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Abstract. Type systems hide data that is captured by function closures
in function types. In most cases this is a beneficial design that enables
simplicity and compositionality. However, some applications require ex-
plicit information about the data that is captured in closures.

This paper introduces open closure types, that is, function types that are
decorated with type contexts. They are used to track data-flow from the
environment into the function closure. A simply-typed lambda calculus
is used to study the properties of the type theory of open closure types.
A distinctive feature of this type theory is that an open closure type of
a function can vary in different type contexts. To present an application
of the type theory, it is shown that a type derivation establishes a sim-
ple non-interference property in the sense of information-flow theory. A
publicly available prototype implementation of the system can be used
to experiment with type derivations for example programs.



Table of Contents

Tracking Data-Flow with Open Closure Types . ...........coovviio... 1
Gabriel Scherer and Jan Hoffmann
1 Introduction. ... ... ... e 2
2 A Type System for Open Closures .............ooviuieuneeneen... 5)
3 A Big-Step Operational Semantics ............... i, 13
4  Dependency information as non-interference ....................... 21
5 Prototype implementation ........... ... . i i 24
6 Conclusion .. ... e 25

1 Introduction

Function types in traditional type systems only provide information about the
arguments and return values of the functions but not about the data that is
captured in function closures. Such function types naturally lead to simple and
compositional type systems.

Recently, syntax-directed type systems have been increasingly used to stati-
cally verify strong program properties such as resource usage [8,7,6], information
flow [5,14], and termination [1,3,2]. In such type systems, it is sometimes nec-
essary and natural to include information in the function types about the data
that is captured by closures. To see why, assume that we want to design a type
system to verify resource usage. Now consider for example the curried append
function for integer lists which has the following type in OCaml.

append : int list — int list — int list

At first glance, we might say that the time complexity of append is O(n) if n
is the length of the first argument. But a closer inspection of the definition of
append reveals that this is a gross simplification. In fact, the complexity of the
partial function call app _par = append ¢ is constant. Moreover, the complexity
of the function app_par is linear—not in the length of the argument but in the
length of the list £ that is captured in the function closure.

In general, we have to describe the resource consumption of a curried func-

tion f: A4 — -+ — A, — A with n expressions ¢;(a1,...,a;) such that ¢;
describes the complexity of the computation that takes place after f is applied
to ¢ arguments aq, ..., a;. We are not aware of any existing type system that can

verify a statement of this form.

To express the aforementioned statement in a type system, we have to deco-
rate the function types with additional information about the data that is cap-
tured in a function closure. It is however not sufficient to directly describe the
complexity of a closure in terms of its arguments and the data captured in the
closure. Admittedly, this would work to accurately describe the resource usage
in our example function append because the first argument is directly captured in
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the closure. But in general, the data captured in a closure fa; - --a; can be any
data that is computed from the arguments a1, ...,a; (and from the data in the
environment). To reference this data in the types would not only be meaningless
for a user, it would also hamper the compositionality of the type system. It is
for instance unclear how to define subtyping for closures that capture different
data (which is, e.g., needed in the two branches of a conditional.)

To preserve the compositionality of traditional type systems, we propose to
describe the resource usage of a closure as a function of its argument and the
data that is visible in the current environment. To this end we introduce open
closure types, function types that refer to their arguments and to the data in the
current environment.

More formally, consider a typing judgment of the form I' - e : o, in a type
system that tracks fine-grained intensional properties characterizing not only
the shape of values, but the behavior of the reduction of e into a value (e.g.,
resource usage). A typing rule for open closure types, I'; A ke : [[V](z:0) — T,
captures the idea that, under a weak reduction semantics, the computation of
the closure itself, and later the computation of the closure application, will have
very different behaviors, captured by two different typing environments I' and
IV of the same domain, the free variables of e. To describe the complexity of
append, we might for instance have a statement

Cint list b append € : [€:int list](y:int list) — int list .

This puts us in a position to use type annotations to describe the resource usage
of append ¢ as a function of ¢ and the future argument y. For example, using
type-based amortized analysis [6], we can express a bound on the number of
created list notes in append with the following open closure type.

append : [[(z:int list®) — [x:int list")(y:int list") — int list® .

The intuitive meaning of this type for append is as follows. To pay for the cons
operations in the evaluation of append ¢; we need 0-|¢| resource units and to pay
for the cons operations in the evaluation of append ¢; 5 we need 0-|¢1| + 1-|¢s|
resource units.

The development of a type system for open closure types entails some inter-
esting technical challenges: term variables now appear in types, which requires
mechanisms for scope management not unlike dependent type theories. If = ap-
pears in o, the context I', x:7, y:0 is not exchangeable with I', y:0, x:7. Similarly,
the judgment ', z:7 F es : ¢ will not entail I' - letx = e; ines : o, as the re-
turn type o may contain open closures scoping over x, so we need to substitute
variables in types.

The main contribution of this paper is a type theory of open closure types
and the proof of its main properties. We start from the simply-typed lambda
calculus, and consider the simple intensional property of data-flow tracking, an-
notating each simply-typed lambda-calculus type with a single boolean vari-
able. This allows us to study the metatheory of open closure types in clean and
straightforward way. This is the first important step for using such types in more
sophisticated type systems for resource usage and termination.
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Our type system for data-flow tracking captures higher-order data-flow infor-
mation. As a byproduct, we get our secondary contribution, a non-interference
property in the sense of information flow theory: high-level inputs do not influ-
ence the (low-level) results of computations.

To experiment with of our type system, we implemented a software prototype
in OCaml (see Section 5).

Related Work In our type system we maintain the invariant that open closure
types only refer to variables that are present in the current typing context. This
is a feature that distinguishes open closure types from existing formalisms for
closure types.

Contextual types [11,13,15] also decorate types with context information.
However, it is not necessary in contextual modal type theory that the context
that is captured in a type is related to the current context. Furthermore, our goal
of describing properties that may depend on previous function arguments and
other visible variables is quite different from the main applications of contextual
types in programming language support for manipulating proof terms and meta-
variables.

Having closure types carry a set of captured variables has been done in the
literature, as for example in Leroy [9], which use closure types to keep track of
of dangerous type variables that can not be generalized without breaking type
safety, or in the higher-order lifetime analysis of Hannan et al. [4], where variable
sets denote variables that must be kept in memory. However, these works have
no need to vary function types in different typing contexts and subtyping can be
defined using set inclusion, which makes the metatheory significantly simpler. On
the contrary, our scoping mechanism allows to study more complex properties,
such as value dependencies and non-interference.

The classical way to understand value capture in closures in a typed way
is through the typed closure conversion of Minamide et al. [10]. They use ex-
istential types to account for hidden data in function closures without losing
compositionality, by abstracting over the difference between functions capturing
from different environments. Our system retains this compositionality, albeit in
a less apparent way: we get finer-grained information about the dependency of
a closure on the ambient typing environment. Typed closure conversion is still
possible, and could be typed in a more precise way, abstracting only over values
that are outside the lexical context.

