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In this short paper, we advocate for the idea that continuation-based intermediate languages correspond
to intermediate logics. The goal of intermediate languages is to serve as a basis for compiler intermediate
representations, allowing to represent expressive program transformations for optimisation and compilation,
while preserving the properties that make programs compilable efficiently in the first place, such as the
“stackability” of continuations. Intermediate logics are logics between intuitionistic and classical logic in terms
of provability.

Second-class continuations used in CPS-based intermediate languages correspond to a classical modal logic
S4 with the added restriction that implications may only return modal types. This indeed corresponds to an
intermediate logic, owing to the Gédel-McKinsey-Tarski theorem which states the intuitionistic nature of the
modal fragment of S4.

We introduce Lgol, a three-kinded polarised sequent calculus for S4, together with an operational machine
model that separates a heap from a stack. With this model we study a stackability property for the modal
fragment of S4.

1 Introduction

Intermediate languages as intermediate logics. The proof-theoretical study of continuations
through the question of constructivity in classical logic, via the formula-as-type correspondence
between control operators and classical axioms, has been rich in lessons. It provided, for instance, a
better understanding of control operators and better calculi to model computing with continuations,
including the Curry-Howard correspondence between sequent calculus and abstract machines.

Historically, compilation has been one of the roots of the concept of continuation [Steele Jr.
1978]. Various works have applied the lessons of the proof-theoretical study to the construction
of compilers [Downen et al. 2016; Schuster et al. 2025]. At the same time, there is a more general
debate on the relevance of continuations for modern compilers [Maurer et al. 2017; Cong et al.
2019].

The notion of continuation used in the intermediate representations of compilers and the one
studied by logicians turned out to be different. While the (polarised, i.e. evaluation-order aware,
versions of) sequent calculi L] (intuionistic: linear in the conclusions) and LK (classical: non-linear
in the conclusions) correspond respectively to linearly-used and non-linear continuations, the
restrictions on continuations that appear in intermediate representations seem to correspond—by
Curry-Howard—to an intermediate logic between intuitionistic and classical sequent calculus. This
point is made the most clearly by Downen, Maurer, Ariola, and Peyton Jones [2016]:

[T]he logic that comes out of Sequent Core lies in between [LK and LJ]: sometimes
there can only be one conclusion, and sometimes there can be many. Furthermore
[...] Sequent Core still captures a similar notion of purity from the A-calculus. This
demonstrates that there is room for more subtle variations on intuitionistic logic that
lie between the freedom of LK and the purity of L.

However, this intermediate character of continuations used for compilation remained at odds with
the proof-theoretic treatment until Cong, Osvald, Essertel, and Rompf [2019], starting from an

January 13, 2026. Paper accepted for PEPM 2026 in the “short paper” category.
Authors’ Contact Information: Jean Caspar, jean.caspar@ens.psl.eu, Ecole Normale Supérieure — PSL, and INRIA, Paris,
France; Guillaume Munch-Maccagnoni, guillaume.munch-maccagnoni@inria.fr, INRIA, LS2N CNRS, Nantes, France.


https://orcid.org/0009-0003-2732-7628
https://orcid.org/0009-0001-7914-7165
https://orcid.org/0009-0003-2732-7628
https://orcid.org/0009-0001-7914-7165

2 Jean Caspar and Guillaume Munch-Maccagnoni

experiment to reproduce results from Maurer et al. [2017], proposed to capture the “second-class”
character of continuations with a simple type system, based on ealier work on second-class values
[Osvald, Essertel, Wu, Gonzalez-Alayon, and Rompf 2016]. The language and type system from
Cong et al. [2019] proved amenable indeed to be modelled via a sequent calculus for the modal logic
S4 in the first author’s MSc thesis [Caspar 2025], providing a logical characterisation of second-class
values.

The calculus of Cong et al. [2019] distinguishes, thus, second-class (restricted) value from first-
class (unrestricted) ones. The restrictions on second-class values ensure that they cannot escape
from their defining scope: they cannot be returned from functions, and cannot be referred to from
first-class values. In particular, a closure referring to a second-class value is itself second-class. This
ensures [Osvald et al. 2016] that second-class values can be allocated on the stack, and that the
stack can be freed when a function accepts a first-class argument. Continuations introduced by the
compiler following Cong et al. [2019] are second class, ensuring they they can be allocated in a
stack-like fashion. Nevertheless, from a Curry-Howard perspective, their CPS translation presents
classical features: continuations can be duplicated or erased to a certain extent, relaxing the strict
linear use of continuations in CPS models of intuitistic logic.

