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Abstract

The ML module system is useful for building large-scale programs. The
programmer can factor programs into nested and parameterized modules, and
can control abstraction with signatures. Yet ML prohibits recursion between
modules. As a result of this constraint, the programmer may have to con-
solidate conceptually separate components into a single module, intruding on
modular programming. Introducing recursive modules is a natural way out of
this predicament. Existing proposals, however, vary in expressiveness and ver-
bosity. In this paper, we propose a type system for recursive modules, which
can infer their signatures. Opaque signatures can also be given explicitly, to
provide type abstraction either inside or outside the recursion. The type sys-
tem is provably decidable, and is sound for a call-by-value semantics. We also
gives a solution to the expression problem, in support of our design choices.



1 Introduction

When building a large software system, it is useful to decompose the system into
smaller parts and to reuse them in different contexts. Module systems play an im-
portant role in facilitating such factoring of programs. Many modern programming
languages provide some forms of module systems.

The family of ML programming languages, which includes SML[19] and Objec-
tive Caml [16], provides a powerful module system [17, 15]. Nested structures of
modules allow hierarchical decomposition of programs. Functors can be used to ex-
press advanced forms of parameterization, which ease code reuse. Abstraction can
be controlled by signatures with transparent, opaque or translucent types [10, 13].

In spite of this flexibility, the ML module language prohibits recursion between
modules. This is a major disadvantage of ML, when compared to object-oriented
languages, like Java. These languages have supported recursive definitions across
class boundaries from the beginning, and this feature is heavily used in practice.

We, ML programmers, enjoy strong type safety. Yet, due to the lack of recursive
modules, we may have to consolidate conceptually separate components into a single
module, intruding on modular programming [24]. If we had both recursive modules
and this flexible module language, we could enjoy a strongly type safe programming
language with an equally strong expressive power.

Recently, much work has been devoted to investigating extensions with recursion
of the ML module system. Two important issues involved are type checking and
initialization. Crary, Harper and Puri [3], Russo [24], and Dreyer [5] have given type
theoretic accounts for recursive modules. Boudol [1], Hirschowitz and Leroy [12],
and Dreyer [4] have investigated type systems which guarantee well-formedness of
recursive modules, ensuring that initialization of recursive modules will not attempt
to access not-yet-evaluated values.

It seems that ML programmers are very close to use recursive modules in everyday
programming. Indeed, some real ML family languages support recursive modules [16,
23], in which we can use them for practical programs, or, at least, get a flavor of them.

In this paper, we first review two examples. In the first one, two recursive modules
Tree and Forest respect each other’s privacy: we seal them with opaque signatures
individually. Thus type abstraction is enforced inside the recursion. In the second,
Tree and Forest are intimate: they know each other’s exact implementations, and
we seal them with an opaque signature as a whole. Thus type abstraction is enforced
outside the recursion.

Both privacy and intimacy will be important for practical uses of recursive mod-
ules. Existing proposals, however, vary in their way to handle them. We may be



denied privacy. We may have to write two different signatures for the same module;
one of the signatures is solely for assisting the type checker and does not affect the
resulting signature of the module.

Our goal is to develop a type system for recursive modules, which is practical and
useful from the programmer’s perspective; we want to use them easily in everyday
programming, possibly combining with other constructs of the core and the module
languages.

With this goal in mind, we propose a type system for recursive modules, in which
modules can have privacy or intimacy depending on the situation they are in. The
type system does not require additional signature annotations. Thus the programmer
can either omit writing signatures or give signatures explicitly to control abstraction.
Moreover, he can rely on type inference during development; all previous proposals
by others do not support type inference for recursive modules.

In the paper, we also present an advanced example of recursive modules, by giving
a concise and type safe solution to the expression problem [27]. In the example, we
use recursive modules, applicative functors [14] and private row types [9] together.
The example confirms that by combining recursive modules with other language
constructions we can indeed enjoy a highly expressive power in a type safe and
modular way.

Our contributions are summarized as follows.

e We examine two typical uses of recursive modules by giving concrete examples.
These examples are useful for understanding basic uses of recursive modules.

e We propose a new type system for recursive modules with first-order applicative
functors. The type system supports type inference for recursive modules, and
is decidable and sound for a call-by-value semantics.

All examples we present in this paper are type checked in this type system,
without requiring additional signature annotations.

e We give a type safe and concise solution to the expression problem, in order
to demonstrate that recursive modules give us the highly expressive power in
a modular way when combined with other language constructions.

The rest of the paper is organized as follows. In the next section, we review two
examples of recursive modules and present the main features of our calculus, Traviata,
used for our formal development. Section 3 gives the concrete syntax of Traviata.
Section 4 and 5 explain the type system and present a soundness result. In Section 6,



we give a solution to the expression problem. In Section 7, we examine the double
vision problem [6]. Section 10 examines related work and Section 11 concludes.



module TreeForest = struct (TF)
module Tree = (struct
datatype t = Leaf of int | Node of int * TF.Forest.t
val max = Ax.case x of Leaf i = 1
| Node (i, f) = let j = TF.Forest.max f in if i > j then i else j
end : sig type t val max : t — int end)
module Forest = (struct
type t = TF.Tree.t list
val max = Ax.case x of [] = O

| hd :: tl = let i = TF.Tree.max hd in let j = max tl in
if 1 > j then i else j
end : sig type t val max : t — int end)
end
Figure 1: Modules for trees and forest
2 Examples

In this section, we review two examples to illustrate two possible uses of recursive
modules and to informally present Traviata'.

The first example appears in Figure 1. The top-level module TreeForest contains
two modules Tree and Forest: Tree represents a module for trees whose leaves and
nodes are labeled with integers; Forest represents a module for unordered sets of
those integer trees.

The modules Tree and Forest refer to each other in a mutually recursive way.
Their type components Tree.t and Forest.t refer to each other, as do their value
components Tree.max and Forest.max. These functions calculate the maximum
integers a tree and a forest contain, respectively.

To enable forward references, we extend structures and signatures with implicitly
typed declarations of self variables. Components of structures and signatures can
refer to each other recursively using the self variables. For instance, TreeForest
declares a self variable named TF, which is used inside Tree and Forest to refer to
each other recursively. We keep the usual ML scoping rules for backward references.
Thus Tree.max can refer to the Leaf and Node constructors without going through a
self variable. Tree might also be used without prefix inside Forest, but the explicit
notation seems clearer.

'In examples, we shall allow ourselves to use some usual core language constructions, such as let
and if expressions and list constructors, even though they are not part of the formal development
given in Section 3.



This first example illustrates a possible use of recursive modules, where they
respect each other’s privacy. They are sealed with opaque signatures individually,
enforcing type abstraction inside the recursion.

The second example appears in Figure 2. Now TreeForest is a functor, parame-
terized by the type of labels of trees. We assume that an applicative functor MakeSet
is given in a library for making sets of comparable elements.

The modules Tree and Forest define the same recursive types as the first example,
except that the argument types of the constructors Leaf and Node are parameter-
ized. The module abbreviation module F = TF.Forest inside Tree allows us to use
an abbreviation F for TF.Forest inside Tree. Similarly, the type s in Tree is an
abbreviation which expands into TF.Forest.t.

In this second example, Tree and Forest are intimate: the functions Tree.split
and Forest.sweep know the underlying implementations of the types Forest.t and
Tree.t of the others, thus can construct and deconstruct values of those types. Given
a tree, split cuts off the root node of the tree and returns the resulting forest. sweep
gathers the leaves from a given forest.

Since the two modules are intimate, we do not seal Tree and Forest individually
here. Instead, we seal them as a whole with an opaque signature. The signature
only exposes functions split, sweep, and incr, which augments a given forest only
if a given tree contains original labels that are not contained in the forest, but hides
functions Tree.labels and Forest.labels, which are utility functions for incr.
The signature also enforces type abstraction by hiding implementations of the types
Tree.t and Forest.t, thus it protects privacy of the two modules from the outside.

The two examples we have seen so far illustrate two possible uses of recursive
modules. They may have privacy, enforcing type abstraction inside the recursion.
They may have intimacy, enforcing type abstraction outside the recursion. We think
both uses are natural and would become common in practice.

Comparison with existing type systems The two examples presented are type
checked in our type system without requiring additional annotations. Below, we
examine the ways existing type systems handle these examples.

To avoid presenting too much annotations, we remove the module abbreviation
module F = TF.Forest from Tree in Figure 2. Yet, although we can dispense with
abbreviations by replacing them with their definitions altogether, they are useful in
practice [21].

In Russo’s system [24] there is no obvious way to type check the first example,
keeping type abstraction between Tree and Forest. A suggested solution, which is



found in his paper, is to annotate the self variable TF of TreeForest with a recursive
signature * 3 [24]:
sig (Z : sig module Tree : sig type t end
module Forest : sig type t = Tree.t list end
end)
module Tree : sig
datatype t = Leaf of int | Node of int * Z.Forest.t end
module Forest : sig type t = Tree.t list val max : t — int end
end
This annotation for TF, however, would break type abstraction between Tree and
Forest, exposing underlying implementations of types Tree.t and Forest.t to each
other.

