>.E1,F3) can be also decomposed as
(Az.t,e1 v, Ex.Er, E3), or as ({(Ax.t) v)1, Er, Ea, E3). We iden-
tify all decompositions of the same term by defining an equivalence
relation on programs, as follows:

p~p = plug (p) = plug (")

and considering programs up to this equivalence. Informally, the
way to decompose a program is to read the definition of plug from
right to left. In particular, in order to decompose a term enclosed
in a level-i reset, we need to push the current ¢ contexts onto the
level-i 4+ 1 context. For example, the term {{{t)1 )2, ®1, ®2, @3)
can be decomposed into ({t)1 s, @1, ®2, 3. @3 .e1) and further into
((t)1,01 s,02,03.05.01) and then into (¢, @1, 0. 01 5,035.05.01).

3.2 CPS Translation and Semantics

We first define a CPS translation for our language, and then we
derive the reduction semantics from it, using the same approach as
Biernacka et al. [5]. The CPS translation, presented in Figure 1,
extends the standard call-by-value CPS translation for the lambda
calculus, and it uses the function [-] which transforms contexts
into continuations they represent (leaving continuation variables
unchanged).

The CPS translation is defined with respect to a fixed (but arbi-
trary) level n of the hierarchy. It means that the control constructs
may interact with up to n surrounding contexts, and consequently,
we introduce n + 1 layers of continuations in the translation. In the
case when a CPS-translated term does not touch some of its outer
contexts, it results in the introduction of a number of eta redexes
that could be reduced away. However, we prefer to keep them in



plug (t,v E1,E2,...,Eny1) = plug (vt,Eq, Ea, ..., Enq1)
plug (to, E; t1,Fa,...,Ent1) = plug (tot1, E1, Fa, ..., Ent1)
plug (t, (B, ...\ TE7) < B Eay .. Buy1) = plug (((E,...,"E7) <> t, B, Ba, ..., Ens1)
plug (t,e1,...,0;, Eir1.(Ei.(...(E2.E1)...), Bivo,..., Eny1) = plug ()i, F1,...,Ei, Eiy1, Eito,..., Eny1)
plug (t,®1,...,0p41) = (t)n
Figure 2. Plug function for programs at level n
(Bv) (Azt)v,Ery..oyEny1) —v (tH{v/z}, Ery, ..., Eng1)
(capture,) (Li(k1,y..., k) t, Ery.o.. s Eny1) —v ({"E/k1,...,"E'/ki},e1,...,0; Fiy1,..., Ent1)
(reset;) ((v)i, E1y.o oy Bng1) —v (v, Er,..., Enga)
(throws) (B[, ...,"E") <> v, E1,..., Bns1) —v (0B}, ... Bl Eii1.(Ei... (E2.E1)...), Eipa, ..., Eni1)

forl1 <i<n

Figure 3. Reduction rules

order to be uniform, and to exhibit the relationship with the type
system of Section 3.3.

The call-by-value reduction semantics is shown in Figure 3. We
write ¢{s/x} for the usual capture-avoiding substitution of s for
the variable x in ¢, and we write t{E; /k1} ... {E;/k;} for the si-
multaneous capture-avoiding substitutions of contexts Ey, ..., E;
for variables k1, ..., k; in ¢t. Terms (Az.t) v are the standard j3-
redexes of the call-by-value A-calculus (the rule (3, )). The reduc-
tion of a term £; (k1, . .., k;).t within contexts E, ..., En4+1 con-
sists in capturing the first ¢ contexts Ey, ..., F; and substituting
them for the variables k1, ..., k; (the rule (capture;)). When a
value is thrown to a tuple of contexts (Ej, ..., E;) using a level-i
throw construct within contexts Fy, ..., En41, then the new con-
texts oy, ..., E/ are reinstated as the current contexts, and the then-
current contexts Ey, ..., F; are stacked on the context F; 1 (the
rule (throw;)). Finally, if a value is surrounded by a reset of any
level, then the delimiter is no longer needed and can be removed
using the rule (reset;).

A redex is the first component (a term) of the program occurring
on the left-hand side of each of the reduction rules above. A poten-
tial redex is either a proper redex or a stuck term, i.e., a term that
neither is a value nor can be further reduced. The type system we
propose in Section 3.3 ensures that a well-typed program cannot
generate a stuck term in the course of its reduction. Because of the
unique-decomposition property of the calculus, the relation — is
deterministic.

We define the evaluation relation as the reflexive and transitive
closure of —,. The result of the evaluation is a program value
of the form p, := (v,e1,...,e,,1). Hence, a program value is
a term value surrounded by the (implicit) reset operators (-); for
t=1,...,n.

PROPOSITION 1 (Unique-decomposition property). For all pro-
grams p, p either is a program value, or it decomposes uniquely
into contexts E; ..., En+1 and a potential redex r such that

s Bnt1).