More recently, Schuster, Miller, Ostermann, and Brachthduser [2025] challenged our preconcep-
tions by using as a basis for efficient compilation a one-sided polarised classical sequent calculus—
originally intended in Munch-Maccagnoni [2009] as a calculus for Girard’s perfectly symmetric
classical logic [Girard 1991; Danos, Joinet, and Schellinx 1997], and expressing unrestricted call/cc
operators. Since it does not feature a priori restrictions on the use of continuations, the trick is
to rely on a dynamic use of linearity in the back-end, using reference-counting with re-use of
linearly-used memory cells. As they note, “since continuation frames are typically used linearly, we
hence get fast code for stack-like usage, even though we do not maintain a stack.”

We believe that there still are advantages in making the intermediate representations aware of
the effective linearity of continuations, in order to better preserve (e.g. during code transformations
for optimisation) and make use of (e.g. using hardware stack support) these properties which yield
an efficient compilation strategy.

A classical S4 sequent calculus as an intermediate representation. Building upon the work by
Cong, Osvald, Essertel, and Rompf [2019], this paper reports on some results from the first author’s
MSc thesis [Caspar 2025] which provided an investigation into second-class continuations with a
polarised version of (classical) S4 modal sequent calculus, the calculus L. One of its main results
that motivates this short paper, though we do not detail it here, is its analysis of Cong et al. [2019]
though the lens of modal logic:

The CPS translation in Cong et al. [2019] factors into an interpretation

of their calculus into Ly, followed by a CPS translation of L.

This extends a similar decomposition of CPS translations for the Ap-calculi via the one-sided
classical sequent calculus [Danos et al. 1997; Ogata 2000; Laurent 2002; Munch-Maccagnoni 2013].
In this short paper, we omit the CPS translation for L, and establish properties of its operational
semantics directly.

The intuitionistic S4 modal logic has found a wide range of applications in programming lan-
guages, including staged compilation [Davies and Pfenning 2001], contextual type theory [Nanevski,
Pfenning, and Pientka 2008], and information flow [Miyamoto and Igarashi 2004].

The (classical) S4 modal logic can be seen as mixing classical logic and intuitionistic logic, owing
to the Godel-McKinsey-Tarski theorem [Gédel 2001; McKinsey and Tarski 1948], according to
which its modal fragment is complete for intuitionistic provability. Furthermore, if we consider a
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fragment of classical S4 modal logic obtained by restriction to functions whose return types are
modal, we obtain an intermediate logic between classical and intuitionistic. We are indeed affecting
the classical character of S4 with this restriction—the modal fragment is not altered—but limited
forms of classical axioms are still provable. The intuition is that regular types are second class
(cannot escape their defining scope, in programming terms), whereas modal types are first class.

A theory of second-class continuations via S4. In this paper, we present the polarised sequent
calculus L}'?Ol for the modal logic S4, with three polarities (O, +, —). We also present a machine-like
semantics with features similar to those of Cong et al. [2019]: we divide the memory into two parts,
an ordinary heap for modal values, which can only refer to modal variables, and another part which
is stack-like and gets freed every time we evaluate a modal covariable. The stack is not freed when
returning a value with a non-modal type.

Then, if we restrict S4 to functions with a modal return type, thereby fully implementing the
second-class restriction, we recover the stackability property of Cong et al. [2019]. The result
suggests that metatheoretical results for second-class continuations follow in a straightforward

manner from those for S4.

2 System L,

In this section, we introduce a polarised sequent calculus for classical S4 logic with a term syntax

called Ly, which extends the polarised classical L-calculus Munch-Maccagnoni [2009].

Brief recapitulation of the polarised L-calculus. The grammar of the calculus is formed by com-
mands c of the form (¢ || e), which are formed with an expression ¢ in an environment e (a reification
of an evaluation context). Environments can bind variables; for example, as usual, the program
“let x = t in ¢” can be represented as (¢ || fix.c): it evaluates ¢ and then executes ¢ with the value of
t being bound to the variable x.

Other constructs are available in Ly, for instance pairs (¢, u) with pattern-matching on such
pairs using the environment fi(x, y).c. Thus, the program let (x,y) = t in c is represented with
(t| fi(x,y).c), which evaluates t to a value and then executes ¢ with the value of ¢ bound to (x, y),
if this value indeed decomposes into a pair. We also have a unit value () on which we can match
with fi().c and sum types with injections ¢; ¢ and the match construct fi(1; x.c | 13 y.c’).

The type system corresponds to classical logic and follows the formulae-as-types interpretation
for call/cc-style control operators [Griffin 1989]. The current continuation (or, here, the environment)
is captured with the construction pa.c: this expression captures the current environment, binds it
to a “covariable” @, and continues with c.

Following the linear analysis of classical logic [Girard 1991; Danos et al. 1997], the apparent
non-joinable critical pair, if ¢ and x are fresh,

¢ (ua.cl| fix.c’y > ¢

is resolved by giving priority to the left-hand-side reduction for “positive” types (corresponding to
CBV evaluation), and the right-hand-side reduction for “negative” types (corresponding to CBN
evaluation). Binders and commands are annotated by a polarity e.