In Dreyer’s system [5], the sealing signatures for Tree and Forest must be given
in advance. That is, the programmer has to write both signatures before defining
either of the two modules, as opposed to Figure 1, where the signatures are written
in a module-wise way.

O’Caml [16] type checks Figure 1 without modifications.

Next, we examine the second example. As we claimed, our type system type
checks it without requiring additional annotations.
In Russo’s system, the programmer must annotate TF with a recursive signature:
sig (Z : sig module Tree : sig type t end
module Forest : sig type t = Tree.t list end
end)
module Tree : sig
datatype t = Leaf of X.t | Node of X.t * Z.Forest.t end
module Forest : sig
type t = Tree.t list val labels : t — MakeSet(X).t end
end
Note that this signature is solely for assisting the type checker. We have already given
in Figure 2 the eventual signatures that Tree and Forest should have; these signa-
tures do not reveal the underlying implementations of types Tree.t and Forest.t
or the function Forest.labels.
To type check Figure 2 in Dreyer’s system and O’Caml, the programmer must
write fully manifesting signatures of Tree and Forest in advance, where the signa-
tures declare every component of the modules. The type checker first type checks the

2This recursive signature does not exactly follow his syntax, e.g. we have to use the keyword
structure instead of module in his system.

3We note that by permuting the definition order of Tree and Forest the amount of required
annotations can be reduced to some extent in this case. However permutation does not always work.



two modules assisted by these manifest signatures. Once this succeeds, type abstrac-
tion is enforced using the sealing signature given in Figure 2. Thus the programmer
has to write annotations yet more verbose than in Russo’s system.

We believe that both privacy and intimacy are important for practical uses of
recursive modules. Existing type systems, however, do not handle them equally.
These type systems may deny privacy. They may require additional annotations that
are used only for helping the type checker, but do not affect resulting signatures of
modules. Even if we assume that these annotations provide some useful information,
our experience with type inference in ML is that one often writes a module without
its signature, and then eventually writes a signature by editing the result of type
inference. This technique has not been available with recursive modules in these
type systems.



module TreeForest =
functor (X : sig type t val compare : t — t — int end) —
(struct (TF)
module S = MakeSet (X)
module Tree = struct
module F = TF.Forest
type s = F.t
datatype t = Leaf of X.t | Node of X.t * s
val split = Ax.case x of Leaf i = [Leaf i]
| Node (i, f) = (Leaf i) :: f
val labels = Ax.case x of Leaf i = TF.S.singlton i
| Node (i, f) = TF.S.add i (F.labels f)
end
module Forest = struct
module T = TF.Tree
type t = T.t list
val sweep = Ax.case x of [] = []

| (T.Leaf y) :: tl = [(T.Leaf y)l
| (T.Node y) :: tl = (sweep tl)

val labels = Ax.case x of [] = TF.S.empty
| hd :: tl = TF.S.union (T.labels hd) (labels tl)

val incr = Af. At. let 11 = labels f and 12 = T.labels t in
if TF.S.diff 11 12 = TF.S.empty then f else (t :: f)

end

end:sig (Z)

module Tree : sig type t val split : t — Z.Forest.t end
module Forest : sig
type t val sweep : t — t val incr : Z.Tree.t — t — t end
end)

Figure 2: Intimate modules for trees and forests



3 Syntax

Figure 3 gives the module language of Traviata, which is based on Leroy’s applicative
functor calculus [14]. We use M as a metavariable for module names, X for module
variables and Z for self variables. For simplicity, we distinguish them syntactically,
however the context could tell them apart without this distinction. We also use ¢ for
type names and [ for (core) value names.

For the purpose of both defining type equality and designing a decidable type
system, we label module expressions, signatures and module variable signatures with
integers. For instance, a module expression E is a module expression description
E; labeled with an integer i, where Ej is either a structure, a functor, a sealing, a
module identifier or a module variable * One can think of the integer label i of E},
as the location of Ej; in the source program. For the interest of brevity, we may
omit integer labels when they are not used. For the interest of clarity, we may write
additional parentheses, for instance (functor(X : sig type t end?) — X°)'. We use
metavariables i, j, k for integers.

As explained in the previous section, we extend structures and signatures with
implicitly typed declarations of self variables to support recursive references. In
the construct struct (Z) D;... D, end, the self variable Z is bound in D ...D,.
Similarly, in the construct sig (Z) Bj ... B, end, the self variable Z is bound in
B:...B,.

For simplicity, we provide different syntax for signatures and module variable
signatures; the latter are used to specify signatures of functor arguments and do
not declare self variables. In a practical system, we can unify their syntax for the
programmer’s benefit.

The construct which enables recursive references is recursive identifiers. A recur-
sive identifier is constructed from a self variable and the dot notation “.M”, which
represents access to the sub-modules M of a structure. A recursive identifier may
begin from any bound self variable, and may refer to a module at any level of nest-
ing within the recursive structure, regardless of component ordering. For instance,
through the self variable of the top-level structure, one can refer to any module named
in that structure except for those hidden within sealed sub-structures. It is important
that recursive identifiers can only contain bound self variables, and that self variables
of sealed modules are unbound outside them. Otherwise type abstraction could be
broken.

4Note that Traviata does not have two different notions of opaque signatures and transparent
ones.

10



Module expression
D) = Ej
Module expression descriptions

E, = struct (Z) D;...D, end
| functor (X:A)—FE
| (B:8)
| mid
| X
Definitions
D @= module M =F
| datatypet=cof T
|  typet=r7
| vall=e
Signature
S = S

Signature descriptions
Sd = sig(Z) B,...B, end
|  functor(X :A)— S
Module variable signature
A = Al
Module variable signature description

Ay n= sig By...B, end
Specifications
B = module M : S
| datatypet=cof T
|  typet=r
| typet
| wvall:T
Recursive identifiers
rid n= Z | ridM

Module identifiers

mid = rid | mid(mid) | mid(X)
Extended module identifiers
ext_mid Z | ext_mid.M

|
Module paths

p,q,r = ext-mid | X
Program
P = struct (Z) Dy...D, end

structure
functor

sealing

module identifier
module variable

module def.
datatype def.
type abbreviation
value def.

structure type
functor type

module spec.
datatype spec.
manifest type spec.
abstract type spec.
value spec.

ext_mid(ext_mid) | ext_mid(X)

Figure 3: The module language of Traviata
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Core types T = 1| —n|nsn|pt

Core expr. e x| ()| (Aze:7) | (e1,e2) | mi(e) | er(ez)
rid.ce| X.ce| case e of ms | rid.l | X.
ridcr = e|Xcx= e

Matching  ms

Figure 4: The core language of Traviata

For the sake of simplicity, functor applications only contain module identifiers
and module variables.

To support applicative functors [14], we define a slightly extended class of iden-
tifiers, named module paths in Figure 3, which can liberally include functor applica-
tions. Core types defined in Figure 4 may use module paths. Applicative functors
give us more flexibility in expressing type sharing constraint between recursive mod-
ules. In Section 6, we give a practical example which uses recursive modules and
applicative functors together in support of our design choices. It will be useful to
note that Z C rid C mid C ext_mid C p holds.

A program is a top-level structure which contains a bunch of recursive modules.
In this paper, we only consider recursive modules, but not ordinary ones.

To obtain a decidable type system, we impose a first-order structure restriction
that requires functors 1) not to take functors as argument, 2) or to access sub-
modules of arguments. The first condition means that our functors are first-order,
and the second implies that the programmer has to pass sub-modules as independent
parameters for functors instead of passing a module which contains all of them. One
might have noticed that the syntax of module expression descriptions excludes those
of the forms X.M and X (mid). This is consistent with the restriction.

Figure 4 gives the our core language of Traviata. We use x as a metavariable for
program variables (variables, for short), and ¢ for value constructor names.

The core language describes a simple functional language extended with value
paths X.I and rid.l, and type paths p.t. Value paths X.l and rid.l refer to the value
components [ in the structures referred to by X and rid, respectively. A type path
p.t refers to the type component ¢ in the structure that p refers to.

We may say paths to mean module, type and value paths as a whole.

An unusual convention is that a module variable is bound inside its own signature.
For instance,

functor(X : sig type t val 1 : X.t end) — X
is a legal expression, which should be understood as

functor(X : sig type t val 1 : t end) — X

12



This convention is convenient when proving type soundness, as the syntax of paths
is kept uniform, that is, every path is prefixed by either a self variable or a module
variable. In Section 6, we give examples where this this convention is useful.

We write M Vars(p) to denote the set of module variables contained in the module
path p. We also write MVars(t), MVars(e) and the likes with obvious meanings.

In the formalization, 1) function definitions are explicitly type annotated; 2) every
structure and signature type but module variable signature declares a self variable;
3) a path is always prefixed by a self variable or a module variable. Our examples do
not stick to these rules. Instead, we have assumed that there is an elaboration phase,
prior to type checking, that adds type annotations for functions by running a type
inference algorithm on the core language. The original program may still require
some type annotations, to avoid running into the polymorphic recursion problem. In
Section 9, we discuss the details of this inference algorithm. The elaboration phase
also infers omitted self variables, to complete implicit backward references.