Note that the semantics of the original shift; can be retrieved by
allowing only throws to tuples Ei, ..., E; captured by an operator
Li(ki,...,k;).t, i.e., by forbidding throws to tuples built from
different captures or to tuples of size ¢ built from a capture of size
] >t

Let us illustrate the evaluation with an example. Consider
the program ((La(k1, k2).(k1,k2) =2 (v)1) (Az.x), 01, 02, @3).

p={(rEn,...

First, we decompose it and locate the redex:
(La(k1,k2).(k1, ko) <=2 ()1, 01 (A\x.7), 02, 03),

then we reduce it according to rule (capture,) and obtain:

(("o1 (Az.z)","027) <=2 (v)1, 01,02, 03).
Again, we decompose and find the next redex:

((v)1, (To1 (Az.z)7,"@27) <=2 @1, 02, @3).
According to rule (reset;) we reduce it, and decompose again:

(("e1 (Ax.z)",T@3") <=2 v, @1, @2, 03).
Finally, we reduce it to
(v, 01 (A\z.2),02,035. 05 .07)

according to rule (throw;), and then we decompose it to find the
(Bv)-redex which reduces to:

(v,01,02,03. 03 .01).
Finally, we decompose it to
((v)2, @1, 02, 83)
and apply (reset;) again, which yields the result
(v, 01,02, 03).

We can show that reductions in the hierarchy are sound with
respect to the CPS translation:

PROPOSITION 2 (Soundness of reduction wrt. CPS). If p —+ v,
then =gy p'.

Proposition 2 is proved using a characterization of the CPS-
image of a program in terms of its CPS-translated components:

PROPOSITION 3 (Characterization of CPS image).
Ifp=(t,E;,...,Ey), then

]7 :577 )\k‘l .. ‘kn+1.i [[E]]] e [[En}]()\’l)okl Vo k’z .. .kn+1) .

Proposition 3 states that the CPS translation of a program is con-
vertible to the CPS term obtained first, by CPS translating the term
component ¢ of the program, then applying it to continuations ob-
tained by refunctionalizing the successive contexts F;, and finally
applying it to a continuation of the highest level that collects all the
current continuations k; (as a refunctionalized stack of lower-level
contexts/continuations).



Terms (1 < i < n):

Nz : S5 A Fy x: S>Co...>Cry1,Coy ..., Crta

Iz :S;A R, t:C,...,Crhpy

Ci=Tnr...

A B, Azt s (S — [0, ..

F;A |—n t() : (S*)[Cl,

;Cnia]) > 05 .. > Crly, O,

,C;H_l]) >Ca...> Cn+1,02,, . .,Cn+1

:C;H—l F;A Fn t1:SDCz...>Cn+1,C§',...,C;L’+1

F;A l_n totl : C1,C§,...,C;l+1

Z:1(Dn) Z:(D;) | EANG N A Dl,...,Di,(SDCi+2...Dcn+1),cz{+2,...,c:1+1
F;A Fn <t>z : Sl>024..l>Cn+1702,.4.7C~;+1,C£+2,...,C;L+1
Il(Dl) I»L(Dl) F;A, k‘l . Cl,..., k‘z . Cl }_n t: D1,...,Di,ci+1,...,cn+1
F,A Fn Ez(kh,k’l)t : Cl,CQ,...,CnJrl
C1:SDCQ...DCTL+1 Ci+1:TDC£+2...I>C,I,L+1
F;A |_n ]’L1101 F,A }_n hZCI
| AN N A SDC&ID“.CZ{SAI>Ci+2\>...C’n+1,D2,‘..,Dn+1
F,A '771, (h17...,h7;) ;i TDCéID...C,ZC‘_lDCZ{_;'_Q|>...C;L+1,D2,...7Dn+1

Contexts and continuation variables:

A bR, o0 0 C

F;A o Bl e SDCZ'...DCTHJ

A ki - Ci by ki 2 C

2<i<n+1

T Aby, Ei.E_1: 5S> Ci+1 LD Cn+1

A b, By Cy

A by t1: S>Co.o> Crg1,C .o, Crpy

DA By Eit: (S—[Ch,..

DA By v (S = [C4y...

o)) > CY > Cl iy, CY

.,Cn+1]) > Cé/ LD C;L/Jrl

7C;:+1 F,A }_n EI : Ol

;A F, v B

C1:SDCQ...DCn+1
F;A Fn E1 ZCl

TNA Fy E/ :T>C)r..

1 S>Ch... > Chga

Ciyf1=T1> C£+2 LD C:L+1

F;A Fn Ei : C»L

/1! ! !
G > Cipa> ... Chy

F;A Fn (I—El—‘,...,rEi—‘) < E]I : SI>C£II>...

Programs:

C,:/Jrl > Ci+2 >...Chy1

F;A o En+1[<E1[t]>n] : SI>CQ...I>On+1,CQ,...,On+1

;A b (B, ...