We must also now distinguish which terms may be substituted or not. Thus, we have two
other syntactic classes: values V and co-values S, which corresponds to “pure” expressions and
environments that can be substituted. () is a value, and we restrict pairs and injections such that
only (V,V’) and 1; V are allowed as values. pa®.c is a value when ¢ is negative, but not when ¢
is positive; fix®.c is a co-value if ¢ is negative, but not when ¢ is negative. Except for those, every
expression introduced before is a value, and every environment a co-value: variables are values,
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and covariables and fi(x®, y“?).c are co-values. We have the reduction rules:
(pat.c|® Sy — c[S/a]
V|F fixf.cy = c[V/x]

The reduction of (ua.c || fix®.c’) is then determined uniquely by the polarity . Since the polarity
is determined by the type, the polarities of both sides match if the command is well-typed.

This system supports both CBV and CBN, so in addition to strict pairs (V, W) we also have lazy
records pi(; a®.c | m, f¢.c’). This represents a record with two fields whose computation is not
finished: to access a field, we can use the co-value 7; S, with S representing the environment in which
we want to use the value computed from the field i. The reduction (u(7; ;" .c1 | m2 @,?.¢2) |~ 7 S) —
c;i[S/a;] assigns this co-value to «; and computes the field. We also have co-values representing
pairs of co-values (S, S’), the corresponding values are p(at, f2).c, i.e. an expression which in-
spects the current co-value and retrieves S and S’, and co-values consisting of a single value [V],
with opposing values p[x*].c, which implement negation.

Adding a polarity 0. The system presented so far corresponds to (a fragment of) classical polarised
L-calculus. We do not merely add the O modality of S4: we consider a new polarity, O, which is
similar to + in the sense that it follows a CBV evaluation. Corresponding values are introduced
by OV, and co-values by ji0ix.c. Moreover, modal variables, annotated by O, are special because a
modal value can only refer to modal variables; this is enforced by typing.

What distinguishes a polarity from a modality is that a polarised type system reflects properties
of stability under type constructions—typically, a positive pair of two modal values is itself modal.
This is reflected in the type system with polarity tables which describe how the polarity of a type
is deduced from its constituents.! In categorical terms, this amounts to shifting attention from the
comonad O to its decomposition into an adjunction, typically with the category of O-coalgebras,
and interpeting a deductive system across several categories related by adjunctions. We will not
get into categorical details here, but our types A with polarity 0O all enjoy OA — A.

In the end, we have three polarities: the usual positive and negative polarities +, —, and one
additional modal positive polarity O. Positive polarities +, 0 will be denoted B and non-modal
polarities +, — will be denoted +. As we will see, the polarity O behaves almost like +, and shares a
lot of constructs with it. However, their behaviour will differ in the second semantics we give in
figs. 3 and 4.

£ + | - | O Polarities
® + | O Positive polarities
+ + | - Non-modal polarities
V,w = x| (V,W) | oV | O | uV | 1V | u[xfl.c Values
| p(m afiey | mp ff2.co) | p(a®, f2).c | pa.c
S, = a | mS | mS | goxf.c | [V] Co-values
|88 |0 | fixTe | iGe,y®).c
| iy x%eey | 12 y®2.cp)
t =V | pa®c Expressions
e S | px".c Environments
GEIFESY | (VI e Commands

Grammar 1. Syntax of system LEol

1 This idea goes back to Girard [1991, 1993], which indirectly influenced modal calculi via the Linear-Non-Linear term
calculus and models [Benton 1994] (at least).
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We define an operational semantics > for this system (fig. 1). It only reduces at the toplevel, and
it is deterministic: if ¢ > ¢; and ¢ > ¢, then ¢; = ¢5.

(uat.c|® S) >
(V|F fixt.c) >
(OIF f1().c) >
((V, W) |IF fi(x®r, y*2).c) > c[V/x,W/y]
GV xer |z xy?e2)) > ei[V/xg]
@V P joxé.c) > c[V/x]
(ulxtlel™ V] > c[V/x]
(u(a®, p2).cll” (S,5") > c[S/a,S'/p]
>

(u(m at ey | o a2 .00) |7 7 S) ci[S/ai]

Fig. 1. Operational semantics of system LEol

3 Typing
Types and their associated polarities are defined as follows:
A, B ==1|A®B|A®B|0OA|-A|A&B|A®B

o(A), ®(B) = O x x o - - -
where x = @(A) © @(B), defined further below. In words, to the connectives of classical linear
logic without the exponentials, we add a modality O, representing a strong comonad. However, the
system is not linear (hence the comonad is written “0” rather than “!”). Thus, even though A & B
and A% B are logically equivalent and represent a disjunction, they are not isomorphic and their
reduction rules differ. Similarly, ® and & both represent conjunction, and 1 is the unit of ®. Finally,
- is the (negative) negation.