Petricek et al. [12] study coeffects systems with judgments of the form C"T" -
e : 7 and function types C®¢c — 7, where r and s are coeffect annotations
over a indexed comonad C'. Their work is orthogonal to the present one as they
cover very different topics: on one side, the comonadic semantics structure of
coarse-grained effect indexes, and on the other the syntactic scoping rules that
arise from tracking each variable of the context separately. We believe that our
dependency of types on term variables would make a semantic study significantly
more challenging, and conversely that use cases of open closure types are not in
general characterized by a comonadic structure.
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The non-interference property that we prove is different from the usual treat-
ment in type systems for information flow like the SLam Calculus [5]. In SLam,
the information flow into closure is accounted for at abstraction time. In contrast,
we account for the information flow into the closure at application time.

2 A Type System for Open Closures

We define a type system for the simplest problem domain that exhibits a need
for open closure types. Our goal is to determine statically, for an open term e,
on which variables of the environment the value of e depends.

We are interested in weak reduction, and assume a call-by-value reduction
strategy. In this context, an abstraction Azx.e is already a value, so reducing
it does not depend on the environment at all. More generally, for a term e
evaluating to a function (closure), we make a distinction between the part of the
environment the reduction of e depends on, and the part that will be used when
the resulting closure will be applied. For example, the term (y, A\z.z) depends
on the variable y at evaluation time, but will not need the variable z until the
closure in the right pair component is applied.

This is where we need open closure types. Our function types are of the
form [['®](2:0?) — 7, where the mapping ® from variables to Booleans indicates
on which variables the evaluation depends at application time. The Boolean ¢
indicates whether the argument z is used in the function body. We call ® the
dependency annotation of I'. Our previous example would for instance be typed
as follows.

yiot, 270 (y, \x.2) o x ([y:0°, 27 (2:p°) — 7)

The typing expresses that the result of the computation depends on the variable
y but not on the variable z. Moreover, result of the function in the second
component of the pair depends on z but not on y.

In general, types are defined by the following grammar.

Types 2 0,7,p := types
| « atoms
| 7i*x7 products

| [[®)(z:0%) =7 closures

The closure type [['®](x:0?) — 7 binds the new argument variable x, but not
the variables occurring in I' which are reference variables bound in the current
typing context. Such a type is well-scoped only when all the variables it closes
over are actually present in the current context. In particular, it has no meaning
in an empty context, unless I is itself empty.

We define well-scoping judgments on contexts (I' F) and types (I' - o). The
judgments are defined simultaneously in Figure 1 and refer to each another. They
use non-annotated contexts: the dependency annotations characterize data-flow
information of terms, and are not needed to state the well-formedness of static
types and contexts.
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ScOPE-CONTEXT

ScoPE-CONTEXT-NIL ko
0F
I'z:o b
SCOPE-ATOM ScopPE-ProDUCT ScoPE-CLOSURE
' I'km I'tm To,I'1 F TobFo To,z:o b7
I'a Lk7x7e Lo, T - [09](z:0%) — 7

Fig. 1: Well-scoping of types and contexts

Notice that the closure contexts appearing in the return type of a closure,
7 in our rule Score-CLOSURE, may capture the variable x corresponding to the
function argument, which is why we chose the dependent-arrow—like notation
(x:0) — 7 rather than only o — 7. There is no dependency of types on terms in
this system, this is only used for scope tracking.

Note that I' - o implies I' I (as proved by direct induction until an atom
or a function closure is reached). Note also that a context type [[g](z:0) — 7 is
well-scoped in any larger environment I'g, I'1: the context information may only
mention variables existing in the typing context, but it need not mention all of
them. As a result, well-scoping is preserved by context extension: if I'y - o and
FQ,Fl F, then FO,F1 Fo.

A Term Language, and a Naive Attempt at a Type System Our term
language, is the lambda calculus with pairs, let bindings and fixpoints. This
language is sufficient to discuss the most interesting problems that arise in an
application of closure types in a more realistic language.

Terms > t,u,e 1= terms
| =z variables
| (e1,e2) pairs
| mi(e) projections (i € {1,2})
| Azxee lambda abstractions
| tu applications
|  letxz=e;ines let declarations

For didactic purposes, we start with an intuitive type system presented in
Figure 2. The judgment I'® - e : ¢ means that the expression e has type o, in
the context I' carrying the intensional information ®. Context variable mapped
to 0 in ® are not used during the reduction of e to a value. We will show that
the rules Arp-Twmp and LET-TMP are not correct, and introduce a new judgment
to develop correct versions of the rules.

In a judgment ' - Az.t : [['®](z:6°) — 7, T is bound only in one place (the
context), and a-renaming any of its variable necessitates a mirroring change in
its right-hand-side occurrences (I'® but also in o and 7), while  is independently
bound in the term and in the type, so the aforementioned type is equivalent to
[[®)(y:0) — 7ly/x]. In particular, variables occurring in types do not reveal
implementation details of the underlying term.
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VAR Probuct ProJ
Tz, Al I e :m T®2 ey I he:m*m
I 2o, A°+z:0 [et®z (e1,€2) : T1 % T2 rer mi(e) i T
Lam Fix
I zo’Ft:r e (0 (z:0?) = )%, 2:0%Fe: 7
I’k azt: [D%)(z:0%) = 7 IF fix fz.e: [Y)(z:0%) = 7
App-TMP LET-T™MP
(To, Fl)q)f“" Ft: [I‘g)““](x:a‘b) — T (To, Fl)%'g Fu:o I e o Fq>°°“y7:c10¢ Fey:T
(I‘07F1)‘I)fun+‘1>clos+¢~q>arg Ftu:T F¢-<I>def+<1>body Fletx =ejines: T

Fig. 2: Naive rules for the type system

The syntax ¢.® used in the App-Twmp and LeT-TwmP rules is a product, or
conjunction, of the single boolean dependency annotation ¢, and of the vector
dependency annotation ®. The sum ®; + $5 is the disjunction. In the LeT-Twmp
rule for example, if the typing of es determines that the evaluation of e5 does not
depend on the definition = e; (¢ is 0), then ¢.Pger will mark all the variables
used by e; as not needed as well (all 0), and only the variables needed by es will
be marked in the result annotation ¢.®ger + Proay-

In the introduction we present closure types of the form [I')(z:0) — 7, while
we here use the apparently different form [['®](2:0%) — 7. This new syntax is
actually a simpler special case of the previous one: we could consider a type
grammar of the form o, and the type [['](x:0) — 7 would then capture all
the needed information, as each type in I' would come with its own annotation.
Instead, we don’t embed dependency information in the types directly, and use
annotated context I'® to carry equivalent information. This simplification makes
it easier to control the scoping correctness: it is easier to notice that I'® and I'¥
are contexts ranging over the same domain than if we wrote I' and I". It is made
possible by two specific aspects of this simple system:

— Our intensional information has a very simple structure, only a boolean, that
does not apply to the types in depth. The simplification would not work, for
example, in a security type system where products could have components of
different security levels (7! ™), but the structure of the rules would remain
the same.