,En+1> : S

Figure 4. A type system for the level nn of the CPS hierarchy

3.3 Type System

‘We propose a type system for the CPS hierarchy. It is a conservative
extension of the type system given by Biernacka and Biernacki for
the first level of the hierarchy for shift and reset [4], which is itself
a refinement of the classical type system of Danvy and Filinski [7].
The typing rules have been derived from the CPS image of the
language (shown in Figure 1). We assume that we have a set of
base type variables, ranged over by b. We let S, T" range over types
for terms, and C;, D; range over types for contexts F;, for all
i = 1,...,n+ 1. The syntax of types for terms and contexts is

given below, where 1 <7 < n:

S = b | S—)[Cl,...,CnJrl]
Cry1 = =S
C»; = SI>CZ'+1...|>Cn+1

As in Danvy and Filinski’s system, arrow types contain type
annotations S — [C1,...,Cphy1]: a function with such a type
can be applied to an argument of type S within contexts of types



Ci,...,Cpy1.Forn = 1, the Danvy and Filinski’s type S v — v
T corresponds to S — [T' > U, =~V].

In Danvy and Filinski’s original type system, continuations are
treated as regular functions; they are applied without any throw
operator, and they are typed with regular (annotated) arrow types.
As discussed in [4], this approach is too restrictive to type some
interesting examples. In particular, it lacks context answer type
polymorphism, which can be retrieved by representing captured
continuations as contexts, and by using an explicit throw construct.
Following this idea, we assign types to contexts C; that are not
function types; a context of type S > Ciy1... > Cphy1 can be
plugged with a term of type S, and it can be put within contexts
of types Cit1, . .., Cnt1, respectively.

A type environment for term variables I is a list of pairs z : S,
and a type environment for continuation variables A is a list of
pairs k; : C;. We derive typing judgments of the form I'; A+,
t : Ch,...,Cnhq1 for terms, and typing judgments of the form
A B, E; o C; forcontexts. f T A, ¢t 0 Ch,...,Chea,
then, under the assumptions I', A, the term ¢ can be plugged
into contexts of types C1,...,Cnh+1. We do not need to mention
explicitly the type of the term in the judgment, because we can
retrieve it from the type C of the first enclosing context, if needed.
IfC; =S1>Cy...>Cjyq,thentisof type S.

Danvy and Filinski’s typing judgment T; A | T + ¢ : S |U
corresponds to the judgment I'; A 1 ¢ : ST, =U in our system.

The typing rules are presented in Figure 4. We now briefly
explain them and sketch how they were derived from the CPS
translation of the language (of Figure 1).

The CPS defining equations are usually of the form op(t) =
M1 ... kni1.tky .. Ky, for a given operator op, and we want to
generate a typing rule of the form

A" F, t:C1,...,Chiq
;A By, op(t) @ CryeetyCrgr
To this end, we annotate the CPS equation with the most lib-
eral types, and we then deduce the types Ci,...,Cpy1 from
the types of ki,...,knt1, and C1,...,C} 4, from the types of

K1, ..., k1. For example, consider the CPS translation for term
variables:

f:)\kl...kn+1.]€1$k‘2... kn+1

The type of k1 has to match those of x, ko, ..., knt+1 to make the
application typable. No other constraints on types can be deduced
for this equation, so we can derive the following typing rule for
term variables:

Le: S5 A, 2:S>Co...>Chyr,Cy, ...

Consider now the CPS translation for reset:

<t>z - )\k‘l “en k’n+1.¥ 91 PPN 91 k;+1 ki+2 oo ]{Jn+1

5 Cn+l

with
k;+l = ()\’U()k;_i,g . k;l-i,-l-kl Vo k2 e k'i+1 k;_._g e k;‘b-‘»l)

Assume that we type k1 with S>> C .. .> Ch41. To be able to type
the continuation kj,; we have to assign types Ca,...,Chy1 to
continuations kz, . .., ki+1, kija,-- ., kny1 and the type S to vo.
Consequently, the continuation k;_ ; has type St>Clq2...0>Cpy1.
We do not have any constraints on the types of the continuation
kit+2, ..., knt+1. Finally, we have to assign valid types D1, ..., D;
to the initial continuations 61, . . ., 8;. Let us recall the definition of
the initial continuation:

9j = )\Ik]'+1 e kn+1.]€]‘+1 X kj+2 e kn+1.

Therefore, a type D; = T > D}y ... > D44 is valid for 6,
iff Dy = T't> Dj,o...> Dy 1. We check this condition by

defining a family of predicates Z; (1 < j < m) on context types as
follows:

I](CJ) = ES, C]‘Jrg, e
Cj ISI>(SDCj+2..AI>On+1)|>Cj+2D...Cn+1

7C7L+1'

and Z,41(Crt1) = True. We now have enough information to
write the typing rule for (-);. Similarly, we derive typing rules for
the remaining term constructors.

The typing rules for contexts can be derived by inspecting
the equations defining the function [-]. For example, because []
translates e, into the initial continuation 6;, the empty context
of level ¢ can be typed with any type C; provided that Z;(C;)
holds. Note that we use the same typing judgment for continuation
variables I'; A+, k; : C; as for contexts; it is just to make the
typing rule for throw easier to write.