We assume that the following five conventions: 1) a program does not contain
free module variables or free self variables; 2) all binding occurrences of module or
self variables use distinct names; 3) any sequence of module definitions, type abbre-
viations, datatype definitions, value definitions, module specifications, manifest and
opaque type specifications, datatype specifications and value specifications does not
contain duplicate definitions or specifications for the same name; 4) all occurrences
of module expressions, signatures and module variable signatures in a program are
labeled with distinct integers; 5) module variable signatures do not contain module
specifications.

13



Lazy signature

T == T
Lazy signature descriptions
Ty == sig(Z) Cy...C, end lazy structure type
|  functor(X:A)—T lazy functor type
| (Th:Tv) lazy sealing type
P
Lazy specifications
C == module M :T

| vall:7

|  typet=r

| typet

| datatypet=cof T

Lazy program type
U == sig(Z)Cy...C, end’

Figure 5: Lazy module types

4 Reconstruction

The type system is composed of two parts, namely a type reconstruction part and
a type-correctness check part. Concretely, we type check a program P in two steps:
1) reconstruct a lazy program type of P; at this point, we do not require the recon-
structed type to be correct; 2) check type-correctness of P by type checking P in the
intuitive way, using the result of the reconstruction in a type environment; once this
second step is completed, we are certain both that P is type-correct and that the
reconstruction was correct.

In this section we describe the reconstruction part; the next section explains the
type-correctness check part.

The rest of this section is organized as follows. In Section 4.1, we define lazy
program types, which are output of the reconstruction algorithm. In Section 4.2,
we define look-up judgment for using programs and lazy program types as lookup
tables. In Section 4.3, we introduce “resolution algorithms®, the key for enabling the
reconstruction. Finally, in Section 4.5, we present an algorithm for reconstructing
lazy program types from programs.

In the rest of the paper, we assume that self variables Z are annotated with
module variable environments 0, written Z%. A module variable environment is a
substitution of module paths for module variables. Correspondingly, we assume that

14



Top-levels O = P|U
Module descriptions K,J == FE|S|A|T
: = |:

ss = struct|sig

Figure 6: Notation

each occurrence of a self variable in a program P is implicitly annotated with an
identity substitution id. That is, we regard Z as an abbreviation for Z. We use 6
as a metavariable for module variable environments.

4.1 Lazy module types

Figure 5 gives the syntax for lazy module types, which we use as signatures of modules
during type checking. The syntax for lazy signature descriptions extends that for
signature descriptions with the sealing construction (77 : T3) and module paths.
We use the sealing construction (7} : Ty) to check type-correctness of the sealing
construction (£ : S) of module expression descriptions ((31) in Figure 18). We use
module paths to instantiate signatures lazily ((61) in Figure 21). In the construct
sig (Z) Cy...C, end, the self variable Z is bound in C ... C,,. A lazy program type
is a top-level lazy structure type labeled with an integer. Note that lazy signatures
include signatures.

We use the notation convention in Figure 6. In particular, we use O as a metavari-
able for top-levels, which are either programs or lazy program types, and K for module
descriptions, which are either module expression descriptions, signature descriptions,
module variable signature descriptions or lazy signature descriptions.

4.2 Look-up

Next, we define a look-up judgment for finding module descriptions and their integer
labels from a top-level. During the reconstruction we use the judgment against pro-
grams; during the type-correctness check, we use the judgment against lazy program
types.

We assume that, for a top-level O, there is a global mapping po which sends i) a
self variable Z to the structure or the (lazy) structure type to which Z is ascribed in
O, and ii) a module variable X to the module variable signature specified for X in O.
We say that in the construct struct (Z) D; ... D,, end’ the self variable Z is ascribed
to struct (Z) D;...D, end’. Similarly, in the constructs sig (Z) B;... B, end’

15



0r 7 o) OF X o)
OFp— (f,ss ...module M := K7 ... end’) K # (K*: K5?)
OFpM— (0,K)

OFp— (f,ss ...module M := K7 ... end’) K = (K*:K5?)
OFpM— (6,K}?)
O F py— (0, (functor(X : A7) — K*)) K # (K : K3?)
Ok pi(p2) = (01X = pa], K*)
O F py — (0, (functor(X : A7) — K*))) K = (K : K3?)
Ok pi(p2) = (01X + pa, K3?)

(2)

(3)

(4)

()
Figure 7: Look-up

and sig (Z') C,...C,, end’, Z and Z’ are ascribed to sig (Z) B;...B, end’ and
sig (Z') Cy...C,, end’, respectively. The use of po makes the presentation concise °.

We present inference rules for the look-up judgment in Figure 7. The judgment
O p+— (0, K*) means that the module path p refers to the module description K
labeled with the integer ¢ in the top-level O, where each module variable X is bound
to 0(X).

Let us examine each rule. For self variables and module variables, the judgment
consults the global mapping po. Next two rules (3) and (4) handle module paths of
the form p.M. A module path p.M refers to the sub-module M in the module that p
refers to. Hence p must refer to either a structure or a (lazy) structure type. The rules
(3) and (4) distinguish whether M is bound to a sealing construction (K7' : K3?)/
or not; when it is, then p.M resolves to the sealing part K%é. Thus, the judgment
prevents peeking inside of sealed modules from the outside of them. The last two
rules (5) and (6) handle module paths of the form p;(ps). When p; refers to either
a functor or a (lazy) functor type, then p;(py) resolves to the body of the functor,
where the module variable environment is augmented with the new binding [X — ps].
Again the rules (5) and (6) distinguish whether the body is a sealing construction or
not.

5We could avoid this assumption of a global mapping by annotating each self variable with the
source program location of the structure or structure type to which the self variable is ascribed.
Since the source program can be regarded as a finite tree, we can represent every node of the tree
by a finite representation (i.e., we need not use file names or line numbers.)

16



struct (Z)
module M; = (functor(X : sig type t end®) —
struct module M;; = struct end® end?)?
module M, = struct type t = int end"®
module M3 = Z.M;(Z.My)"
end?

Figure 8: A program P,

The look-up judgment does not hold for arbitrary module paths. For instance,
consider Figure 8. We have Py = Z.M;(Z.My).My; — ([X — Z.My], struct end®). But,
the judgment does not hold for the module path Z.M3.My;.

Recall that we have assumed the absence of free module variables. This means
that when O + p — (6,¢%), then MVars(q) C dom(f). For a module variable
environment 6, dom(f) denotes the domain of 6.

4.3 Resolution algorithms

Our type system differs from others in that it can resolve path references. Concretely,
we developed a terminating procedure for determining the component that a path
refers to, where the path may contain forward references. The motivation of this
procedure was to define a decidable judgment for type equality. In a language with
recursive modules and applicative functors, there is the potential that a program
contains pathologically cyclic type abbreviations which may cause type equality check
to diverge. We later noticed that a similar procedure enables type inference for
recursive modules. Note that we cannot use the well-typedness of the source program
when resolving path references, since we already need type equality to ensure this
well-typedness.

We implement the procedure for path resolution as three algorithms, namely,
a module path expansion algorithm PathEzp, a type expansion algorithm TypFExp
and a core type reconstruction algorithm CtyInf. These algorithms use termination
criteria based on ground term rewriting and recursive path ordering; the criteria do
not rely on the well-typedness of the source program, and still allow flexible handling
of module and type abbreviations.

In this paper, we do not explain these resolution algorithms in detail. There is
another paper [20], which is devoted to their explanations.
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Located types We define a canonical form of types, called located types. The type
system checks equality between two arbitrary types by reducing them into located
types using TypFxp.

A located type is a type composed of simple located types and 1 using — and .
Intuitively, a simple located type is an abstract type which is obtained by expanding
all type and module abbreviations.

We first define located forms, a canonical form of module paths. A module path
p is in located form if and only if p does not contain a module path which resolves
to a module abbreviation.

Definition 1 A module path p is in located form with respect to a top-level O if and
only if the following two conditions hold.

e OF pr— (0,K") where K is not a module path.

e For all q in args(p), q is in located form.

For a module path p, args(p) denotes the set of module paths that p contains as
functor arguments, or:

args(Z°) = Uxeaom@o{10(X)}
args(p.M) = args(p)  args(pi(p2)) = args(p1) U {p2}

A simple located type is an abstract type whose prefix is a located form.

Definition 2 A simple located type with respect to a top-level O is a type path p.t
where p is in located form with respect to O and either O & p — (0, ss...datatype t =
cof 7...end") or Ok p+ (0,ss...type t...end") holds.

Now located types are defined below.

Definition 3 A located type with respect to a top-level O is a type T where each type
7' in typaths(T) is a simple located type with respect to O.