— In this example, we are interested mostly in intensional information on the
contexts, rather than the return type of a judgment. The general case rather
suggests a judgment of the form I'® F e : ¢, but with only boolean an-
notations this boils to a judgment I'® I e : ¢!, when we are interested in
the value being type-checked, and a trivial judgment T° F e : ¢, used to
type-check terms that will not be used in the rest of the computation, and
which degenerates to a check in the simply-typed lambda-calculus. Instead,
we define a single judgment I'® - e : ¢ corresponding to the case where ¢ is
1, and use the notation ¢.® to nullify the dependency information coming
of from e when the outer computation does not actually depend on it (¢ is
0).
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While dependency annotations make the development easier to follow, they
do not affect the generality of the type theory, as the common denominator of
open closure type systems is more concerned with the scoping of closure contexts
than the structure of the intensional information itself.

Maintaining Closure Contexts As pointed out, the rule App-TvP and LET-TMP
of the system above are wrong (hence the “temporary” name): the left-hand-side
of the rule App-TwmP assumes that the closure captures the same environment I'
that it is computed in. This property is initially true in the closure of the rule
LaM, but is not preserved by Ler-Twmp (for the body type) or App-Twmp (for the
return type). This means that the intensional information in a type may become
stale, mentioning variables that have been removed from the context. We will
now fix the type system to never mention unbound variables.

We need a closure substitution mechanism to explain the type 74 = [['®, y:pX](2:0?) —
7% of a closure f in the smaller environment I', given dependency information
for y in I'. Assume for example that y was bound in a let binding let y =e...
and that the type 7 leaves the scope of y. Then we have to adapt the type rules
to express the following. “If f depends on y (at application time) then f depends
on the variables of I" that e depends on.”

We define in Figure 3 the judgment T',y:p, A F o AN I',A’ - 7. Assuming

that the variable y in the context I',y:p, A was let-bound to an definition with
usage information I'Y, this judgment transforms any type o in this context in a
type 7 in a context I'; A’ that does not mention y anymore. Note that A and A’
have the same domain, only their intensional information changed: any mention
of y in a closure type of A was removed in A’. Also note that T', y:p, A and T, A/,
or o and 7, are not annotated with dependency annotations themselves: this is
only a scoping transformation that depends on the dependency annotations of
y in the closures of o and A.

As for the scope-checking judgment, we simultaneously define the substitu-

tions on contexts themselves I'; y:p, A AN I', A’. There are two rules for substi-
tuting a closure type. If the variable being substituted is not part of the closure
type context (rule SuBsT-CLOSURE-NOTIN), this closure type is unchanged. Oth-
erwise (rule SussT-CrLosuRE) the substitution is performed in the closure type,
and the neededness annotation for y is reported to its definition context I'y.

The following lemma verifies that this substitution preserves well-scoping of
contexts and types.

Lemma 1 (Substitution preserves scoping). IfI',y:p, A - and T, y:p, A A

', A’ hold, then T, A’ & holds. If T,y:p,AF o and T, y:p, At o AN A" -7
hold, then I, A" - 1 holds.

Proof. By mutual induction on the judgments I, y:p, A Y ', A’ and
I y:p,Abo AN LA - T,
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SUBST-CONTEXT SUBST-ATOM
SuBsT-CONTEXT-NIL Typ Ak o AN A -7 T, yp A v\¥ A

L, y:p,0 (A
YiPs y\¥ / y\¥ /
Typ, Ayzio > T,A oo Typ, AFa > T'A' Fa

SUBST-PrRODUCT
Typ Ao “S T,A Fn Typ,Abos %5 T,A Fm

Ty:p, A o1 %02 AN DA Frmosm
SUBST-CLOSURE-NOTIN
Lo, ', y:p, A Y Lo, 'y, A

To,T1,y:p, A+ [Fg’](x:af) — 02 A Iy, I, A" F [Fg](x:crf) — 02

SUBST-CLOSURE
F> Y:p, A7 F1 y"g’ F> A/7 F/l
. y\¥ / . . y\¥ o
Typ, Aoy ~ I'A'F o Dyp, Ayzior oy ~~ T,A  xio1 F 7

Ly:p, ATy F D% 0%, A®2)(2:07) = 02 wyY LA T F DY A2 (2:00) = 7

Fig. 3: Type substitution

Case SuBST-CONTEXT-NIL: using SCcoPE-CONTEXT-NIL, ', z:0 F implies ' - o,
which in turn implies I F-.

Case SuBsT-CONTEXT: from our hypothesis ', y:p, A, x:0 - we deduce I', y:p, A -
o. By induction we can deduce I', A’ I 7, which gives context well-formedness
T,A"F.

Case SusstT-AtoM: direct by Score-Atom and induction hypothesis.

Case SuBsT-PrODUCT: by inversion, the last rule of the derivation of I", y:p F
(01 % 03) is Scopre-PrODUCT, so we can proceed by direct induction on the
premises of both judgments.

s
Case SuBsT-CrLosurk: Using our induction hypothesis on I, y:p, A, Ty AL

I, A’, T} we can deduce that T', A’ T} F and in particular T', A’ }-.

By inversion, the last rule of the derivation of I', y:p, A, T'y = [['®1,y:pX, A®2](y : Ufl) —
09 is SCoPE-CLOSURE. Its premises are I', y:p, A F o1 and I', y:p, A, x:01 F 09,

from which we deduce by induction hypothesis I',y A’ - 7 and T', A/, z:1y F 7
respectively, allowing to deduce that ', A’ [F‘I’ﬁx"I’,A’%](x D7) — To,

which allows to conclude by weakening with the well-scoped T .

Case SuBsT-CLOSURE-NOTIN: direct by induction and inversion.
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We can now give the correct rules for binders:
LET
[P ey i o [P 2:0% ey 7 Iaxwokr

[ PoertPoony | 1otz = ¢q iney : 7/

e

App
(To, T1)® ¢ 2 DR (z:0%) — T

(To,T)® Fu:o  To,Ty,zo b7 2 To, Ty F 1/

(F()’ Fl)(bfun+(pclos+¢<¢’arg |_ t u 7—/

Lemma 2 (Typing respects scoping). If 't : o holds, then ' o holds.

This lemma guarantees that we fixed the problem of stale intensional infor-
mation: types appearing in the typing judgment are always well-scoped.

Proof. By induction on the derivation of I' -1 : .

Case Var: from the premise I'’,z : ', A° - we have I' - .

Case Prob: direct by induction.

Case ProJ: the induction hypothesis is I' F 7 % 75, from which we get I' - 7;
(for ¢ € {1,2}) by inversion.

Case Lawm: the induction hypothesis is I', x:0 F 7. From this we get ', x:0
and therefore I' - o, which allows to conclude with SCOPE-CLOSURE.
Case Fix: the hypothesis implies T, f:[['Y](2:0?) — 7 I, which in turn im-
plies T' - [['Y](2:0%) — 7.