We point out that the typing rule for the original shift; S;, (and

for reset; and throw ﬁ’l , respectively) is the same as the rule for
L; (and for reset;, throw <—; , respectively).

Asai and Kameyama [2] defined a notion of pure term (i.e.,
a term free from control effects) in the polymorphic type system
they designed for the level-1 shift and reset. Using Danvy and
Filinski’s typing judgment, a typable term ¢ is pure iff we can derive
;AT Bt 2 S| T for any type T'. We can generalize this notion
to an arbitrary level n of the CPS hierarchy. We see that for i = n
the typing rule for reset becomes

Il(D1) In(Dn) F,A '_n t: Dl,...,Dn,‘!S
F;A Fn <t>iIS|>CQ...|>Cn+1,CQ7...,Cn+1 '

We notice that in the conclusion of this rule as well as in the
conclusion of the rules for term variable and lambda abstraction,
the types Ca,...,Ch41 are arbitrary, and the type of the first
enclosing context is of the form S > C> ... > C,41. Therefore,
we say that a typable term ¢ is pure iff we can derive I'; A +,, ¢ :
S>Cy...> Cn+1,02, .. .,Cn+1 for any CQ, .. .,Cn+1.

We now state the main properties of the type system. First, we
prove subject reduction: if a program p is typable and reduces to
p’, then p’ is typable with the same type. To this end, we will need
to derive types for ¢ and Ei, ..., 41 from the typing judgment
A By (t Er, ...y Eng1) ¢+ S. We will need a few lemmas:

LEMMA 1. IfF,A . By [t] : Dl,CQ,,...,Cn+1 andIl(Dl)
hold, then T; A+, E;[(t)1] : C1,C2,...,Cpy1 and T; A+,
FE; : Cy hold for some C'.

The proof is a straightforward structural induction on E.

LEMMA 2. Fori = 2,...,n, the following properties hold:

1. IfF,A |_n Ei[<t>i_1] : Dl,...,Di,Ci+1,...,Cn+1 and
Z;(Dj) for all j = 1,...,7, then there exists C; such that
A By B Ciand

F;A }_n t: D'l,..‘,D;,l,Ci,Ci_H,‘..,C"_H
with (D)) foralll = 1,... i — 1.
2. [fF,A Fn Ez[<t>g] : Dl,...,Di,Ci+1,...7Cn+1, Il(Dl)
holds foralll =1, ... i, and j > i, then
AR, t Dll,...,D;,SDCJ/-JrQ...DC;L+1,Cj+2,...,Cn+1

with T,(Dj) foralll = 1, . ..

DA bp Bt S>Cipa> ... Cipa > Ciya > .. > Cryy.

,J and

The main difficulty in proving subject reduction was to write
down and prove Lemma 2 (and its counterpart for reconstruction,
Lemma 6). The two properties stated in the lemma are proved
simultaneously by induction on ¢ and on E;.



LEMMA 3. If
F;A |—n En+1[<t>n] : S|>C2...|>Cn+1702,-..70n+1
and En41 = 0n+1.E,1L ..... E;", then

A by t: Dy,...,Dy, =T

with Ty(Dy) forall l = 1,...,n, ;A +,, E}
A By Epgr 2 T

T > =S, and

The proof is a straightforward structural induction on E, 4. With
these three lemmas, we can decompose a typed program as follows:

LEMMA 4. If T A F, (¢, B, ..., Ent1) S and En41 =
0n+1-E71L ..... E}, then there exist Ci,...,Cnit1 such that
A By B2 Ciforalli =1,...,n+ 1, and T;A Byt
Ci,...,Cny1. Furthermore, I'; A F, Eﬁ . T' > =S is derivable
for some T".

We now state auxiliary lemmas needed to perform the reverse
operation: from a typed term ¢ and typed contexts Fi, ..., Fny1,
we want to deduce the type of the program (¢, En, ..., Eni1).

LEMMA 5. IfT; A Fp t 2 C,...,Cpy1andT; A+, E; 2 Ch,
thenT; A b, Eq[t] : D1,Cq,...,Cny1 isderivable and T, (D1)
holds.

LEMMA 6. The following properties hold:
L If
AR, t: Dy,...;Di21,Ciy oo, Crga,
Ti(Dy) hold foralll = 1,...;i— 1, and T; A +, E; : Cj,
then
A Fn Ei[(t)i—1] : DY,...,D;,Citt,...,Cot1
and 7;(Dy) hold foralll = 1,.. . ,i.
2. If
;A b, t: Day... D, Cigay oo, Crya,
Ti(Dy) holdforalll = 1,...,j, Cj41 = S>Cjiy...>Chyy,
and
AR, B Sl>0i+1\>...I>Cj+1|>C']/v+2>...DC;+1,
then
;A R, E[{t);] : Di,...,D;,Cit1,. .., Cngr
and T;(D}) hold foralll = 1,.. . ,i.
LEMMA 7. IfT;A by t 2 D1, ..., Dy, =T, Zy(Dy) hold for all

| = 1,...,TL, En+1 = .n+1.E,,1L.,....,E:Ln, F,A l_n En+1 :
=T, andT;A +, E} : T' > =S, then

F;A Fn En+1[<t>n} : S|>CQ...|>Cn+17027...70n+1.