For a type 7, typaths(7) denotes the set of type paths that 7 contains. Precisely,
typaths(m) U typaths(rz) when 7 =1 — m
Or T =T * Ty

{p-.t} when 7 = p.t
0 when 7 =1

typaths(T) =
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OSF X ~y X 0,5k 2%~y Z°

O, Xk pro,pf O, XFp~,p OFp .M (0,q)
OFp.Mw— (0,K") K ¢ mid q#X O, SWibqgro,r
O, X Fp M~y p M O, p.M~,0(r)

O, S Fpi~ypy O,ZFpy~o,ph OFpi(ph) — (0,KY) K & mid
0,5 F pi(p2) ~g P1(P5)
O, 2Fpi~gp) O, XF py~sg,ph
OFpilpy) = (0,¢') q#X O, XWilgryr
O, X F p1(p2) ~g 0(1)

Figure 9: Ground-normalization with respcet to O

no(Z°) =z’
where dom(0) = dom(0'),
and, for all X € dom(0), '(X) = no(0(X))

UO(X) = X

no(p-M) = Co(no(p).M)

no(pi(p2)) = Co(mo(p1)(no(pz2)))

Golp) = { P e

Figure 10: Variable normalization with respect to O
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4.3.1 Module path expansion

We define the module path expansion algorithm PathEzrp by composing ground nor-
malization and variable normalization, which are defined below.

We define the ground normalization in Figure 9. The judgment O, ¥ F p ~, ¢
means that the ground normalization expands p into ¢ where X is locked, with respect
to the top-level O. We use X as a metavariable for sets of integers. The notation X W1
means X U{i} whenever i ¢ .. Note that derivations of the ground normalization are
deterministic. In particular, it is an error state when there are no applicable rules.

We define the variable normalization with respect to a top-level O using functions
no and (o, found in Figure 10.

Then we define PathFxp such that it takes as argument a top-level O and a module
path p, then either returns a module path ¢ when O, - p ~, p’ and no(p’) = ¢ hold
or else raises an error when this cannot be done.

Definition 4 A module path p (resp. a type T and an expression e) has located
variables if and only if all the self variables contained in p (resp. T and e) are in
located form.

Since Z™ is in located form, all module paths, types and expressions appearing
in the source program have located variables.

Proposition 1 ([20]) For any top-level O and module path p having located vari-
ables, if PathExp(O,p) = q, then q is in located form with respect to O.

4.3.2 Type expansion

We define the type expansion algorithm in Figure 11. The judgment O,Q F 7 | 7
means that the algorithm expands the type 7y into the type 7 where € is locked,with
respect to the top-level O. We use Q2 as a metavariable for pairs (i,¢) of an integer i
and a type name t.

Then we define TypFxp such that it takes as argument a top-level O and a type
7, then either returns a type 7/ when O, = 7 | 7/ holds or else raises an error when
no rule applies, i.e. it cannot prove that the input type does not contain cyclic or
dangling references.

Proposition 2 ([20]) For any top-level O and type T having located variables,
TypExp(O, 1) either returns a located type with respect to O or else raises an error.
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0,0F1]1
O,QFn |l O0,QFnlw O0,QF7n |7 O0,QFn|T
O,0Fn -1l —7 O,QF 71 %13 | 7 %)
PathEzp(O,p)=p OFp — (0,ss...typet...end")
O,QFpt ] pt
PathExp(O,p) =p OFp — (0,ss...datatype t = c of 7...end’)
O,QFpt ] pit
PathErp(O,p) =p OFp + (0,ss...typet =1, ...end")
O0,Qu(,t)Fm [ O,QF0(m) |7
O,QFpt] T

Figure 11: Type expansion with respect to O

P,\IJ,FI—elel p,\D,FF€2DT2

PUY TkFzeI(zx) PY,TE(>1 P, U T (e1,e9)> T * Ty
PU Tkrevmxmn PUTked>r —r71 TypExp(P,7") =7
PY TFme) PUYU TkFe(e)>r PYUTEAe:7T)>T

PathExp(P,p) =p" ~(O,p,c) = (t, 1)
PU.T'Fpceppt
PathExp(P,p) =p" ~(O,p',¢c)=(t,71) PV, T z:mten>T
P U T'lcasee; of pcx = eyd>T
PathExp(P,p) =p Pt p + (0,struct...vall=e...end)
PYwW(i,l),0Fe>n  TypExp(P,0(1)) =7
PU.TFpl>T
PathExp(P,p) = p'
Pty (0,sig...vall:7'...end") TypEzp(P,0(7")) =1
PU T FpleT

Figure 12: Core type reconstruction with respect to P
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1(0,p,¢) = (t,7) when
OFpw— (0,ss...datatypet = cof 7" ...end") and TypExp(0,0(7)) =1

Figure 13: Datatype look-up with respect to O

4.4 Core type reconstruction

We define the core type reconstruction algorithm in Figure 12. The judgment
P, U T' - er 7 means that the algorithm reconstructs the type 7 for the expres-
sion e where W is locked, with respect to the program P. We use ¥ as a metavariable
for pairs (,1) of an integer ¢ and a value name /.

Then we define Ctylnf such that it takes as argument a program P and a core
expression e, then either returns a type 7 when P, (), ) e > 7 holds or else raises an
error when this cannot be done.

Proposition 3 ([20]) For any program P and core expression e having located vari-
ables, Ctylnf(P,e) either returns a located type with respect to P or else raises an
error.

For a program P and a core expression e, CtyInf(P,e) returns a located type
that e would have when e is type-correct, but it does not check that e is indeed
type-correct. For instance, for an expression e(es), Ctylnf only reconstructs a type
of e;, which must be of the form 71 — 7, then returns the result type m»; it does
not check that e; has a type which is equivalent to 71. In Section 5, we explain the
type-correctness check part of the type system. Type-correctness of e;(es) is ensured
in that part.

4.5 Lazy program type reconstruction algorithm

Figure 14 presents inference rules for the lazy program type reconstruction algorithm
with respect to a program P. The algorithm uses Ctylnf (see (10)), hence it does not
ensure type-correctness of the program P. It either returns a lazy program type that
P would have when P is type-correct, or else raises an error when it cannot prove
that P does not contain cyclic or dangling references. Note that it does not check
type-correctness of functor applications (see (16)).

Then we define ReconstP such that it takes a program P as argument, then either
returns U when P+ P > U holds or else raises an error when this cannot be done.
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Definitions and Specifications

Pt module M = F > module M : T Pt module M : S > module M : T

TypExp(P, 1) = 7' TypExp(P, 1) = 7'

(9)

8
Pt datatype t = c of 7 > datatype t =c of 7’ (8) PFtypet=71 1> typet=1
Ctylnf(P,e) =T TypEzp(P, 1) = 7' (11)
PFvall=e > vall:r Prvall:7 > vall:7

(10)

Module expression
PFE, > Ty
Module expression descriptions
P-Dy > Cy ... P-D, > C, (13)
Pt struct (Z) Dy ... D, end > sig (Z) C; ... C, end
PrA> A PHE®T
P functor(X : A) — F > functor(X : A') = T
PHE > T1 PES > T2
PF(ES) > (Tlng)
Signature
PES, > T
Signature descriptions
P'_Bl > Cl.P'_Bn > Cn
Pt sig(Z) By...B, end > sig (Z) C;...C, end

P+ functor(X : A) — S > functor(X : A') - T

(14)

(15) e (10

(18)

Module variable signature
Pr A“,” > Adg (20)
PEA} > A
Module variable signature description
P+FBy, > B]...P+B, » B
Pt sig By...B, end > sig B} ... B, end

(21)

Figure 14: Lazy signature reconstruction with respect to P
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Proposition 4 For any program P, ReconstP(P) either returns a lazy program type
Or TaiSeS an error.

Usually, we write Up to denote the lazy program type such that ReconstP(P) =
Up holds.
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Ut TypExp(U, 1) =- TypErp(U, 12)
U1 =7

(22)
Figure 15: Type equivalence with respect to U

5 Type system

One of the main difficulties in type checking recursive modules is how to reason about
forward references. Usually, a type checker consults a type environment for the nec-
essary type information about paths. When paths only contain backward references,
it is sufficient to accumulate in the type environment signatures of previously type
checked modules. When modules are defined recursively, however, paths may contain
forward references. Then the type checker may attempt to ask the type environment
for a signature of a module which is not yet type checked.

To circumvent difficulties arising from forward references, other type systems rely
on signature annotations. As we examined in Section 2, this requirement compels
the programmer to write two different signatures for the same module to enforce
type abstraction outside the recursion. Moreover, the programmer cannot rely on
type inference during development due to it. This is unfortunate since a lot of useful
inference algorithms have been and will be developed to support smooth development
of programs.

We have a reconstruction algorithm, hence we do not need the assistance of sig-
nature annotations. That is, we use the result of reconstruction as type environment
instead of using programmer-supplied annotations.

There are three tasks to be completed in this type-correctness check part: 1) to
check type-correctness of core expressions. (Recall that Ctylnf does not ensure type-
correctness of expressions that it reconstructs types for.); 2) to check well-formedness
of module paths, that is, to check that functor applications contained in the paths
are type-correct and that references of the paths are not cyclic or dangling; 3) to
check that, for every sealing construction (E : S), the module expression E inhabits
the signature S.