Case App: Using our induction hypothesis on the first premise give us that
To,T; F [[59](2:0) — 7, so by inversion Tg,T'; F and I'g,z:0 - 7. The
latter fact can be weakened into I'g, I'1, x:0 F 7, and then combined with the

Dar
last premise I'g,I'1,2:0 F 7 W\ I'g,I'1 F 7 and Lemma 1 to get our goal

To, Ty 7.
Case LET: reasoning similar to the App case. By induction on the middle

¢def
premise, we have I', z:0 | 7, combined with the right premise I', x:0 - 7 =\

T'k7' wegetTF 7.
(|

It is handy to introduce a convenient derived notation I'® - 7 0y e -
that is defined below. This substitution relation does not only remove y from
the open closure types in I, it also updates the dependency annotation on I' to
add the dependency ¥, corresponding to all the variables that y depended on —
if it is itself marked as needed.

Typ AT S T A F o
Fél?y;p&A@z - yN\;P F‘I’1+X"I'7A"I’2 o

It is interesting to see that substituting v away in I'®t, y:p, A®2 changes the
annotation on I', but not its types (I' is unchanged in the output as its types
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may not depend on y), while it changes the types in A but not its annotation
(P2 is unchanged in the output as a value for y may only depend on variables
from T, not A).

The following technical results allow us to permute substitutions on unre-
lated variables. They will be used in the typing soundness proof of the next
section (Theorem 1).

Lemma 3 (Confluence). IfT'; 7y Ta )y Tog FToq and Ty 1y EAN Ty -

Top then there exists a unique I's = 135 such that

2o\ (Up+¥o. Wy (z4)) 2o \(Pat+¥Pp. Ya(zs))
s Sy

].—‘Qa'_TQa Pg"Tg and Fle_TQb ].—‘3'_7'3

Proof. Without loss of generality we can assume that z, appears before x; in
Iy, so in particular W, (xp) = 0. For any subcontext of the form

Alq’l,xazoa"”, Ag‘yz,zbzabpb
, assume that substituting ¥, for x, first results in

A1\I’1+pa-‘11a7A2a\1’2’xb:0.bapb
, while substituting ¥, for x; first results in

Al‘l’1+ﬂb~‘Pb(A1) +pb~‘l’b(wa),A2\112+pb~‘1’b(A2)

yLq:0qP?
. Substituting ¥y + U,. ¥y (z,) for z; in
Uy 4pa. Ty N .
Al e 7A2a 2axb'0bapb

results in

Al\I’l+Pa'\I’a+Pb~(\I’b+\I/a~\Ilb(ma))(Al)’ A2aq’2+pb<(‘pb+‘1’a'\Ilb(xa))(AmL)

which simplifies to

Ui+pa-Vatpp. V(A +pp.Vy(xe). W, Wo+pp. Uy (Asg
A Ve 0 Yy (A1) +pp- Uy (2a) , Ao, V2t b(D2a)

Substituting ¥, + ¥;,. ¥, (x) = ¥, for z, in

Ty 4pp. T (A Ty (0 Totpp Ty (A
A Yrtee b( 1)’ +pb. Wy (x ),AQ 2+pp. ¥y (Az)

Tq:04"*

results in
Allpl"l‘plr\l’b(Al)+(pa+pb-‘pb(wa))~\l’a)’ A2a‘1’2+Pb~‘1’b(A2)

which simplifies to

U140V (A1) +pa - Vatpp.-Vy(xe). Py Uo+pp. Uy (A
A Yrtee b(A1)+p Pp- Yo (za) , Agg Y2tee b(A2)

Given that As and Ay, have the same domain (only different types), the
restrictions Wy(Ag) and U,(Asg,) are equal, allowing to conclude that the two
substitutions indeed end in the same sequent

Ui+ (patpp. ¥ ) - Ya+pp.Pp(A Wo+pp. V(A
A (Patpy- Vb (za)) pu- o ( 1)7A2a 2405 W5 (A2)

Note that we can make sense, informally, of this resulting sequent. The vari-
able used by this final contexts are
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— the variables used of A used in the initial judgment (¥;)

the variables of Ay (updated in Ay, to remove references to the substituted
variable z,) used in the initial judgment (Us)
— the variables used by Wy, if it is used (pp is 1)

the variables used by U, if either x was used (p, is 1), or if z is used (pp is
1) and itself uses x, (¥p(x,) is 1).

To get this intuition, we considered again the annotations as booleans, but note
that the equivalence proof was done in a purely algebraic manner. It should
therefore be preserved in future work where the intensional information has a
richer structure.

a

Corollary 1 (Reordering of substitutions). If U, and ¥}, have domain T,
and

za\¥q

D% b S Ty ®2 by 2o\ (Fot+¥p(2a)Ta)

I3 b7y
then there exists T'5%* - 74 such that

xb\\IIb

I A N A ¥

3P

On open closure types on the left of function types Note that the
SuBsT-CLOSURE handles the function type on the left-hand-side of the arrow,
o1, is a specific and subtle way: it must be unchanged by the substitution judg-
ment. Under a slightly simplified form, the judgment reads:

L,y:p, Aoy AN IA'F oy T, y:p, A, x:01 F oy AN A z:o1 F
L y:p, A F D21 y:pX A%2)(2:09) = o AN A"+ [F‘pﬁx‘q’,A/%](x:Jf) — Ty

This corresponds to the usual “change of direction” on the left of arrow type.

N
A substitution I'y:p = 7 AL I' - 7' is a lossy transformation, as we forget

how y is used in 7 and instead mix its definition information with the rest of
the context information in 7’. Such a loss makes sense for the return type of a
function: we forget information about the return value. But by contravariance
of input argument, we should instead refine the argument types.

But as the gain or loss or precision correspond to variables going out of scope,
such a refinement could only happen in smaller nested scopes. On the contrary,
when going out to a wider scope, the only possibility is that the closure type

does not depend on the particular variable being substituted (so the type o is

preserved, ' y:p, A F o A A" o) . If the variable was used, a loss of

precision would be possible: this substitution must be rejected.
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Consider the following example:

(* in context I' *)
let x : int = e x in
let y : bool = e y in
let f (g : [[° z:int!](2 : unit®) — int) : int = g () in
f (Az. x);
£

In the environment I', z:int, y:bool, the type of f’s function argument g de-
scribes a function whose result depends on x. We can still express this dependency
when substituting the variable y away, that is when considering the type of the
expression (let y = ... in let f g = ... in f) as a whole: the argument type
will still have type [['°, z:int!](z : unit) — int. However, this dependency on x
cannot make sense anymore if we remove x itself from the context, the substitu-
tion does not preserve this function type. This makes the whole expression (let
X = ... 1n (let y = ... in let f g = ... in f)) ill-typed, as x escapes its
scope in the argument function type.

One way to understand this requirement is that there are two parts to having
an analysis be fully “higher-order”. Fist, it handles programs that take functions
as input, and second, it handles programs that return functions as result of
computations. Some languages only pass functions as parameters (this is in par-
ticular the case of C with pointers to global functions), some constructions such
as currying fundamentally rely on function creation with environment capture.
Our system proposes a new way to handle this second part, and is intensionally
simplistic, to the point of being restrictive, on the rest.