LEMMAglfl—\,A Fn o Cl,...,CyH_l, F,A Fn B 2 O
foralli = 1,....n+ 1, Eny1 = eni1.EL, . ... E™, and
;A by EY 2 T'> 8, thenT; A by (6, E1,..., Engr) @ S
is derivable.

As usual, we need a substitution lemma to deal with the (3,)
and (capture,) reduction rules.

LEMMA 9 (Substitution lemma). The following hold:

LIfT,xz : S5A b, t: Ciy...,Cpy1and T;A Fy, v o
SDCQ...DC;H,thenF;A Fn t{v/a:} :Chyee o, Crsa.
2. I]‘F,A,K : Di>...>D; By ot C1,...,Cn+1 and

A By Ej Dj forall j € 1,...,1, then I'; A+,

t{(El,,El)/K} : Cl,-~~7cn+1-

Using these lemmas, we can prove subject reduction.

THEOREM 1 (Subject reduction). IfT; A =, p : Sandp — p
thenT; A b, p' @ S.

We now state the correctness of the type system with respect to
the CPS translation. To this end, we first introduce a translation of
the types of terms and contexts into simple types as follows:

b = b
S—=1[C1...Cpn41] = S=Ci— ... Cht1—o0
a = SDCH_1...|>C"+1
= §—>Ci+1—>...—>0n+1—>o
Cn+1 B TS:§—>O

where o is an abstract answer type.

We also define a translation on typing contexts in the usual way,
ie., I (resp., A) is obtained from I' (resp., A) by translating all
types occurring in I (resp., A).

PROPOSITION 4 (Soundness of typing wrt. CPS). The following
implications ensure the soundness of the typing of the hierarchy
with respect to the CPS translation, where &= denotes the standard
typing judgments deriving simple types for pure lambda terms:

1L FT;A R, t:Ch,...,Coa1, thenT; A FT:CL— ... —

Cn+1 — O. o L
2IfT;A FH, B Ci, then T; A+ [E;] : Ci, for all
1=1,...,n

3.4 Termination of Evaluation

We prove termination for call-by-value evaluation, extending the
method used by Biernacka and Biernacki [4] for level-1 shift and
reset to the level n of the hierarchy. The proof technique is a
context-based variant of Tait’s reducibility predicates [26]. For
simplicity, we restrict ourselves to closed terms, but the result can
be extended to open terms.

We define mutually inductive families of predicates on terms
and contexts as shown in Figure 5. The predicate Rs, indexed
by term types, is defined on values, and the predicates Kc¢;, in-
dexed by context types, are defined on evaluation contexts for all
i =1,...,n+ 1. A value of a function type is reducible iff the
program obtained by applying this value to a reducible value and
put within reducible contexts normalizes (i.e., it evaluates to a pro-
gram value). In turn, a context E; of level ¢ is reducible iff the
program (v, e1,...,e;_1, E;, Ei11,..., Eny1) built from any re-
ducible value v and any reducible contexts E;11, ..., En41 of the
appropriate types normalizes. The predicate N is defined on closed
programs: N (p) holds iff p evaluates to a program value in the
call-by-value strategy (the strategy is enforced by the grammar of
contexts Fp).

In the following, for any closed value v we write - v : S iff
there exist C'2,...,Cp41 such that ;- +, v @ S>> Co... D>
Crt1,C2,...,Cphy1. Because v is pure, we do not care about the
specific Ca, ..., Cy41, as discussed in Section 3.3.

In order to prove termination, we need the following two lem-
mas.

LEMMA 10. If Z;(C}), then K¢, (®;).

LEMMA 11. Let t be a plain term such that T; A F, t

Ci,...,Cnq1, where I' = x1:T1, ..., xpn T, and A =
kill :Dil17 .. K DT". Let U be closed values such that = v; :
T; and Rr,(v;) for all i = 1,...,n. Let E; be closed contexts

such that -5 Efj : ng and K ; (Ef]) Let Ef,...,E5
i



Ro(v) = True
RS—>[C17~-,CT,,+1]('U0) = Vvl.Rs(Ul) —)VEz"Ccl (E]) —>VEn+1 /chrl( n+1) —>N(<Uo ’U1,E1,...,En+1>)
K-s(Ent1) = Yv.Rs(v) > N({v,e1,...,0,, Ept1))
’CSDC'i+1~~>cn+1 (EZ) = VU'RS(U) — VEit1. ’CCL+1( H—l) — ... = VEpi1. Kcn+1( n+1)
— N((U, ®,...,0;_ 1, E;, E¢+1, ey En+1>)

N(p) = Fvu.p—,{v,e1,...,0,41)

Figure 5. Reducibility predicates

S 4
, n+1))holds

be closed contexts such that -,

N({5/7, B[k}, B, B

: C; and K¢, (E;}). Then

The proof of Lemma 11 is similar to the one of the analogous
lemma in [4]; this lemma is used to prove the following result:

THEOREM 2 (Termination of evaluation). Let t be a closed plain
term such that -;- F, t @ Cv,...,Cny1, and Z;(C;) hold for all
i=1,...,n+ 1. Then N'({(t,e1,...,0,41)) holds.