5.1 Type equality

We define a type equivalence judgment in Figure 15, with auxiliaries in Figure 16
and 17. The judgment 71 - 75 = means that two types 7 and 7 are equivalent with
respect to the lazy program type U. We check equivalence between two arbitrary
types by reducing them into located types.
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UFbkn=1 UbFn= 7

UF1=_1 4
U'_1571<23) Ubmn —>mn=1—T (24)
Uk = 1 Ut =r ) Uk =
1 T b /7'2 / Ty (25) P _pp2 (26)
Ubmxm=7 %7 Ul prt=, paot

Figure 16: Equivalence on located types with respect to U

U = P1— (61,T§i> U l_pg — (92,Té§) il = ’ig
VX e d0m(01>, UFr 91(X) =p HQ(X)
U l_pl Ep P2

(27)
Figure 17: Equivalence on located forms with respect to U

Figure 16 defines equivalence on located types. The first three rules are straight-
forward. The last rule judges whether two abstract types are equivalent. Two types
p1-t and po.t are equivalent if and only their prefixes p; and ps are equivalent module
paths. (Note that since p;.t is a located type, p; is in located form.)

Figure 17 defines a judgment for equivalence on module paths in located form.
Two located forms p; and p, are equivalent if and only if they refer to module
descriptions at the same location (i.e., labeled with the same integer) and their
functor arguments are equivalent. Take a look at the look-up judgment (Figure 7)
again. The module variable environment 6; collects all module paths contained in p;
as functor arguments.

5.2 Typing rules

In Figure 18 and 19, we present typing rules for the type-correctness check, with
auxiliaries in Figure 20, 21 and 22.

The judgment U + E : T means that the module expression E of lazy signature
T is type-correct with respect to the lazy program type U. The judgment e, I' - 7 :
means that the core expression e of type 7 is type-correct under the type environment
[' with respect to U. A type environment assigns a located type to a variable. Other
judgments are read similarly.

The typing rules in Figure 18 are mostly straightforward. Here we only explain
the rule for sealing.

The rule (31) checks that the sealing construction (E : S) is type-correct. In
particular, the third premise is for ensuring that the module expression F inhabits
the signature S; it checks that the lazy signature T of Fj is a subtype of Subst(T},.S).
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Module expression
UFE;: Ty
UkFE;:T;
Module expression descriptions
U-D,:C, ... U+-D,:C, (29)
Ut struct (Z) Dy ... D, end:sig (Z) C; ... C,, end

Ut functor(X : A) — E : functor(X : A") = T

URE:T, UFS:T; T1|_SUbSt(T1,S)< Ul—pwf
UF(E:S): (T :Ty) Ubp:p
Definitions and Specifications

UrE:T e,0k7:
Ut module M = F :module M : T (33) Ubkvall=e:vall:T (34)
UbT1o TypEzp(U,1)=1
U |- datatype t = ¢ of 7 :datatype t =c of 7’

(28)

(31) (32)

(35)

UFtypet=7:typet =1 U Fmodule M : S :module M : T
Ubto TypExp(U,T)=1
Ul—typet:typet(38) Ubvall:7:vall:7

(39)

Signature
Uk Sy:Ty
UES,:T;
Signature descriptions

UFB:C,...UFB,:C, (41)

Ut sig(Z) By...B, end:sig (Z) Cy...C, end
UFA:A UES:T (42)

U F functor(X : A) — S : functor(X : A') = T

Module variable signature
UbF Ag : Ag
Uk Al 2 Al
Module variable signature description
UFBy:B}...UFB,: B,

Ut sig By...B, end :sig B| ... B], end

(40)

(43)

(44)

Figure 18: Typing rules for the module language with respect to U
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Core types
UFmno UbFmno
TF1e ™ TTrnone
Ubkpwt TypExp(Upt)=rT
Ukpto
Core expressions
x € dom(I)
UTka:T'(x)
UTlkre :m UTlkey:n UTkFe:m*xmn
UTFE (e1,e2) : 11 %7y UTlFme):n
Ukbto TypExpUr)=711— 7 UTl,x:mmte:3 Ubmn=m1
UlFAze:7):1 — 1
UTlkre:mm—mn UlFe:m UFrn=m13
UTlFe (e2) : 7
Ut pwf PathEzp(U,p)=p ~Up,c)=(t,n) Ulke:nn Ubn=mn

U|_7'1<> U|_T2<>
Ul_’Tl*TQO

(46)

(47)

(48)

49) (50)

U,Fl—():l(

(51)

(52)

(53)

(54)

UTlkpce:pt (55)

UTlke :mn Ubpwf PathExp(U,p) =7p
v(Up,pyc)=(t,) Ukbm=pt Ul x:mbe:T
Ul casee of pcox=ey: T
Ut pwf PathExp(U,p) =p
Ubp — (0,sig...vall:7'...end") TypExp(U,0(7")) =71
UlkEpl:T

(56)

(57)

Figure 19: Typing rules for the core language with respect to U
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Subst(T%, S7) = subst1(Ty, Sq)?
substl (p,sig (Z) By ... B, end)
= (sig (Z) subst2(p,[Z — p|Bi1) ... subst2(p,|[Z — p|B,) end)

subst1 (p, functor(X : A) — S%)
= functor(X : A) — substl (p(X), Sq)

substl(sig (Z) Cy...C,, end,sig (Z') By ... B,, end)
= sig (Z')
subst3(Cy1y, [Z' — Z|By) ... subst3(Co(my, [Z' — Z]B,,) end

substl (sig ...end, functor(X : A) — §) = raise Error

subst] (functor(X : A) — T4 functor(X’: A') — S7)
= functor(X': A') — substl ([X — X'|Ty, Sy)

subst1 (functor(X : A) — T, sig...end) = raise Error
subst1 ((T : T%), Sq) = substl(Ty, Sq)

subst2(p,module M : S’) = module M : substl(p.M,S,)’

subst3 (module M : Td,module M : SJ) = module M : substl(Ty, Sy;)’

(
(
subst2(p, B) = where B is not a module specification
(
subst3(C,

B) = where B is not a module specification

Figure 20: Substitution
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UPT¢<SC§ (58) UFT¢<A¢

UFT: <SS UkFT:< A

UFT; <S5,

Ul (T:T)) < Sy

PathExp(U,p) =p Ukp — (0,T5) Ut 0(T;) < Sy (61)

Ubkp< Sy

o:{l,....om}—A{1,...,n} Vie{l,....om}, Uk Cyu < B;

Ut sig(Z)Cy...C,, end < sig (Z') By...B,, end
UFA<A U X—XT<S

Ut functor(X : A) — T < functor(X': A') —» S

o:{L...om}—=A{l,...,n} Vie{l,... m}, Uk C,u < B;
UFsigC;...C, end < sig B;...B,, end

(59)

(60)

(62)

(63)

(64)

(66)

Ul—typet<typet(65) UFtypet=7<typet

(67)

U F datatype t =c of 7 < type t

Ul—typegig zg{pe t =T (68)
UFbmn=mn

Ubvall:mp<vall:mn
UFkn=mn

U F datatype t = c of 7y < datatypet=cof ©»

U F module M : T < module M : S

(69)

(70)

Figure 21: Subtyping with respect to U

Ut pwf PathExp(U,p.M) =q
Uk p.M wf

(72) (73) (74)

Utk 7wt
Ut prwt Ul pywf
PathExp(U,p1) = p| PathExp(U,p2) = py PathEzp(U, pi(p2)) =
Uk p) — (0, (functor (X : A)) — 1)) phF 0[X — ph)(Ag) <
Ut pi(ps) wi

Ukr X wi

q
(75)

Figure 22: Well-formed module paths with respect to U
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The subtyping relation, to be given below, follows that of Leroy’s applicative
functor calculus. In particular, for two manifest type specifications type ¢ : 7, and
type t : 75 to be in subtyping relations, 71 and 7, must be equivalent. To check type
equivalence, the type system expand types using TypFEzp; here is the reason that we
define the function Subst, which is found in Figure 20.

The function Subst performs explicit substitution for self variables declared inside
sealing signatures. For instance, consider Figure 2. The reconstruction algorithm
infers that the function split in Forest has a type TF.Tree.t — TF.Tree.t list
(For clarity, we add omitted self variables.). The sealing signature specifies that
split has a type Z.Tree.t — Z.Forest.t. Both the reconstructed type and the
specified type are located types, but they are not equivalent according to the type
equivalence judgment. In fact, for Forest to inhabit the sealing signature, the recon-
structed type TF.Tree.t — TF.Tree.t list should be equivalent to TF.Tree.t
—TF.Forest.t, which is the type obtained by substituting TF for Z in the specified
type Z.Tree.t — Z.Forest.t. Indeed, this is satisfied since the type TF.Forest.t
expands into TF.Tree.t list.

One may think that it would be more natural to identify signatures related by a-
renaming rather than to perform explicit substitution. Yet implicit renaming makes
it complex to use the type expansion algorithm, which is developed separately from
the typing rules.