Types have a polarity @(A) = ¢: we have ®(A) = — for negative types, ®(A) = + for positive
types which are not modal, and @(A) = O for modal types; essentially coalgebras for O. Positive
and modal types correspond to CBV types, and negative ones to CBN types. The operation © on
polarities is defined as follows:

, O whenever (¢,¢') = (0,0)
Qe = .
+ otherwise.

We note A, to assert that the type A is such that ®(A) = ¢.

One can see that there is no function type in this system. The type A — B, representing the
arrow type of call-by-push-value, can be macro-defined as =A% B, with % representing the negative
disjunction; values of type A — B are introduced by u(a - f).c € pu(a, f).{ulal.c |~ @) — in CBN,
Ax.t is defined as p(x - f).(t ||~ B): the idea is that a value of type A — B captures a value of type
A and a continuation of type B: the value the function returns must be sent to this continuation.
Co-values of type A — B are introduced by V - S £ ([V], S). The idea is that a co-value of type
A — B consists of a value of type V on top of a co-value of type B, which represent the co-value on
which the result of the function will run: for example, ¢ u is translated as pf~.(¢ | u - f) (uis a
value because in CBN, every expression is translated as a value of negative type).

Similarly, one can define polarity shifts, which cast the type so that it becomes positive/negative:
the type 1A Y Alis positive: its values are IV (v, () and its co-values are afxt.c o A(xé,u").c,
and the type JA & =12 A is negative, with values plla®.c € p(f~, @).c and co-values |S ¥ ([()], S).
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The modal logic S4 a logic which a modality O satisfying 0(A — B) - 0OA — OB, 0A —» Aand
OA — OO0A. Italso comes with the necessitation rule, saying that if A is provable without hypothesis
then OA is provable without hypothesis. Here, O follows almost the same rules. However, mixing
modalities and evaluation order (effects) reveals difficulties associated with a value restriction
similarly to Curien, Fiore, and Munch-Maccagnoni [2016]: as they explain, having both a co-monad
on a category of values, together with an effect adjunction, would require the rule O to be restricted
to values. Thus, in Ly, from a proof of A — B we cannot in general deduce a proof of 1A — OB,
but only DA — OB, due to this value restriction. This peculiarity has been addressed differently
in Curien et al. [2016] by taking the modality to be essentially Off. Our treatment of the modality
differs from Curien et al. [2016] in two aspects: the construct OV does not introduce an implicit
suspension, and modal contexts are handled as in Kavvos [2017]. Intuitively that O is product-
preserving, as in the semantics of Kavvos [2017] and unlike the modality ! of Curien et al. [2016],
for which our approach would not work.

Contexts (T' | © F A) are made of three parts, represented by ordered lists of (co)variables: I', ®
and A. None of them are linear: they all supports permutation, contraction and weakening. I is the
usual “intuitionistic” part of the context, and contains variables with their type. © is the modal part,
also consisting of variables and their types: x : A € © should be seen as x : OA € T, but it allows
to extract the values behind the modality. Lastly, A is the classical part, consisting of co-variables
a : A, representing continuations. An empty list is represented as ©.

Indeed, following the Curry-Howard correspondence for classical logic, we know that formulas
on the right-hand side of the I correspond to continuations variables. The syntax is essentially
a fragment of the two-sided L-calculus Munch-Maccagnoni [2009, 2017], with a dual context on
the left inspired by the syntax of Kavvos [2017] specific to product-preserving modalities. Lastly,
sequents may also include a distinguished zone (except for commands judgments), which can be
left or right, and contains at most one formula. Intuitively, the formula in this zone is the one we
are working on.

We consider the typing rules given in fig. 2. There are five typing judgments:

‘TIOFV:AA:V isavalue of type A in the context (I' | © F A);
‘TIOFt:A|A”:tisan expression of type A in the context (T | © F A);
‘T1©;S:Ar A”:51is a co-value of type A in the context (I' | © - A);
‘T!©|e:Ar A”:eisan environment of type A in the context (I' | © + A);
“c: (T} O®F A)”:cisacommand in the context (I'| © I A).

When writing I', T, ©,®’ or A, A’, we assume that I" and I/, ® and ®" and A and A’ are disjoint.
I; denotes a context in which all types A are such that ®(A) = 0. We define renamings 6 € R(T" |
O+rA=T"]0"+ A’):0is afunction between variables and covariables such that if x : A € T' then
O(x):Ael’,ifx:Ac@®thenf(x):Ac® andifa: A€ Athenf(a): Ac A

We note that some rule forces to separate the contexts, as the R® rule. However, this is not an
issue, because we can use renamings to contract variables.