In a non-toy language one would want to add subtyping of context infor-
mation, that would allow controlled loss of precision to, for example, create
lists of functions with slightly different context information. Another useful fea-
ture would be context information polymorphism to express functions being
parametric with respect to the context information of their argument. This is
intentionally left to future work.

3 A Big-Step Operational Semantics

In this section, we will define an operational semantics for our term language, and
use it to prove the soundness of the type system (Theorem 1). Our semantics is
equivalent to the usual call-by-value big-step reduction semantics for the lambda-
calculus in the sense that computation happens at the same time. There is
however a notable difference.

Function closures are not built in the same way as they are in classical big-
step semantics. Usually, we have a rule of the form V F Ax.t = (V, Az.t) where
the closure for Az.t is a pair of the value environment V' (possibly restricted to its
subset appearing in t) and the function code. In contrast, we capture no values
at closure creation time in our semantics: V + Az.t = (0, Az.t). The captured
values will be added to the closure incrementally, during the reduction of binding
forms that introduced them in the context.
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Consider for example the following two derivations; one in the classic big-step
reduction, and the other in our alternative system.

CLASSIC-RED-LET
Tk == v zv,yvE A2y == ((z+— v,y v),A2.y)

zwklety =2indzy = ((z— v,y +— v),\2.9)
OUR-RED-LET
vk = v
v, yv b Azy = ([2,y],0,\2.y) (0, Az.y) yw\: ([z],y = v, A\z.y)
zwklety=xindzy = ([z],y — v, Az.y)

Rather than capturing the whole environment in a closure, we store none at
all at the beginning (merely record their names), and add values incrementally,
just before they get popped from the environment. This is done by the wvalue

substitution judgment w xw\v w’ that we will define in this section. The reason for

this choice is that this closely corresponds to our typing rules, value substitution
®
being a runtime counterpart to substitution in types I' - o g I + o'; this

common structure is essential to prove of the type soundness (Theorem 1).

Note that derivations in this modified system and in the original one are
in one-to-one mapping. It should not be considered a new dynamic semantics,
rather a reformulation that is convenient for our proofs as it mirrors our static
judgment structure.

Values and Value Substitution Values are defined as follows.

Val 3 v, w = values
Vo value of atomic type
v, W) value tuples
']jEJa (xi = vi)ier, Ax.t) function closures
ilies, (xi = v;)ier, fix fa.t) recursive function closures

The set of variables bound in a closure is split into an ordered mapping
(z; = v;);er for variables that have been substituted to their value, and a simple
list [x;];cs of variables whose value has not yet been captured. They are both
binding occurrences of variables bound in ¢; a-renaming them is correct as long
as t is updated as well.

To formulate our type soundness result, we define a typing judgment on values
I' F v : o in Figure 4. An intuition for the rule VALUE-CLOSURE is the following.
Internally, the term ¢ has a dependency I'® on the ambient context, but also
dependencies (7;7*) on the captured variables. But externally, the type may not
mention the captured variables, so it reports a different dependency I'® that
corresponds to the internal dependency I'®, combined with the dependencies
(¥;) of the captured values. Both families (¢;);c; and (U;);cs are existentially
quantified in this rule.
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VALUE-ATOM VALUE-PRODUCT
F}_ Fl—vlzn F"'UQ:TQ
I'kFve:a Ik (vi,v2) : 71 %72

VALUE-CLOSURE
F,F1F ViEL F,(ZL‘jZTj)j<iFUi:Ti
%, (zim) ier,z0® Ft o 7 0%, (zim)ier, x:0” F 1 ()34 ' z0? -7

Ty F (domT, (s — vs)ier, Az.t) [Fq>/](x:a¢) -7

VALUE-CLOSURE-FIX
I, Viel, F,(m]’:Tj)]’<i|—U,’2Ti
re, (x,—:rf'/”)ief, (T, (xizrfb'i)](mzaqb) S et T
T, (zim)ier, x:0® b 7 (@) 3{¥s) " z:0? b7

[,T1 - (domT, (z: = v )icr, fix fa.t) : [[¥](z:0%) — 7'

Fig. 4: Value typing

SUBST-VALUE-PRODUCT

SUBST-VALUE-ATOM y\v y\v
y\v wyp ~ Wy w2 ~ Wy

Va ~ Vg

(’l,Ul,'lUQ) y)j} (w/hwé)

SUBST-VALUE-CLOSURE
y\v
([Zjry s Tgs Yl (@i = wi)ier, t) ~ ([T, 25,], (¥ = v) (T = wi)i, 1)
SUBST-VALUE-CLOSURE-NOTIN
y & (z)jes

\
([ws)ies, (mi = wi)ier, t) N ([xs]jeq, (T = wi)ier, t)

Fig.5: Value substitution

In the judgment rule, the notation (z; : 7;);<; is meant to define the envi-
ronment of each (x; : 7;) as I'®, plus all the (z; : 7;) that come before z; in the

L \I’i
typing judgment I'®, (z; : 7;)icr, : ¢® I t. The notation . .. (@e)\(Fe) ... denotes

the sequence of substitutions for all (z;, ¥;), with the rightmost variable (intro-
duced last) substituted first: in our dynamic semantics, values are captured by
the closure in the LIFO order in which their binding variables enter and leave
the lexical scope.

Substituting Values In the typing rules, we use the substitution relation

®
Lypko vy I' F 7 to remove the variable y from the closure types in 0. Corre-
spondingly, in our runtime semantics, we add the variable y to the vector stored

in the closure value, by a value substitution judgment w A (see Figure 5)
when the binding of y is removed from the evaluation context.

In the SuBsT-VaLUE-CLOSURE, the notation , (y — v)(z; — w;); means that
the binding y +— v is added in first position in the vector of captured values. The
values w; were computed in a context depending on ¥, so they need to appear
after the binding y — v for the value to be type-correct.
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Lemma 4 (Value substitution preserves typing). If (T F v : p), (T,y:p
w:o), (T,ypko Wk 7) and (w w w') hold, then (I'Fw' : 7) holds.

Note that this theorem is restricted to substitutions of the rightmost variable
of the context. While substitution in types needs to operate under binders (in
rule SuBsT-CLOSURE), value substitution is a runtime operation that will only be
used by our (weak) reduction relation on the last introduced variable.

Proof. By induction on the value typing judgment I',y:p - w : o.

o
Case Varue-ATtowm: by inversion we know that the last rule of I', y:p - « v I'kFr

v
is SuBsT-ATOM. From the premise I',y:p - and I, y:p A I" we can deduce

from Lemma 1 that I' F, which allows to conclude I' v, : a.
Case VALUE-PRrODUCT: by inversion, the last rules of I', y:p F (071 * 02) vy I'kr

and w vy w’ are respectively SusT-ProDUCT and SUBST-VALUE-PRODUCT,

so by induction hypothesis we have I' - w] : 71 and T’ F w} : 72, which allows

us to conclude I' F (wf,wh) : 71 * 7.

Case VALUE-CLOSURE. By inversion we know that the last substitution rules

applied are either SUBST-CLOSURE and SUBST-VALUE-CLOSURE, or SUBST-CLOSURE-NOTIN
and SUBST-VALUE-CLOSURE-NOTIN, depending on whether the substituted

variable is part of the closure context.