In Figure 21, we define subtyping relations between a lazy signature and a signa-
ture (58), between a lazy signature and a module variable signature (59), between a
lazy signature description and a signature description ((60) to (63)), between a lazy
signature description and a module variable description ((64)) and between a lazy
specification and a specification ((65) to (71)). The rules are mostly intuitive. The
reader should only look at the rule (61). A lazy signature description can be a module
path p. To check that p is a subtype of a signature description S;, we instantiate
the lazy signature of the module that p refers to; we use the module path expansion
algorithm PathEzp to resolve p’s reference. For the decidability of the subtyping
relations, it is important that only lazy signature descriptions can be module paths,
but ordinary signature descriptions cannot.

The judgment U F p wf, defined in Figure 22, checks that the module path p is
well-formed. For instance, the rule (32) in Figure 18 uses this judgment for checking
type-correctness of module paths. The judgment ensures that the module path p does
not contain cyclic or dangling references and that functor applications contained in
p are type-correct.

Definition 5 A program P is well-typed if and only if ReconstP(P) = U and U +
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P : U holds.

Proposition 5 For any program P, it is decidable whether P is well-typed or not.
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module type E =
sig type exp val eval : exp — int val simp : exp — exp end

module PF = functor(X : E with type exp = private [> PF(X).exp ] ) —
struct
type exp = [‘Num of int | ‘Plus of X.exp * X.exp]
val eval : exp — int = Ax.case x of ‘Numn = n
| ‘Plus (el, e2) = X.eval el + X.eval e2
val simp : exp — X.exp = Ax.case x of ‘Num n = ‘Num n
| ‘Plus(el, e2) = case (X.simp el, X.simp e2) of
(‘Num m, ‘Num n) = ‘Num(m+n)
| e12 = ‘Plus el2
end

module Plus = (PF(Plus) : E with type exp = PF(Plus).exp)

Figure 23: A first language

6 The expression problem

In this section, we present an advanced example of recursive modules, by giving a
solution to the expression problem [27].

The expression problem, originally coined by Phil Wadler, dates back to Cook,
who first discussed this problem [2]. It is one of the most fundamental problems one
faces during the development of extensible software. Here, we paraphrase a typical
example of this problem in the following way: suppose that we have a small expression
language, composed of a recursively defined datatype and processors which operate
on this datatype; then we want to extend the expression language in two dimensions,
that is, to extend the datatype with new constructors and to add new processors that
operate on both existing and new constructors. That a programming language can
solve this problem in a type safe and concise way has been regarded as a measure of
the expressive power of the language. Many researchers have addressed themselves
to this problem, using different programming languages [22, 28, 26].

Our aim here is not to draw a conclusion that our solution is better than other
solutions. It is not easy to compare the quality of different solutions, without deep
understandings of each implementation language that is used to express each solution.
Instead, we aim to give a useful example of recursive modules, in order to show that
by combining recursive modules with other constructs of the core and the module
languages we can obtain more expressive power in a modular way.
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The example we use here extends the one in [9]. It is a variation on the expression
problem, where we only insist on the addition of new constructors. Adding new
processors is easy in this setting.

We shall assume that we have extended Traviata with polymorphic variants [7],
private row types [9] and some usual module language constructions. Adding poly-
morphic variants and private row types is straightforward. We add typing rules for
them to our language. Allowing structures to contain module type definitions may
not be easy, but having module type definitions in the top-level is easy.

To reduce notational burden, we omit, here and elsewhere, preceding self variables
even for forward references when no ambiguity seems to arise. We also omit the top-
level struct and end.

We define our first expression language in Figure 23, using the functor PF. The
type exp defined in the body of PF indicates that the first language supports expres-
sions composed of integer constants and addition. The function eval is for evaluating
the expressions into integers. The function simp is for simplifying the expressions,
by reducing the ‘Plus constructor into the ‘Num constructor when possible.

To keep the first language extensible, we leave PF open recursion; the polymorphic
variant type exp and functions eval and simp recur through PF’s parameter X.

The intuition of the example is that PF takes as argument an expression language
which is built by extending the addition language that PF defines. This is exactly
what the signature of X expresses; here is the key of the example. The type specifi-
cation type t = private [> PF(X).exp] specifies an abstract type into which the
type PF(X) .exp can be coerced, or, informally, an abstract type which is a super-
type of PF(X) .exp. The type PF(X) .exp refers to the type exp defined inside PF’s
body. Hence X’s signature specifies that PF can only be applied to a module whose
defining expression language supports both integers and addition. This recursive use
of PF(X) .exp to constrain PF’s argument is the main difference with the solution in
[9]. By avoiding the need to define types outside of the functor, it allows for a more
concise and scalable solution. Observe that if it were not for all of applicative func-
tors, private row types and flexible path references, we could not write X’s signature
in this way.

The use of polymorphic variants, which are structural types unlike usual nominal
datatypes, is important also for defining the function simp. The function simp has
the type exp — X.exp. Since the type X.exp structurally contains the type exp, as
specified in the X’s signature, all of ‘Num n, ‘Num(m+n) and ‘Plus el2, which are
the results of the case branches, are citizens of the type X.exp.

The module Plus instantiates the addition language, by closing PF’s open re-

34



module MF = functor(X : E with type exp = private [> MF(X).exp ]) —
struct
module Plus = PF(X)
type exp = [Plus.exp | ‘Mult of X.exp * X.exp ]
val eval : exp — int = Ax.case x of
#Plus.exp as e = Plus.eval e
| ‘Mult(el, e2) = X.eval el *x X.eval e2
val simp : exp — X.exp = Ax.case x of
#Plus.exp as e = Plus.simp e
| ‘Mult(el, e2) = case (X.simp el, X.simp e2) of
(‘Num m, ‘Num n) = ‘Num(m*n)
| el2 = ‘Mult el2
end

module Mult = (MF(Mult) : E with type exp = MF(Mult).exp)

Figure 24: A second language

cursion. Observe that both the type and the value level open recursion are closed
simultaneously, that is, by taking the fix-point of PF, the forwardings X.exp, X.eval
and X.simp are connected to exp, simp and eval themselves, thus yielding self con-
tained recursive type exp and recursive functions eval and simp.

Now we can perform addition on the first language. For instance,

val el = Plus.eval (‘Plus(‘Num 3, ‘Num 4))

Next, we define our second expression language using the functor MF in Figure 24.
The second language supports expressions composed of multiplication and addition
on integer constants.

We use the exactly same idiom as the first language to define this second language.
In particular, the type MF(X) .exp appearing in X’s signature refers to the type exp
defined in the body of MF.

Note that we instantiate the first addition language inside MF, and use it in func-
tions eval and simp to delegate known cases by variant dispatch. Thus we avoid
duplication of program codes.

The module Mult instantiates the second language, by closing MF’s open recursion.
Now we can do arithmetic on the second language. For instance,

val e2 = Mult.eval (‘Plus(‘Mult(‘Num 3, ‘Num 4), ‘Num 5))

Finally, we demonstrate in Figure 25 that it is easy to compose independent
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module NF =

functor(X: E with type exp = private [> NF(X).expl) —
struct
type exp = [‘Num of int | ‘Minus of X.exp * X.exp ]
val eval : exp —int = Ax.case x of ‘Num n =n
| ‘Minus(el, e2) =(X.eval el) - (X.eval e2)
val simp : exp —X.exp = Ax.case x of ‘Num n = ‘Num n
| ‘Minus(el, e2) =case (X.simp el, X.simp e2) of
(‘Num m, ‘Num n) = ‘Num(m-n)
| el2 = ‘Minus el2
end

module GF =
functor (X:E with type exp = private [> GF(X).exp]) —
struct
module Plus = PF(X)
module Minus = NF(X)
type exp = [Plus.exp | Minus.exp]
val eval : exp —int = Ax.case x of
#Plus.exp as e = Plus.eval e
| #Minus.exp as e = Minus.eval e
val simp : exp —X.exp = Ax.case x of
#Plus.exp as e = Plus.simp e

| #Minus.exp as e = Minus.simp e
end

Figure 25: To merge independantly developed extensions
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extensions into a single expression language.

Having seen examples here and in Section 2, we confirm that recursive modules
are useful in several situations. Moreover, when combined with other language con-
structions, they give us the highly expressive power in a modular way. We believe
that recursive modules are a promising candidate for supporting robust extensible
software.
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module TreeForest = struct (TF)
module Tree = (struct
datatype t = Leaf of int | Node of int * TF.Forest.t
val max = ...
val mk_tree = Ax.let i = TF.Forest.max x in Node(i, x)
end : sig type t val max : t — int val mk tree : TF.Forest.t — t end)
module Forest = (struct
type t = TF.Tree.t list
val max = ...
val combine = Ax.\y.TF.Tree.mk tree [x;y]
end : sig
type t val max : t — int val combine : TF.Tree.t — TF.Tree.t — TF.Tree.t
end)
end

Figure 26: An expample for the double vision problem

7 The double vision problem

Here we examine the double vision problem [6], a typing difficulty involved in recur-
sive modules, in the context of Traviata. Detailed examinations of this problem are
found in [6, 3].

7.1 The situation we have to handle

When a module is sealed with a signature, the type system distinguishes the mod-
ule defined inside the signature and the module which inhabits the signature. For
instance, consider Figure 1. Inside Forest, the type t and the type TF.Forest.t
are not equivalent; the former is an internal type, which refers to Forest’s type t
inside the sealing, but the latter is an external type, which refers to Forest’s type t
outside.