—_— (FAx) ——————————————(+Ax)
x:Ajokx:A0 y:Ajory:Ao
(r®)

x:Ay:Alor(x,y):A® A0
(FR(V))
z:A|oF (2,2) : AQ A;0

We applied the renaming 0(x) = 6(y) = z. It preserves types : x and y are type A, and z too.
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(FAX) (FOAX)

x:Alokx: A0 olx:Arx A0

- (AxD)
olola:Ara:A

TIOrV:Ag;A T710 |e:Agt+ AN
(VIEe):([,I”10,0" +A,N)
Fr'Ort:A_|A T/10;S:A_ A
ENmS)y: (T, T710,0" +A,A)

c:(T1Ora:A_,A)
I''Orpa~.c:A_;A i

(cutm)

(cut—)

c:(T1OFra:AgA)
FpE)
T'OFpa®.c:Ag | A
c:(T,x:Am |OFA)
- (jimr)
I'0;ix%.c:Agr A

c:T,x:A_|OFA)
(
I'oe;ix~.c:A_rA

A-t)

reorv:AgA Ire;s:A_+A
— v — T (s
TIOFV:Ag|A T'O|S:A_rA
c:(T'1OFra:Ag,p:Bg,A)
(+%)
T'OFpu(a®, p®).c: Ag, B Beys A
riOle:ArA IO | f:BrAN
()
I,L['10,0 |(e,f):A®BFr AN
c:(T,x:As|OFA) F'erV:AA
(k) (")
TlOFp[xfle: =AgA I e;[V]:-ArA

ci: T, 0FrA a:As) c2:([,]OFA,B:Bg)
(F&)
T1OF pu(m aftcy | mp f2.c0) : Ag, & Beys A
Ie;S:AFA

(&)

c:(TiOFrA) U107 S: Al &AZ kA

(+1) L an

olork(): 10 Q-7 .
F16:0.c:1rA OHVike c:(F:x:AE,G)l—A)(DF)
F:E‘)FVA,A r’:@’I-WZB;A/('_@) I‘D:@)FDVZDA;O r:@;ﬁDXE.CIDAEFA
7 ’ . . 4
[.I716,07F (V.W): A® B A, A LiOrViAA o TiOrAlA
. . . FR(V FR(t
C-(F,X.Agl,y.Bgz :@FA) () F':@’FQ(V):A;A’ r/:@/,_@(t) CALN
| " £1 & .
' 0;i(x®,y®2).c: Ay ® By, F A F1e:S:ArA s F1O|e:ArA o
R(S)F) R(e)r
rierv:ash o I’10:0(S): Ak A 710 |6(e): Ar A
Frior; V:A&Ax;A c:(T!'OFA)
. I
c1:(Tx:Ag |OFA)  c:(Ty:Be, | OFA) —9(0):(I"}®'I—A')(m(0))

(@r)

T10;0( xfcq | 1z y®2.cp) tAg ®Bg, FA

Fig. 2. Typing rules of the system LEol

Similarly, axiom rules only allow one variable/covariable in the context. Again, this is not an

issue:
(Axt)

oloa:Ara:A
Froe,a:Ara:AA
Here we applied the renaming 6(a) = a. Of course, it preserves the type of a. The other variables

we added in the context do not appear in the expression, so nothing can go “wrong” with them.
Lastly, we can use renamings to exchange variables so that the context are separated at the right

place, for example, here, with 6(x) = x and 0(y) = y:

(R(S)F)

—— (+0Ax) —— (+0OAx)
oly:Bry:B;o olx:Arx: A0
(F®)
oly:B,x:Ar (y,x) : B® A;0
(FR(V))

olx:Ay:Br (y,x): BQA;©
This type system enjoys some soundness properties:

LEMMA 3.1 (MODAL RESTRICTION). IfV is a value andT |® + V : Ag; A thenIy | © + V : Ag;o.
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This is the crucial property of this calculus. It ensures that modal values only refer to modal
values in their closure; thus, if we allocate modal values on the heap and the rest on the stack, it
ensures that values on the heap do not refer to the stack.

LEMMA 3.2 (TYPED SUBSTITUTION). Ifc (ort,V,S ore) is a well-typed command, expression, etc.
in the context (T | © + A), if (T” | © + A’) is another context and o a function such that for all
x :AeT, o(x) is a value such thatT” | " + o(x) : A; A/, foreachx : A € ©, o(x) is a value such
thatT, 1 ©' + o(x) : A;o and foreach a : A € A, o() is a co-value such thatT’ | ©@";0(a) : A+ A,
then o (c), respectively o (t), etc. is well-typed in the context (I’ | ©’ + A”). Moreover, if applicable, its
type is the same.

LEMMA 3.3 (SUBJECT REDUCTION). Ifc > ¢’ andc: (| ©F A) thenc’ : (' | ©F A).
LEMMA 3.4 (NORMALIZATION). b is normalizing on well-typed terms.