In the latter case, both the types and the judgments are unchanged, so the

result is immediate. If the substituted value is part of the closure context,

the rules of the involved judgments are

Lypt oy AN I'koy I y:p, 01 F oo AN T, z:01 - o

T,yp b [, y:pX](2:09) = 02 ™ T F I8 (2:0,%) = o)

Viel, T,yp,(z;:7)j<i b wi 7 rev, y:px”7 (.’EZ‘ZTZpi)ie]71‘ZO’1¢ Ft:oy
(z:)\(¥3)

L1 y:pX ,(;vi:ﬁm)ie[, o ol TS T X 200 b oo

L, y:pk (domT, (x; — w;)ier, Ax.t) : [0, y:pX](z:01%) = 09
([domT, yl, (z; — w;)icr, ) vy (domT, (y = v)(z; — w;);, t)
We can reach our goal by using the following inference rule:

\/V,Z € I, ,]/.—‘,yip, (xj:Tj)j<i Fw; 7
I® oy pX (2% )ier, w00 ® F t 2 ol
é’ ’y(wl)l’\\/gy(‘pl)z F<I>1+X_\11

F‘b/ll,y:pxﬁ7 (xiszi)ief,x:aﬁb Fo 201 ol

L't (domT,, (y — v)(x; — w;)ier, Ax.t) : [F<I>1+x.\11](x:01¢) — oh
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RED-VAR RED-LAM
Vir = V() Vit = (domV, 0, \x.t)

RED-LAM-FIX
VEfix fz.t = (domV, 0, fix f z.t)

RED-PAIR RED-PROJ
Ve, = un Ve = vs VEe = (v1,v2)
V|_(€1,€2) —— ('U1,'U2) Vl—m(e) — V;
RED-LET

Ve = 1 Viix—vi)Fe = v vy~ Uh

Vi letr=eines = v}

RED-APpP
V,Vikt = (domV, V3, )\y.t')

MVI'_U = Varg ‘/,V17V27y?—>'l)arg|_t/ — w w
VViktu = w’”

Y\varg ; Vo "
~ W ~S

RED-APP-FIx
‘/, ikt = (dOIIl V, (.131 — 'Ui)iel, finy.tl)
V,VikFu = varg V, (zi = vi)i, (f = fix fyt’), (Y = varg) F | = w

VViktu = w

Fig. 6: Big-step reduction rules

The typing assumptions all match those of our premise. The reduction as-
sumption is simply the composition of the reductions of the premises:

ey, y:pX”, (xi:T;’/”)ie], 0% F ol
DA
RRASY D® oy pX 2:01? - 09
AN [etxY 0009 - of)

O

The Big-Step Reduction Relation We are now equipped to define in Figure 6
the big-step reduction relation on well-typed terms V e = v, where V is a
mapping from the variables to values that is assumed to contain at least all the

free variables of e. The notation w 3 w’ denotes the sequence of substitutions
for each (variable, value) pair in Vs, from the last one introduced in the context
to the first; the intermediate values are unnamed and existentially quantified.

We write V : I |- if the context valuation V', mapping free variables to values,
is well-typed according to the context I.

VALUE-ENV
VALUE-ENV-EMPTY V:TF T'Cv:o

0:0F

Vie—ov:T,ziob

Theorem 1 (Type soundness). IfI*+t:0, V:I['F and V-t = v then
I'Fv:o.
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Proof. By induction on the reduction derivation V ¢ = wv.

Case RED-VAR: From V :T'F we have I'F V(z) : 0.

Case RED-LAM, RED-LAM-FIx: in the degenerate case where there are no
captured values, the value typing rule Varus-Crosure for [['®](z:0?) — 7
has as only premise I'®, z:0¢ - 7, which is precisely our typing assumption.
Case RED-PAIR, RED-PRroJ: direct by induction.

Case RED-LET: The involved derivations are the following:

Ve = v Vier— v ke = wvg Vg~ U,

VEletr =eines = v)

2\ Poer
el

[P e : o [Py g:6® eyt 7 IzobT L7

[P PeertPooos | 1otz = eq iney: 7'

By induction hypothesis we have I' - v; : o, from which we deduce that
V,x — vy : I',x:0 F. This allows us to use induction again to deduce that
I'z:0 F vy : 7. Finally, preservation of value typing by value substitution
(Lemma 4) allows to conclude that the remaining goal I' F v4 : 7/ holds.
Case RED-APP: the involved derivations are the following.

V,Vikt = (domV, (z; — v;)ier, \y.t) ViViku = v,

V.V, (i = 03)i Y = Varg F T = w w v\ w! TR

VViktu = w”

(D, 7)) ¢ 2 [P0 (y:0%) — 7
C,T)® Fu:o  Tyobr 3 TFq
(F’ Fl)‘bfun+®clos+¢<¢>arg }_ tu: 7-/

By induction we have that I',\T'; F vaq : 0 and I' F ((x; — v;), Ay.t') =
[[®eos](y:0?) — 7.

By inversion, we know that the derivation for this value typing judgment is
of the form

I, F Viel, T, (zj7j)jci v m re, (inTiwi)iE],yIO'(’b Ft

? (27 ier, y:0? b 7" (@) ){¥4) [P y:g? 17

7

I,Ty F (domT, (x; — vy)icr, \y.t') : [[F9](y:0?) — 7

From our result I', T'y = v,y and the premises I', (z:7;),<; F v; : 7; we deduce
that the application valuation is well-typed with respect to the application
environment: V, Vi, (z; — v;)i,y = Varg : I',T'1, (z4:7),0 F. It is used in
the premise of the body computation judgment, so by induction we get that
,Ty, (zim),y:0 b w: 7",
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CLAssIC-RED-VAR CrLASSIC-RED-LAM
Wk = W) W et = (W, \z.t)

CrAssIC-RED-LAM-F1xX
Wk fix fot = (W, fix fx.t)

CLassiC-RED-PAIR CLAssIC-RED-PROJ
Whe = wi W e == ws Whe = (w,ws)
Wt (e1,e2) = (w1, w2) Wk mi(e) = wi

CrAssiC-RED-LET
Whte = wn V[ﬂ:v%)wlkez:%wg

WEletz =€ ines = ws

CLAssIC-RED-APP
Whet = (W, \y.t) Wk u == Warg Wy Warg Ft == w

Wty = w

CrAssIC-RED-APP-FIx
Wkt = (W, fixfy.t)
Whu == Warg W fs (W fixfyt), gy wag Ft' == w

Wty = w

Fig.7: Classic big-step reduction rules

From there, we wish to use preservation of value typing on the chain of value

substitutions w *2%° w’ N 4 to conclude that T F w” : 7. However,

the type substitutions of our premises are in the reverse order:
. x; \Ijq‘, q>ar
re, (xi:Tiwl)ieI, y:o® " S [®aos 40?1 7 ¥\ [ Pewsto-Parg | 7/

we therefore need to use our Reordering Lemma (1) to get them in the right
order — note that the annotations (¥;);c; and @, are not changed as they
are independent from each other: for any ¢, we have ¥;(y) = ®,rq(x;) = 0.