Theorem 2 is stated for plain terms only, since it is only for
such terms that we are able to control the reducibility property of
captured contexts occurring in them (here, it can only happen by
substituting a reducible context for a continuation variable).

3.5 Expressiveness

In this section, we prove that the hierarchy of operators £; and
<—; 1is as expressive as the hierarchy of the original operators

s . .
shift S; and throw <—; [8]. We also consider an alternative throw
c

operator <—; and compare it with <—; .

Regular shift and throw operators Because the original hierar-
chy of shift; and reset; operators with the addition of a throw; op-
erator can be embedded in our hierarchy, the typing rules and the
associated results carry over to the original hierarchy.

We now show how to express £; and <—; with the regular shift
and throw. We define a translation (-)° which rewrites terms with

. . S . .
L; and <—; into terms with S; and <—; in the following way:

x = x

Azt)° = dot°

(tot1)® = 513
i =

(Lilk, ... ki) 1) = Siki.Soks....Sikft°
((hi,...,hi) <= t)°

(Ax.(hi <—S>Z .(h3 <—’2 (h3 <—’1 T)1)2...)i) t°
ES = (o1,02,...,0;_1,F;)
ko= (K., k)

We assume that the translation of continuation variables & is
deterministic (i.e., it generates always the same tuple of variables,
written (k7 (1), ..., k7 (¢))) and that the translation of two different
variables generates disjoint tuples. The idea of the translation is to
perform successive shifts, in order to capture tuples of contexts of
the form (e1,e2,...,e;_1, E;). In the translation of <—; , the
contexts F; are then restored successively by throwing to these
tuples. Note that in the translated terms, we always throw to a tuple
of contexts captured by a singular shift, therefore we respect the
semantics of S;.

In order to prove the soundness of the translation with respect
to CPS, we define a function -, which returns the CPS translation

of hy.
B = [E]
S = Aakigr.. kg kS(D) 2 kS(2) . kS (E) Kigr - knga
In the following, we write t{(k1,...,k;)/k;} as a shorthand for
t{ka/k7 (1), ki /K7 (i)}
LEMMA 12. The following equalities hold for all 1 < j < .
W =gy Ak1...knt1.
(01 01, ki) /R7, . (R k) [R5}
01...0;kit1... knta

S
(hS =1 a)1); =pn Ak
()\Uok;+2 e

.kn+1.7L§I}/L§. EJE
k1)
kn+1

(he <3 ...

k./,LJrl.k‘l Vo ka... kj+1k;+2 e

kj+2...

K{(01... 01, KD /KDY =5y K

Using this lemma, we can prove the simulation theorem below.

THEOREM 3. Let t be a term (written with L; and <+; ) and
let k}l, . k‘7 be its free continuation variables. Then 1° =g,

t{k} °/k”,... k], °/k: )

In particular, for closed terms we have t° =g, t.

The translation preserves typing judgments, except that we have
to take into account the fresh variables generated by the translation
of a continuation variable. To this end, we translate the type assign-
ment (k1 ZC,')O = k‘f(l)Dl . kf(z — 1) : Dil, k}zo(l) . C,
where D1 ... D;_ are arbitrary types such that Z;(D;) holds for
j €1...7— 1. We then have the following result.

LEMMA 13. If T;A b, t 2 Cr...Chg1 thenT;A° B, t°
C’l...Cn+1.

An alternative throw operator In some cases we may want to

. . c .
consider an alternative throw operator <—; , which restores saved
contexts and discards the current ones without storing them. For-
mally, its CPS translation is defined as follows:

(h1,...,hi) (—C’it:Akl...kn+1.

E ()\Uoké o k;1+1ﬂh1]] Vo |Ih2]] NN ﬂhl]] k;-{—l NN k;+1)
ko...kny1
and the corresponding reduction rule is:
(B, B <50, By Bag) =
(0, Bi,...,B,Eis1,...,Eni1)



c .
The operators <—; and <—; can be defined one in terms of the
other as follows:

(.o hi) it = Q@ Li(Ky ... k). (h,. ..
where {k7,..., kYN {h1,...,hi} =0

(hl,...,hi) —;t = ()\LE<(h1,,h1) <—C’Z a:)l)t

The idea behind the first equality is to capture and destroy the
current contexts with £;; when the throw <—; is performed,
only empty contexts are pushed on the context of level ¢ + 1.
In the second equation, the delimiter (-); effectively pushes the
current contexts up to level ¢ on the context of level ¢ + 1, and

c . .
the throw <—; restores the captured contexts, discarding only the
empty contexts e1, ..., e; in the process. One can check that both
equations are sound with respect to the CPS translation.