Proor. We have in fact the stronger result: the contextual closure of &> is strongly normalizing.
Indeed, Ly, can be translated into the L]Z system from Curien et al. [2016] in a straightforward
manner, by translating 0A as TA, (I' | © + A) as (T, 1© + A), OV as (V, ()) and jOx.c as jiffx.c.
Moreover, the polarity O is translated as +. This translation preserves typing and is a simulation,
and their system is strongly normalizing (see e.g. [Munch-Maccagnoni 2017]); hence ours is also
strongly normalizing. O

Together, these lemmas allow to prove that we can evaluate every “closed” command ¢ : (¢ |
o F #p : Rg) to a value, where R is a modal type and #p the toplevel continuation. Indeed, such a
command reduces to a normal form ¢’. By case analysis, we can see that ¢’ = (V |? #p) for a certain
V. This V has type R in the context (¢ | ¢  # : R) by subject reduction, but thanks the modal
restriction lemma, we can actually show that it contains no free variable. This V is unique because
> is deterministic.

THEOREM 3.5 (EVALUATION). Ifc: (o | o+ tp : Rn) there exists a closed value V of type R such that
¢ >* (V |P tp). Moreover, this V is unique.

This is interesting because in the end, we are interested in evaluating complete programs that
return purely positive values like booleans or integers; which are indeed given by modal datatypes
(e.g. 1 ® 1 which is a modal type). Like the type system of 1,2 described in [Cong et al. 2019], in
this system, we can wrap a type in O to force its values to be pure, ie., not to contain continuations,
but we may locally use continuations in a function which returns a pure value, and the type system
ensures that continuations do not escape.

4 Machine-like semantics

This section presents a machine-like semantics for the calculus which manages the memory
explicitly. For their calculus, Cong et al. [2019] devised a machine with an interesting property,
stackability: when calling a function that accepts a first-class argument, the stack gets freed and
reset to how it was at the definition of the function. Here, we do not have the notion of first-class
or second-class types directly, but a first-class type in their system corresponds to a modal type in
ours, so a function accepting a first-class argument would have type A; — By = 1(—=Ag % Bp) in
ours. Note that B is always first-class in their setting, so modal in ours. The semantics we propose
is based on generalizing the stackability property.

We first present the memory of our machine in gra. 2. It can store values and co-values. The
typing rules will ensure that whenever a variable x is stored in M, then it must be negative, ie.
represent a thunk which has not yet been evaluated. More generally, if a positive or modal variable
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x appears in a value V stored in the memory, then every occurence of x appears as a subterm of
some command c, itself a subterm of V. Dually, negative covariables appearing in a co-value S
stored inside M can only appear as subterms of some command which is a subterm of S. Thus, if x
is positive, then the strict pair (x, x) can not be stored in M, but p(m; a* {x ||" @) | m f*L{x " B)),
representing the lazy record both of whose fields have value x, can be stored in M. Dually, stored
covariables a must be positive or modal. To outline this distinction, we will write V, W or S for
values and co-values stored inside M.

H = o | H,x*=V Heap

& = x*=V | af=S§ Equations
F = (& | (&) Stack frame
S = o | 8§7F Stack

M = (H;S) Memory

Grammar 2. Memory syntax

M is the memory; it is composed of a heap, H, for values of modal types, and of a stack S, for
values of non-modal types and for co-values. We can also allocate values of non-modal type in
H, but only if they don’t refer to variables outside of © except for variables of modal type. This
ensures that values on the heap don’t refer to the stack. The stack is divided into stack frames ¥ .
We can assign new values with the operations M[x¢ := V] and M[a?® := S], which allocates the
memory on the heap or the stack accordingly: each time new variables are allocated on the stack, a
new stack frame is created. A stack frame has an address: we denote @x or @« the adress of the
stack frame in which x or & has been allocated. We can restrict the memory M|, so that it drops
the stack frame to which « belongs, and every stack frame allocated afterwards. We write M (x)
and M(«a) for the value, respectively the stack, assigned to x and « inside M, and @(x) or o(«)
for its polarity ¢ (values on the heap are all modal). The memory will be implicit in the notation.

More formally, for the allocation:

(H;8)[x" = V] « (H, (x" = V);S)
(H;8)[x* = V] «f (H;S, (x¢ :=V))
(H;S)[a* = S] o (H:S, (af =8))
(H:S)[x? :=V,y7 :=V] € (H,(x:=V),(y:=V)S)
(H;S)[x" =V,a*:=5] £ (H,(x=V)8,(a®=89))
(H;S)[a® =8,p7 =81 £ (H:S,(af =8, =5"))
etc.
And for the restriction:
(H:0)l@a = (H; o)
(H;S, (af = 9))lea = (H;S)
(H;S, (B° =9))lea L (H;S)loa
(H;S. (x* = V))|aa 2 (H:S)lea

(H:S. (=81 =SDloa & (H:S)loa
(H;S, (@ =S, =) |oa ¥ (H;S8)
(H;S, (B =S,a° =5 )oa £  (H;S)

etc.
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Now, we show how to evaluate values and co-values. We define the following relations (fig. 3):
MEeV I,V MEeS|S

The first one means that V evaluates to the value V in the environment M, and the second means
that S evaluates to the co-value S in the environment M. They do not force thunks; thus, negative
variables are not evaluated, and similarly for positive or modal covariables.