0% (ir)ier, yio? F 77 Y\ ¥ (2 ier b 7 @O et dBurs v
O

Finally, we recall the usual big-step semantics for the call-by-value calculus
with environments, in figure 7, and state its equivalence with our utilitarian
semantics. Due to space restriction we will only mention the rules that differ,
and elide the equivalence proof, but the long version contains all the details.

There is a close correspondence between judgments of both semantics, but as
the value differ slightly, in the general cases the value bindings of the environment
will also differ. We state the theorem only for closed terms, but the proof will
proceed by induction on a stronger induction hypothesis using an equivalence
between non-empty contexts.

Theorem 2 (Semantic equivalence). Our reduction relation is equivalent

with the classic one on closed terms: ) -t == v holds if and only if D -t == v
also holds.
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To formulate our induction hypothesis, we define the equivalence judgment

(&
V v =W F w; on each side of the equal sign there is a context and a value,
the right-hand side being considered in the classical semantics.

VE=WE  Viv=Wruw

@I— :(Z)}E C
Vie—okE =W orx—whk
VE=WEF V}—U1 Wl—w1 V|_U2:W|_w2
Vl—va:WIiva V}—(vhvg):W}f(wl,wg)

VE=WEk Vi, — v; - =W'F

V k(21— v)ier, Azt) = W (W, Aa.t)

C
The stronger version of the theorem becomes the following: if V - =W
C

and VHEt = vand Wkt = w, then VFov=WF w.

As for subject reduction, we first need to prove that value substitution pre-
serves value equivalence.
Lemma 5 (Value substltutlon preserves value equlvalence) If Viy —
vol—v—Wl—w VFUO—WFwO, and v Mﬁo v then V v/ —Wl—w
Proof.

SUBST-VALUE-ATOM: direct.

SuBsT-VALUE-PRrRODUCT: direct induction.
y\vo

SuBsT-VALUE-CLosUuRrE: We have ((z; — v;)ier, Az.t) ~ (y — voz; —
vi)ier, \e.t) and Viy — vo b ((z; = v)ier, Ax.t) = W B (W' Az.t). The latter
implies V,y — vg,z; — v; = = W' which which in turn implies our goal

(6]
V E (,y — vg) — with the additional premise V = = W F from our hypothesis

(&3
VE Vo = W wop- O
We can now prove the theorem proper:

Proof.
RED-VAR, C‘L AssIC-RED-VAR: we check by dlrect induction on the contexts that

if VE —Wl— holds, then V - V(x) = WI—W( ).
RED-LAM, Crassic-RED-Lam: The correspondence between V' = (0, Az.t) and

Wk (W, Az.t) under assumption V = = W F is direct from the inference rule

Vo =Wk
(0, Met) = W = (W, Aa.t)
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RED-PAIR, CLASSIC-RED-PATR and RED-PROJ, CLAssiC-RED-PROJ: direct by in-
duction.
RED-LET, CrAssic-RED-LET: By induction hypothesis on the e; premise, we

C C
deduce that V vy = W F wq, hence V,x — v1 - = W,z — wy . This lets us
c
deduce, again by induction hypothesis, that V,x +— v1 Fvo = W x +— wy - wo.
s . z\v1
As value substitution preserves value equivalence, we can deduce from vy ~> vg

(&
that our goal V - v, = W I wy holds.
ReD-App, CLassic-Rep-App: By induction hypothesis we have that V = varg =

Wk warg and V = ((z; — vi)ier, \yt') =W - (W', Ay.t’"). By inversion on the

C
value equivalence judgment of the latter we know that V,z; — v; b = W' F .

Combined with the former value equivalence, this gives us V, x; — v,y — varg I
(&

= W'y — warg F , so by induction hypothesis and preservation of value
equivalence by reduction we can deduce our goal. a

4 Dependency information as non-interference

We can formulate our dependency information as a non-interference property.
Two valuations V and V' are ®-equivalent, noted V' =4 V', if they agree on
all variables on which they depend according to ®. We say that e respects non-
interference for ® when, whenever V - e = v holds, then for any V' such
that V =¢ V'’ we have that V' e = v also holds. This corresponds to the
information-flow security idea that variables marked 1 are low-security, while
variables marked 0 are high-security and should not influence the output result.

This non-interference statement requires that the two evaluations of e return
the same value v. This raises the question of what is the right notion of equality
on values. Values of atomic types have a well-defined equality, but picking the
right notion of equality for function types is more difficult. While we can state a
non-interference result on atomic values only, the inductive subcases would need
to handle higher-order cases as well.

Syntactic equality (even modulo a-equivalence) is not the right notion of
equality for closure values. Consider the following example: z:7° F lety =
zrinAz.z : [1:7°(2 : ¢!) — 0. This term contains an occurrence of the variable z,
but its result does not depend on it. However, evaluating it under two different
contexts z:v and x:v’, with v # v/ returns distinct closures: (z — v, Az.z) on
one hand, and (x — v', Az.z) on the other. These closures are not structurally
equal, but their difference is not essential since they are indistinguishable in any
context. Logical relations are the common technique to ignore those internal
differences and get a more observational equality on functional values. They in-
volve, however, a fair amount of metatheoretical effort (in particular in presence
of non-terminating fixpoints) that we would like to avoid.

Consider a different example: z:7° - Ay.x : [2:71](y:0°) — 7. Again, we could
use two contexts x:v and z:v’ with v # v’, and we would get as a result two clo-
sures: z:v F Ay.x = (z — v, A\y.x) and 20’ F Ayr = (x — v, y.x).
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EQuiv-PAIR

Equiv-ATom I'kF o =s, v'l L o1 ' v =3, Ué o)

I'Fve =a, va:a

T'F (v1,v2) =a, (v1,05) : 01 % 02
EQuiv-CLOSURE
Viel, I')(x;:15)j<i vt T % (@) ier, x:0® Ft: T

. i ‘I’i ’ .
I‘q), (xi:T;’bl)i@r,x:a‘ZS T (@a))(¥:) re ,x:ad’ o VieI,U; C Py = v; =a, vl

T F (25— vi)ier, Ayt) =ap (zi = v))ier, Ay.t) : 0% (z:0) — 7'

Fig. 8: Value equivalence

Interestingly, these two closures are not equivalent under all contexts: any con-
text applying the function will be able to observe the different results. However,
our notion of interference requires that they can be considered equal. This is
motivated by real-world programming languages that only output a pointer to
a closure in a program that returns a function.

While the aforementioned closures are not equal in any context, they are in
fact equivalent from the point of view of the particular dependency annotation for
which we study non-interference, namely x:7°. To observe the difference between
those closures, we would need to apply the closure of type [z:7!](y : 0) — T, so
would be in the different context z:7!.

This insight leads us to our formulation of value equivalence in Figure 8.
Instead of being as modular and general as a logical-relation definition, we fix
a global dependency ®¢ that restricts which terms can be used to differentiate
values.