We can derive a typing rule for <—C’Z from the type system
of Figure 4 using the equation above, or directly from its CPS
translation:

1 :SDCQ...DCn+1
F;A |_'n h1:01 F,A }_n thz
Dll ISI>C£D...CZ{[>C~L‘+1 D...Cn+1
A b, t: Dy, Da,...,Dpiy

LA Fn (hiy... hs) it Dy, Do, ...

As in the previous case, the properties of subject reduction, sound-
ness w.r.t. the CPS translation, and termination of evaluation hold
for the new system, therefore one can use interchangeably the two
throw operators.

5 Dn+1

3.6 Reflecting instead of throwing

As observed in [5], in practical applications it is often more con-
venient to specify continuation of the computation rather than to
throw a value of this computation to the continuation. Such an op-
eration (hi,...,h;) <; t of installing a tuple of continuations as
the current continuations of a given computation can be defined via
CPS translation as follows:

(hl, . ,hl) —;t= Akl . kn+1.¥ |Ih1ﬂ - thﬂ
()\’Uk;_',g NN k;_;'_l.kl v k2 e ki+1k£+2 e k:,/_',l)
k¢+2 A kn+1

Following the leads of this section it is then possible to derive
the reduction and typing rules for this construct and to prove their
expected properties.

4. More Flexible Control Operators

In this section we consider some variants of the operators intro-
duced in Section 3. Instead of capturing and throwing to continu-
ous sequences of contexts starting from 1 (£, ..., E;), we allow
capture and throw to any sequence of contexts Fj, , ..., F;,, where
1 <141 <12 <...<1i; <n. The syntax of terms is now defined
as follows:

t ou= x| Azt | tt ]| Lkip,. ..
(hiyy .- hiy) <t
the syntax of level-1 contexts is adjusted accordingly:

E1 = e] ‘ UE1 | E1 t | (’—Eil—‘,...,rEij—l) < E1

ki)t | (0]

and the remaining syntactic categories are defined as before. The
CPS translation, reduction rules, and typing rules for the operators

L£* and <> are summarized in Figure 6. Notice that when

7h1) i x)t

we consider captures and throws to consecutive sets of variables
starting from 1 (k1 . .. k;), we obtain the same definitions and rules
as in Section 3.

Using the same proof techniques as in the previous section, we
can also prove the following results.

THEOREM 4 (Subject reduction). IfT; A -, p : Sandp — p
thenT; A ., p' @ S.

PROPOSITION 5 (Soundness of typing wrt. CPS). The following

implications hold:

L FT;A R, t:Ch,...,Cos1, thenT; A FT:CL— ... —

Cn+1 — O. o L
2IfT;A FH, B Ci, then T; A+ [Ei] C;, for all
1=1,...,n

PROPOSITION 6 (Soundness of reduction wrt. CPS). If p —+ v,
then =gy p'.

THEOREM 5 (Termination of evaluation). Let t be a closed plain
term such that -;- +, t : C1,...,Chy1 and Z;(C;) hold for all
i=1,...,n+ 1. Then N'({(t, o1, ..., 0,11)) holds.

Expressiveness We first show how to simulate the operators £;

* . S . .
and < with §; and <—; . We use the same translation as in
Section 3.5, except that we translate <— in the following way:

((hiy,... hiy) < )° =

()\3}<K13 (;’Sij <K2 (—8’2 <K1 (—8’1 $>1>2> )to

with K; = hy if I € {i1,...,4;} and K; = (ey,...,e;) other-
wise. In the translation, if I ¢ {h;,,...,h;, }, then we restore the
empty context o; as the current context of level [ by throwing to e;
(in fact to the tuple (o1, ..., ;), but only the last context matters).
Otherwise, we throw to Ay, as in the translation for <—; . Because
the translation of £; remains unchanged, we still throw to tuples of
contexts captured by a singular shift, as required by the semantics
of shift. Expressing £* with S; seems more difficult, because £*
may capture some contexts and leave the first one unchanged, while
S, always captures a tuple of contexts, starting from the first one.
We conjecture that £* cannot be expressed with S;.

As in Section 3.5, we may consider an alternative throw operator

c c

& such that (B, , . .., E; ) &5 v replaces the current contexts
at positions 41, ...,2; by E;,,..., E;;, and leaves the other ones
unchanged. We define this operator via its CPS translation:

Y3

Cx*
(hi17"‘7hij) —t= Ak ...kn+1.
f ()\’Uok‘; e k;+1.cl VopC2... Cij k::j+1 e k,:LJFl)
ko ... kng1
where ¢; = [li] if I € {i1,...,4;} and ¢; = k; otherwise. The
corresponding reduction rule is:
(BL...,E) & 0, By, Eng1) —
<'U, E{: R Ez/; ) Eij+17 SRR En+l>
where E/' = E] if | € {i1,...,i;} and E/' = E; otherwise. We
can express & with <C—*’ as follows:
* Cx*
(hiu .. -7hij) —t= (A$<(h”, .. ,hij) < :E>ij)t
Roughly, the delimiter (-);; pushes the current contexts on E;; 41,