M(x)=V  ox) e {+ 0} @(x) = —
MEx|,V MEx |, x

o(a) € {+,0} M(ax) =S o(a) =-
Mealsa MealsS
MEVI,V MeV' |, W MEeV |,V
ME WV, V) U, (V,W) MEL VLV
MES ;S

M i, y%).e Uy ilx™, y).c MrrSL s

MeE (i x7 eq | x,7c0) U it x7" 01 |1 x,°.c2)

ME p(my ey | mp ay?.c2) Vo p(my e | 12 ay?.c2)

Me() Lo O M ().c Us ().c

MEeV ],V
ME[V] s [V]
MESUsS MEeS ;S
ME(S,S) Us (S,S)
MEeV |,V
MeOV |, ov

M e p[xlc Uy p[xf]c

ME p(a, p2).c Uy pla, p2).c

M e joxf.c | poxé.c
Fig. 3. Evaluation of values and stacks

For example, we have:
(x=0:y" =V)E(xy) o (0.y)
Now, we define in fig. 4 the relation (M E ¢) ~» (M’ E ¢’), which means that with the memory
M, the command ¢ reduces to the command ¢’ and modifies the memory to be M’. The key point
of this semantics are the rule Evalji0, which allocates modal variables (belonging to ®) on the heap:

MeV |, OV

Evaljuo
(H;8) eV P poxt.c)) » (H, (xf :=V);8) k¢)

and the rule EvalO:
M(a) =P S

EvalO
MEeVIPay) » Mlaa EXVIPS))
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M(a) =*S Eval M(x)="V E
val+
MEV a)) »» MEVTS)) MELx™ 8)) » (MECVTS))
M(a) =P S MES s [V]
EvalO
MEVIF @) w (Mlaa ECVIF S)) (M Eu[xfl.cl™ S)) o (M[x® = V] k)
MEeS|sS MEV I,V .
Evalpa¥® - Evalfix®
(M E (uat.c|f S)) » (M[af :=S]Ec) (M ELV|E fixf.c)) > (M[xf =V]Ec)
MEV |, (V, V)
M E(V | g(x1,y%2).c)) w» (M[x¥ =V, y®2 =V']Ec)
MEeS s (S, )
(M Eu(@®, p2).cl” S)) ~ (M[a® =8, % =] k)
MEV Uv ;' V
(M EXVIIE iy xfl.cl | 12 ng2.02)>) ~y (M[xfi =V]E ci)
MES Jls i S
(M E (u(m afl.cl | 7o a?.cz) I~ S)) ~y (M[af" =S]E ci)

val—

Evaly—

Evali®

Evalp®

Evalji®

Evalu&

MEV () . MEeV |, OV .
Evalfil EvaljO
MEVIP [().c)) » (MEc) ((H;8) eV |P foxe.c)) ~ (H,x¢ =V;8) Ec)

Fig. 4. Evaluation of commands

After evaluating a covariable a of modal type, we can make the stack shrink. Indeed, if we restrict
ourselves to typed values, V is of modal type, so it cannot contains references to S; and the value S
of @ must be typed in the environment we had before o was allocated.

Let us consider what happens when evaluating, for example, a (CBV) function ¢ on some ex-
pression u. We suppose that t has for type 1(Ag — Bp), that is, where A and B are modal. Note
that ¢ is not of modal type. This is the situation considered in Cong et al. [2019]. Now consider the
evaluation of the following expression:

w2t if (et P o [ i 1 g™ a1 1))

First, we must evaluate ¢. Suppose it evaluates to f. Then we evaluate u (note the n-expansion).
Suppose it returns a value V: this value will be evaluated against @, appearing in (V [P «). Thus, at
this point, because « is modal, the stack will be reset a first time to the point where it was before
we started evaluating u. This is valid because V contains no reference to the stack, as it is modal,
and « points to ix".{f* |" itg~.{g |~ x - y)), whose free variables have been allocated before the
beginning of the evaluation of u. Then, we store x := V on the heap, we extract the real function g
from its wrapper f and evaluate it on x. This returns some value V’, which is evaluated against
y. At this point, because y is also modal, we can restore the stack to how it was before the call
of t u: thus, the stack is restored in its initial state, and no memory has been leaked. Even if A is
non-modal, we can still ensure that the stack is freed when the function returns, though we cannot
free it after evaluating u. This is exactly the stack discipline of the CPS translation presented in
Cong et al. [2019].

More generally, in this semantics, co-values S and non-modal values V follow a stack discipline:
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THEOREM 4.1 (STACKABILITY). The semantics that allocates co-values S and non-modal values V
on the stack S, shrinking every time the evaluation of a modal expression returns, bringing the stack
back in its state before the evaluation of the modal expression started, is sound.