Our notion of value equivalence, I' F v =g, v’ : ¢ is typed and includes
structural equality. In the rule EQuiv-CrosurE, we check that the two closures
values are well-typed, and only compare captured values whose dependencies
are included in those of the global context ®(, as we know that the others will
not be used. This equality is tailored to the need of the non-interference result,
which only compares values resulting from the evaluation of the same subterm
— in distinct contexts.

Theorem 3 (Non-interference). If I'®0 I ¢ : o holds, then for any contexts
V.V’ such that V =g, V' and values v,v" such that V.F e = v and V' I
e = V', we have I' - v =g, v’ : 0. In particular, if o is an atomic type, then
v =1" holds.

Proof. We will proceed by simultaneous induction on the typing derivation I' -
e : o and reduction derivation V e = v and . Note that we use a different
induction hypothesis: for any subderivations I'* - e : o and V Ft = v,
we will prove that for any V' that agrees with V on ® modulo ®g-equivalence
(Vz,V(z) =, V'(z), which we still note V' =4 V'), and with V' -t = v/, we
have v =g, v'.

We will omit the contexts and types I', o of a value equivalence I' - v =g,
v’ : 0 when they are clear from the context.

Case RED-VAR: from V =g 5.1, V' we have V(z) =¢, V'(z).
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Case RED-LAM, RED-LAM-F1X : the returned value does not depend on the
environment.

Case RED-PAIR, RED-PRroJ: direct by induction.

Case RED-LET: the involved derivations are the form

[P ey o F¢b°“y,x:0¢ Fey:T

[Pooost &Pt | 1otz =) iney: 7

Vier = 10 Vier— v Feys = vy Vg~ U3
VEletz =e1iney = v3

z\v]
V'ke = v Vi vl bes = vl vh o~ v

V' letz =e; iney = vj

The context equivalence V =g, +¢.0,, V' implies the weaker equivalence
V =s,, V', from which we can deduce V,z +— vi =q,,.¢) V', o — v]
regardless of the value of ¢. Indeed, if ¢ is 0 this is direct, and if ¢ is 1 we
get v1 =¢, v} by induction hypothesis. From this equality between contexts
we get vy =g, v5 by induction hypothesis.

We then reason by case distinction on the property ®g4o¢ C Pg. If it holds,
then again vy =g, v} by induction, so substituting vy, v} in the closures of
vg, vy will preserve ®p-equivalence. And if it does not, those values vy, v}
captured in the closures of v, v will not be tested for ®g-equivalence. In
any case, we have vs =g, v5.

Case RED-APP: the proof for the application case uses the same mechanisms
as for the RED-LET case but is more tedious because of the repeated applica-
tion and substitution of the closed-over values. To simplify notations, we will
handle the case of a single captured value x +— v. The involved derivations
are the following:

[P -t [P (y:0?) =7 TP bku:o  T,yob7T (VLR E

F‘Pfun+¢‘ctos+¢-¢arg i 7./

VEt = (z+v,Ayt) VEu = varyg

z\v Y\ Var.
V,y > Varg,x — vt = wy Wy ~» wg A

VEtu = ws

! / / ! !

Vbt = (z— ', \y.t’) VI—u:>varg
z\v’ y\v,,

r—v HY = w) w) AN wy ~" wh

VEtu = w)

/
arg»

Viy—wo

From @y C Pryn + Peros + ¢-Phoay we get by induction that I' + (x —
v, \yt') =, (x = v/, \y.t') : [[P](y:0?) — 7. This equivalence gives us
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the following premises:

TxpkFo:n Iyl ap¥ Ht:r
I y:o?, a:p¥ 1 AN r* 20?7 VCdy = IFv=¢,v :p

IF (2 v, \yt) =a, (x =0, Ayt : [[P](y:0?) = 7

If ¥ C @ then v =g, v, and similarly we get varq = v}, only in the case
where @,y C ..., that is ¢ (the argument dependency) is 1. In any case, w;
and w] are ®p-equivalent by induction, and by construction this is preserved

by the substitutions 7\ and y\«v»eg

O

5 Prototype implementation

To experiment with our type system, we implemented a software prototype in
OCaml. At around one thousand lines, the implementation mainly contains two
parts.

1. For each judgement in this paper, a definition of corresponding set of infer-
ence rules along with functions for building and checking derivations.

2. A (rudimentary) command-line interface that is based on a lexer, a parser,
and a pretty-printer for the expressions, types, judgments and derivations of
our system.

For the scope checking judgments for context and types, the implementation
checks well-scoping of the given contexts and types. It ether builds a derivation
using the well-scoping rules or fails to do so because of ill-scoped input.

For the typing judgment, the implementation performs some inference. Given
I and e, it will return the ® and o for which a derivation (also returned) I'® I
e : o exists, and fail otherwise. The substitution and reduction judgments are
deterministic and computational in nature; our implementation takes their left-
hand side of the judgement (with additional parameters) and computes the right-
hand-side of the judgment along with a derivation.

Below is an example of interaction with the prototype interface:

% make
% ./closures.byte -str "let y = (yl, y2) in (y, \(x:\sigma) z)"
Parsed expression: let y = (yl, y2) in (y, A(x:0) z)

The variables (yl, y2, z) were unbound; we add them to the default environment
with dummy types (ty yl, ty y2, ty z) and values (val yl, val y2, val z).

Inferred typing:
yl:ty ylt,y2:ty y2%,z:ty z° +
let y = (yl, y2) in (y, A(x:0) z)
o((ty_ yl * ty y2) * [yl:ty yl°,y2:ty y2°,z:ty z'](x:0°) - ty z)

Result value: ((val yl, val y2), ([yl,y2,z], ((y~(val yl, val y2))), A(x) z))
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In this example, adapted from the starting example of the article, y:0!, 2:7° I
(y, A\x.z), one can observe that the value z is marked as non-needed by the
global value judgment, but needed in the type of the closure Ax.z. Besides, the
computed value closure has captured the local variable y, but still references the
variables y1, 42, z of the outer context.

The prototype can also produce ASCII rendering of the typing and reduction
derivations, when passed the --typing-derivation or --reduction-derivation
option. This can be useful in particular in the case of typing or reduction errors,
as a way to locate the erroneous sub-derivation.

The complete source code of the prototype is available at the following URL:
http://gallium.inria.fr/~scherer/research/open closure types

6 Conclusion

We have introduced open closure types and their type theory. The technical
novelty of the type system is the ability to track intensional properties of function
application in function closures types. To maintain this information,we have to
update function types when they escape to a smaller context. This update is
performed by a novel non-trivial substitution operation. We have proved the
soundness of this substitution and the type theory for a simply-typed lambda
calculus with pairs, let bindings and fixpoints.

To demonstrate how our open closure types can be used in program verifica-
tion we have applied this technique to track data-flow information and to ensure
non-interference in the sense of information-flow theory. We envision open clo-
sure types to be applied in the context of type systems for strong intensional
properties of higher-order programs, and this simple system to serve as a guide-
line for more advanced applications.

We already have preliminary results from an application of open closure types
in amortized resource analysis [7,6]. Using them, we were for the first time able to
express a linear resource bound for the curried append function (see Section 1).
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