This design choice of type equivalence keeps the type equivalence judgment simple.
Yet, it might be occasionally inconvenient, for instance, when the programmer wants
to build a value of an external type inside sealing.

To see a concrete situation, consider Figure 26. This is the same program as in
Figure 1, but here Tree and Forest contain new functions mk_tree and combine,
respectively; the former is for building a tree from a given forest and the latter for
building a tree from given two trees.

Our type system cannot type check the defining expression of combine. For the
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expression [x;y] inside the body of combine, the core type reconstruction algorithm
infers that the expression has a type TF.Tree.t list; the function TF.Tree.mk tree
takes an argument of type TF.Forest. t, which is specified in Tree’s sealing signature.
According to our type equivalence judgment, however, the types TF.Forest.t and
TF.Tree.t list are not equivalent, since TF.Forest.t is an abstract type thus is
not equivalent to any other types than itself.

This kind of situation typically occurs when the programmer attempts to cycli-
cally import, inside a sealed module, a value that is exported by the same module
as a value of an abstract type. Note that such reimportation is only possible with
recursive modules, but not with ordinary modules.

7.2 Type coercion

Currently we provide a core language construction, called type coercion, that allows
the programmer to coerce types of expressions from internal types to external types
and vice versa, in an explicit way. The type coercion construction is of the form
(e : 7 ::> 7'), which informally reads as “to coerce the type 7 of the expression e into
7”7, For instance, the programmer can define a type-correct combine as
val combine =
Ax.A\y.TF.Tree.mk tree ([x;y] : t ::> TF.Forest.t)

(Observe that the internal type t of Forest is only visible inside Forest.)

In the rest of this section, we formalize type coercion.

Note that the programmer can avoid this situation by providing the follow-
ing module Ty inside Forest, instead of providing the type definition type t =
TF.Tree.t list as in Figure 26.

module Ty = (struct

type t = TF.Tree.t list val inj = Ax.x val prj = Ax.x

end : sig

type t val inj : TF.Tree.t list — t val prj : t — TF.Tree.t list

end)
The programmer needs to use the functions inj and prj as needed when defining
functions Forest.max and Forest.combine. By hiding inj and prj from Tree, but
only exporting the abstract type Ty.t, he can produce the same effect as in Figure 26
without type errors.

Locating paths First, we introduce locating paths. Intuitively, a locating path is
an absolute module path which refers to a module relative to the top-level, whereas
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OF ¢ (id, 0) (76)

OF lc+; (0,ss ...module M := Ki' .. .end/) K # (K}':K}?)
O & [le.M,0] = (0, K7")
OF lc— (0, (functor(X : A7) — K#)i) K # (K/ : Kp?)
O I [le(p), 0] =1 (O[X — p], K7)
Ot le— (0,ss...module M := K7' ... end) K= (.. (K :KM). Ko
O F [le.M,i] = (6, KI")
Ol (0, (functor(X : A1) — K72)o) K = (... (KiK. K
O+ [le(p),i] =1 (01X = p), K¥)
Ot lc+s (0,ss...module M := K7 ... end’) i>1
K=(. (KF:KM"Y . KP) K #(J:J9)
O+ [le.M,i] —; (0, K[
OF lc vy (0, (functor(X : At) — K)oy §>1
K= (. (Kf KRR K # (I8
O+ [le(p),i] =1 (0[X — pl, K}*)

(77)

(78)

(79)

(80)

(81)

(82)
Figure 27: Locating path look-up with respect to O

a module path refers a module relative to the structure or (lazy) structure type to
which the path’s preceding self variable is ascribed.

The syntax for locating paths is:

le :=€|[le.M,i] | [le(p),1]

Let us examine each construct. The construct € represents the top-level. When [c
refers to a structure or (lazy) structure type containing a module binding module M :=
K7, then [lc.M, 1] resolves to the module expression or (lazy) signature obtained from
K by erasing K’s sealing signatures ¢ times. Similarly, when Ic refers to a functor
(functor(X : A) — K7%2)7t then [lc(p),i] resolves to the module expression obtained
from K by erasing K’s sealing signatures i times. In the constructs [lc.M,i] and
[le(p), 7], we call the integers i and j locating integers.

In Figure 27, we define locating path look-up judgment. The judgment O F lc
(6, K*) informally means that the locating path Ic refers to the module description

K labeled with the integer i in the top-level O, where each module variable X bound
to 0(X).
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struct (Z(d))

module M =
((struct (Z(zd 2]y type t = int end
: sig 20y type t end)

: sig (Z (-lem0Dy - ond)
module F = (functor (X:sig type t val t : X.t end) —
struct (Z{"“F®Dy module N = struct (ZUHIF®ANDY ong end)

end
Figure 28: An example for annotations on self variables

V(2% = le (p.M) = [7(p)-M,0] y(p1(p2)) = [Y(p1)(p2), 0]

Figure 29: Turning module paths into locating paths

We make the assumption that each occurrence of a self variable Z in a program P
is annotated with a locating path lc in addition to an identity substitution, written
7Z041e) such that P+ lc +; (id, pp(Z)) holds. In a practical system, we provide an
elaboration phase for complementing these annotations. For an explanatory purpose,
we give an example of a program which reflects our assumptions on self variables in
Figure 28.

For a module variable environment 6, we define 6(lc) as follows:

0(e) = e O([lc.M,i]) = [0(lc).M,4]  0([lc(p),i]) = [0(lc)(0(p)), i]

We also define a function 7 for turning extended module identifiers (i.e., module
paths other than module variables) into locating paths in Figure 29. We may say that
v(p) is the locating path of p. Note that if O = p +— (6, K*) then O F ~v(p) —; (6, K*)
and vice versa.

Coercible judgments Here, we define coercible judgments for judging whether
two types are coercible.

Definition 6 A module path p is in structure form with respect to a top-level O if
and only if O & p — (0,ss...end") and, for all X in dom(0), 0(X) is in structure
form with respect to O.

We define coercible judgments on types and locating paths in Figure 30 and 31,
respectively. The judgment U F 7 ::> 7/ means that the types 7 and 7’ are coercible
with respect to the lazy program type U; the judgment U F lc ::>; I¢' reads similarly.
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U"TH > Toq U"Tlg 1> Too U"TH > To U"Tlg 1> Too
UF1:>1 U|_7'11>I<7'1212>7'21*7'22 U|_T11—>7'12 1> To1 — To2

p1 and py are in structure form with respect to U U & v(p1) ::> v(p2)
Uk p1.t > pot

Figure 30: Convertible relation on types with respect to U
Ut ley > ley
Ubex>e URX > X UF [ler.M,iy] > [leg. M, i
Ubley > les UE~y(p1) > v(p2)
U F [lei(pr), i1 =1 [lea(p2), o]

Figure 31: Convertible relation on locations with respect to U

For the expression (e : 7 > 7') to be type-correct, two types 7 and 7/ must be
coercible.

The rules in Figure 30 are mostly straightforward. The last rule says that for
two type paths p;.t and ps.t to be coercible they must be in structure form and
their locating paths must be coercible. Figure 31 defines the coercible judgment on
locating paths. Two locating paths are convertible if and only if they differ only in
locating integers.

For instance, consider Figure 1. Assume that the self variable TF of TreeForest
is annotated with (id, €), and that the module Tree declares a self variable named T,
whose annotation would be (id, [e.Tree, 1]). Then the locating path of TF("<) Tree is
[e.Tree, 0] and that of T4 [eTree1) ig [¢ Tree, 1]. The two locating paths are coercible,
hence so are the types TF(4¢) Tree.t and TUd[eTreel)) ¢

Typing rule In Figure 32, we give a typing rule for type coercion. Observe that
when checking coercibility between the types 7 and 75, the type system does not
expand them.

For conciseness, we usually do not write locating path annotations of self variables.

UFmio UFrno Ulbre:r UbFm=1
Ubm>1 TypExp(U, ) =1

UTlkF(e:m =>m) 1) (83)

Figure 32: Typing rule for the type coercion with respect to U
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PrEp~y,pf PtEp~,pf
PEpM-~~s,p M  PFoplg)~n0(q)
PrFqg~,q PEpr—y(0,q")

P+ p(q) ~n p(d) PrFp~,0(q)

Figure 33: Normalization of module paths with respect to P

8 Soundness

In this section, we present a call-by-value operational semantics and prove a soundness
result.

First we define the normalization of module paths in Figure 33. The judgment
P p~», ¢ means that p reduces into ¢ in one step, with respect to the program P.
The normalization traces module abbreviations in the intuitive way, and is defined
for module paths containing no module variables.

During normalization and reductions to be defined below, we use implementation
look-up judgment instead of the look-up judgment (Figure 7), to look up concrete
modules from a program. The judgment is defined in Figure 34, with an auxiliary in
Figure 35.

Values v and evaluation contexts E are:
v o= ()] (v,v) | pecv| (Aze:T)
E = {}|(Be)|(E)|mE)|E()]|v(E)|[pckE
| case Eof ms|(E:7 1)

where p does not contain module variables.