In particular, this applies to functions whose return type is modal, and to their arguments if they
are modal. That means that the stack in which we allocate correspond to the call stack if we restrict
the calculus to functions whose return type is modal.

However, the behaviour of functions returning non-modal types is a bit weird: for example,
(Ax*.let y = (x,x) in y) V is translated as t & ,u,B*.<u(x ), x) |7yt y It a)) "_ V. /3>, for
which we have:

(H:S) et S)) " (H:S. (B :=9).(x" =V.a" = f).(y" = (x.%) E W @))

where S is an arbitrary co-value of positive type, and where we have (H;S) £ S s S and
(H;S, (" =98)) £V |, V. That is, the returned value, y depends on the last stack frame,
especially on the binding y* := (x, x), which was not allocated at the time the evaluation started.
Thus the stack cannot shrink and return to § at this point of the execution.

In particular, this means that without the full second-class restriction, when functions can return
non-modal values, the stack in which we allocate does not correspond to a call stack. On the
one hand, whether and how the stackability property allows us to improve over indiscriminate
heap-allocation remains to be investigated. On the other hand, this is not necessary to our point
that the metatheory of second-class continuations follows from that of S4 sequent calculus—and
the latter might admit more relaxed characterisations of the notion of non-escaping values (in the
same way as second-class values are a simplistic form of borrowing).

5 Correctness

We now prove the correctness of this machine-like semantics with respect to the operational
semantics .

We first define a typing relation for environments in fig. 5. We first fix a modal type R, which will
not change along this work, and will serve as a return type, and the type of #p. Type environments
are defined almost like environments, except that we replace x* = V by x : A,, etc. We note
such a type environment ¥ or (Z¢/; X5). We can associate a typing context to a type environment:
variables in S go into T, covariables go into A and variables in H go into ©. We also always add
tp : R to A. For example,

[((x:A),(y:B)(a:C,:D),(z:E)]|=2z:E|x:Ay:Brip:R,a:C,5:B

Note that our rules ensure that a value or a stack allocated on the stack only contains references to
the heap and to variables allocated before. Theorem 3.1 ensures that values on the heap only refer
to the heap.

We enumerate some useful properties of this type system:

LEMMA 5.1 (PROGRESS). If M : X and c is well-typed in the environment [2] thenc = (V [" tp) or
there exists ¢’ and M’ such that (M E ¢) ~» (M’ E ¢’).

LEMMA 5.2 (SUBJECT REDUCTION). If M : X and c is well-typed in the environment [X] and
(M Ec) ~w (M’ E’), then M is typable, either in an extension or in a restriction 2’ of X, and ¢’ is
well-typed in the environment %'.

PRrROOF SKETCH. By case analysis on the derivation (M k ¢) ~»» (M’ k ¢’). For the case of the rule
EvalO, we use the theorem 3.1 to prove that V contains no reference to S; and then, if M(a) =" S
and M is well-typed, then S must be typed in [M|@«]- Thus (V |7 S)is well-typed in [M|gq]. O
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(0;0) : (030)
(H:S): (Bg:%s) Tn!OFV:iAge [(H:S)]=(T!60FA)
(H,(x=V);8): By, (x 1 Ag); 28)

(H;S): Cg;2s) TIOFV:ALA  [(H:S)] =T 1 0FA)
(H:S, (x* =V)): Cg3Zs, (x 1 Ax))
T'NO;S:A;FA
I e;S':Bgs+A

(H;S, (af =S, =) : Cg; S, (@: Ae, f: Ber))

(H;S) : E:28) [(H;S)]=T10+rA)

etc.

Fig. 5. Typing of environments

LEMMA 5.3. If M : 3 then M defines a typed substitution from [Z] to [[(o; ©)]l, which will be noted
(M].

LEMMA 5.4. If M : 3 andV has type A in the environment [2] and M eV |}, V then V[M] =
V[M] ; the same goes for S.

LEmMMA 5.5. If M : 3 and c is well-typed in the environment [2] and (M & ¢) ~> (M’ E ¢’) then
c[M] >=1 ¢/[M’]. Moreover, there cannot be an infinite sequence of ~ that yields an equality.

Now, if ¢ is closed, ie. defined in the environment [(¢;¢)]] = (¢ | ¢ + #p : R), by theorem 3.5 there
exists a unique V of type R such that ¢ >* (V |[" tp). We will show the following:

THEOREM 5.6 (EVALUATION). There exists V' and H such that ((0;¢)  ¢) »* ((H;S) EXV' P tp)),
V' contain no reference to S and V'[H] = V.

This proves the soundness of our semantics.

Proor skeTcH. With the lemmas proved before, we can show that ~» is normalizing. Moreover,
at the end, the resulting command must be of the form (V’ |7 #p), in some environment M’. But V’
is a value of modal type, so it cannot contain references to any variables or covariables in S’ or to
tp, by theorem 3.1. O
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