. Cx
and the captured contexts are then restored with < . How-

. . Cax . * . .
ever, simulating <— with < seems difficult, mainly because



CPS translation

Lok, Kt = Mku kg (KL Ky K R e e R K
where ¢ = { le i)ft}]l.erGW{iié’”"il} forall1 <1 <3,
(hiy ... hiy) Sto= Mk knord (Avokh . Ky [hiy] vo diys . di; Noiks ok ki on ko kg K e Kyga)
Kiivoeo Kan) k2o b
T T
Reduction rules
(capturex) — (L*(kiy, .- ki)t Eryooo s Eng1)  —v  (H{E1/kiy,- . Bij /i }, Bl oo B By, Eng)
where E] = { Ez iftﬁefwﬁéy S forall 1 <1 <1,
(throws) — ((Ef,,...,EL) < v,Er,....Enp1) —v (0B, B/ B 1.(BEy.,...,(B2.Ey),....), Eijy2,. .., Enta)

' g . .
where B = { Brifj e {ll’ S forallii <1 <4,
'Y otherwise
Typing rules
Il(Dl)ifle{il,...,ij} Dl:Cllflg{Zl,,ZJ} F;A, kil : Cil“'? k‘LJ : CZJ Fn t: D17--->Dij70ij+1~-~on+l

DA by £ (ki

Ci1 =S> Ci1+1 > CnJrl
TiA b hiy t G

F;A Fn t: SDC&ID...C&JI>C7;+2I>...Cn+17D2,..,

Ci]-+1 =Tp> Cz{j+2 LD C’:H-l

7kij).t : 01,02, .. .,Cn+1

Il(Cl) if [ ¢ {il,“%ij}andil S l S ’ij
F;A Fn th : Clj

5 Dn+1

DA b (B,

1 1 ! !
,h»L?)(—’»Lt : T|>CQ D"'Cij+l‘>Cij+2l>"'cn+17D25"'

s Dnta

Figure 6. CPS translation, reduction rules, and typing rules for £* and &

Cx* 3
(Biy, ..., Ei;) < v leaves contexts F; such that | < ; and
l ¢ {i1,...,1;} unchanged, while (E;, ...
. . c .
them with e;. We conjecture that & cannot be expressed with

*

.

B ) Sy replaces

5. Conclusion and Perspectives

We have developed the most expressive monomorphic type system
for a family of control operators in the CPS hierarchy and for this
type system we have proved subject reduction, soundness with
respect to CPS, and termination of evaluation. We believe that
the present article, as a sequel to the operational foundations of
the CPS hierarchy built by the first two authors and Danvy, is
another step towards better understanding of the CPS hierarchy,
and consequently, that it can inspire new theoretical and practical
applications of this beautiful but complex computational structure.

There are several directions for future research related to the
present work. First of all, as opposed to the type systems of Danvy
and Yang [9] and of Murthy [22] the type system presented in this
work allows for computations that modify the answer type of con-
tinuations at an arbitrary level of the hierarchy, which should open
new possibilities for practical applications that otherwise could
only be expressed in an untyped setting.

Building an experimental implementation of the hierarchy with
types a la Danvy and Filinski as presented in this article is another
task. In particular, one can use the syntactic correspondence be-
tween context-based reduction semantics and abstract machines [6]
to obtain an abstract machine equivalent with the reduction seman-
tics of this article, or one could adjust the existing abstract machine
for the hierarchy [5] accordingly and prove its correctness with re-
spect to the reduction semantics. Devising a type reconstruction
algorithm for the hierarchy should not pose any serious problems.
A more ambitious goal is to marry the type system from this work
with ML-polymorphism, which could be done along the lines pre-
sented by Asai and Kameyama [2].

Another improvement would be to allow for level polymor-
phism. Before typing a program with our system, we have to fix the
number of hierarchy levels n, which can be problematic in practice.
The whole program has to be typed using the n + 1 levels, even if
only a few parts are actually using high-level control operators. If
we use a library in various programs, each with its own hierarchy
level, we have to type the library several times, which goes against
modularity. These issues could be fixed by allowing for level poly-
morphism: from a level n typing judgment, it should be possible to
obtain a level n 4 1 judgment, as in Shan’s type system [25].



It would be interesting to formalize the proof of termination
of evaluation in the CPS hierarchy in a logical framework such
as the Calculus of Inductive Constructions of Coq. As has been
shown before [3, 4], normalization proofs by Tait’s context-based
method yield, through program extraction from proofs, non-trivial
evaluators in CPS and the program extraction mechanism of Coq
could be helpful for this task.

The present article focuses on the CPS hierarchy under the call-
by-value reduction strategy. A natural next step is to see how the
type system a la Danvy and Filinski for call-by-name shift and reset
introduced by the first two authors [4] generalizes to a call-by-name
hierarchy. It would be instructive to relate such a hierarchy to the
one recently presented by Saurin [24].

Finally, the still open question of the logical interpretation of
delimited continuations through the Curry-Howard isomorphism
carries over from shift and reset to the hierarchy.
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