Then a small step reduction is either:

pl Byl when PFp~onp vy, vs) L Y (v:m:m) By

(Az.e:7)v ™8 [z - v]e case p.cv of g.cx = e = [z v]e
1 O(e) when P+ prs4 (0, struct ... vall=ce... end)

or an inner reduction obtained by induction:
ep — ey E#A{}
E{e1} — E{ez}
Again, these reductions are defined with respect to a program P.

When deconstructing a value through the case expression case p.c v of gq.c x, we
do not explicitly check that p and ¢ are equivalent. The type system already ensures
that p and ¢ expand into equivalent module paths.
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Pt Z%—q(0,pp(Z))
Pt prsg (0, struct ...module M = E...end")
Pl pM i, (0, erase(E))
Pt py—y (0, (functor(X : A) — E)Y)
P pi(p2) —a (0]X — pol, erase(E))

Figure 34: Implementation look-up
erase((E : S)') = erase(FE) erase(E) = E otherwise

Figure 35: Sealing erasure

We assume that the top-level structure of every program P contains a value com-
ponent named main. The evaluation of P begins by reducing the defining expression
of main.

Proposition 6 (Soundness) Let a program P be well-typed. Then the evaluation
of P either returns a value or else gives rise to an infinite reduction sequence.

8.1 Proof of the soundness

Our proof of Proposition 6 proceeds in the following three steps.

1. We define a type system TraviataY, which uses the intuitive expansion algo-
rithms for expanding module paths and types. We prove that when a program
P is type-correct in Traviata, then it is type-correct in TraviataY.

2. We define a type system TraviataX, whose type equivalence relation is defined
by the weak bisimulation relation on a labeled transition system on types. We
establish a soundness result for TraviataX, by proving progress and subject
reduction properties.

3. We prove that if P is type-correct in TraviataY, then it is type-correct in
TraviataX.

The purpose of the use of locks ¥, Q and ¥ during expansions (Figure 9 and 11)
and core type reconstruction(Figure 12) is for the decidability result. In the soundness
proof, we are interested in a derivation tree which proves well-typedness of P but
not in how we can construct the tree. Hence, in the proofs below, we use judgments
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of the ground normalization, the type expansion and the core type reconstruction
that do not hold locks. For instance, we may say that “U F p ~, ¢ holds”, when
U,¥ = p ~+4 q can be proven for some X by the inference rules that are completely
same as the rules in Figure 9 but do not have locks. (It is clear that whether or not
the inference rules use locks does not affect outputs of the ground normalization; the
ground normalization without locks may diverge and the ground normalization with
locks may raise more errors than without.)

In the rest of this section, we only consider programs that are well-typed in
Traviata, that is, programs P such that ReconstP(P) = Up and Up - P : Up hold.
In particular, we do not explicitly include this premise when stating lemmas. Recall
that all core types appearing in Up are located types. This is important for proving
Lemma 2. We also assume that all module paths, types and core expressions have
located variables. Again, we do not include this premise when stating lemmas and
propositions.

8.1.1 The type system Traviata

TraviataY does not have a lazy program type reconstruction algorithm; it checks that
P is type-correct with respect to a given Up. TraviataY differs from Traviata in that
it expands module paths and types in the intuitive way.

We define the module path expansion algorithm and the type expansion algorithm
that TraviataY uses in in Figure 36 and Figure 37, respectively. In Figure 39, we
present typing rules for TraviataY, with auxiliaries found in Figure 41, 42 and 43.
The typing rules are same as those for Traviata, except for the expansion algorithms.

Lemma 1 ([20]) If PathExzp(Up,p) = q, then Up by p~ q.

Lemma 2 [fUpt7 | 7, thenUpty 7| 7.

Proposition 7 Suppose ReconstP(P) = Up and Up = P : Up, then Up by P : Up.
Proof. By Lemma 1 and 2. O

In the rest of proofs, we assume that ReconstP(P) = Up and Up -y P : Up hold.
In particular, we do not explicitly include this premise when stating lemmas.

For the purpose of proofs, we strengthen the inference rules of well-formedness of
module paths (Figure 42), by replacing the rule for self variables with the rule:

Uy 0 wt
Ul_yZQWf

where U Fy 0 wf is defined as follows.
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Definition 7 A module variable environment 0 is well-formed with respect to U in
TraviataY, written U by 6 wf, if and only if, for all X € dom(0), U Fy 6(X) wf
and U Fy 0(X) < 0(py(X)).

Lemma 3 Let 0 be in located form and O by p~> q, then O Fy 0(p) ~ 6(q).

Lemma 4 Let 0; and 0y be module variable environments such that dom(6;) =
dom(02) and for all X € dom(f) O Fy 61(X) ~ 05(X). If O by p ~ q, then
O Fy 01(p) ~ 62(q).

Lemma 5 Suppose Up by 0 wf and Up by p wi, then Up Fy 0(p) wit.
Lemma 6 Suppose Up by 0 wf and Up by 7 o, then Up Fy 0(7) <.

Lemma 7 Suppose Up Fy 0 wf and Up,T' by e : 7. Then Up, Iy Fy O(e) = 7'
with Up by 0(1) = 7/, where dom(T') = dom(T'y) and, for all x in dom(T'y), Up Fy
O(T(x)) =T1(x).

8.1.2 The type system TraviataX

Before presenting TraviataX, we build a lazy program type Ulﬂg from Up by making all
abstract type specifications except for those appearing in module variable signatures
transparent. We define a function Trans in Figure 44, which builds U from Up. We
let Ulug be Trans(Up). Note that bound self variables may escape their scope in Ufg.

TraviataX differs from TraviataY in that a type equivalence relation of TraviataX
is defined by the weak bisumilation relation on a labeled transition system on types.

We define labeled transition systems on module paths and types in Figure 46
and 47, respectively. Note that, in Uﬁ—,, abstract type specifications may only appear
in module variable signatures.

We write U F 7 = 7/ to mean U F 7 = 5 = 7/, where = is the reflective
transitive closure of . (We use juxtaposition to denote relation composition.)

Definition 8 ([18]) Let R be a binary relation on types. Then R is a weak simula-
tion with respect to a lazy program type U if, whenever Ty R,

1. if Ut 1 = 7] then there exists Ty such that U & 7o = 75 and T{RT).

2. if Uk 1y = 7] then there exists 15 such that U & 19 = 75 and 7 R7}.
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Definition 9 ([18]) A binary relation R on types is said to be a weak bisimulation
with respect to a lazy program type U if both R and its converse are weak simulations
with respect to U. We say that 7 and 7' are weakly bisimilar with respect to U, written
UtF 17, if there exists a weak bisimulation R with respect to U such that TRt

Again, we usually write 7 =~ 7’ to denote Uﬁ, FreT.
Lemma 8 ([18]) The relation ~ is a weak bisimulation.

We present typing rules for TraviataX in Figure 49, with auxiliaries in Figure 50,
51 and 52.

Definition 10 A program P is type-correct with respect to U in TraviataX if and
only if U Fx P : U holds.

For the purpose of proofs, we strengthen the inference rules of well-formedness of
module paths (Figure 51), by replacing the rule for self variables with the rule:

Ubx 0wt
U"XZGWf

where U Fx 6 wf is defined as follows.

Definition 11 A module variable environment 0 is well-formed with respect to a lazy
program type U in TraviataX, written U &x 0 wt, if and only if, for all X € dom(6),
Ubx 0(X) wf and U Fx 0(X) < 0(pu(X)).

Definition 12 For types 7 and 7', we write U - 7 S 7 when (1,7") is an element
of the smallest transitive and symmetric relation containing {(7,7') | U F 7 = 7'}.

Lemma 9 If UL+ 75 1 and either Us F 7 27 or Ub b7 5 1, then Ub F 7/ =

T*
Ty and Ufg F 7.

Lemma 10 If Uf; 70— 7 and U}ﬁp F 7o = T2, then Ug, 7 = 73 and Uﬁ, S
73.

Lemma 11 IfUL -7 5 7 and Ub -7 S 7y, then UL b7/ S 1 and Ub -1 & 1.

The following lemma is important; it says that 7-transitions preserve bisimilarity.
In particular, using this lemma we prove Lemma 16.
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Lemma 12 IfUL 7 2 7', then Ub b7~ 7',

Proof. Prove and use Lemmas 9 to 11. O

Lemma 13 IfUp by p~p/, then U]ﬂg Fp=17p.
Lemma 14 IfUp bty 7 | 7/, then U;DI_TZTI.
Lemma 15 IfUp b 7=, 7/, then Ub - 7~ 7'.

The following lemma is important; it says that type equivalence in Traviata
implies that in TraviataX.

Lemma 16 IfUp bty 7 =7/, then Ulﬁgl—fzr’
Lemma 17 If Up by p wf and Ulﬁg Fp >y, then Up y p' wi.

Proof. Use Lemma 5. O

Lemma 18 IfUp bty 7 ¢ and Up b7 = 7/, then Up Fy 7' 0.

Proof. Use Lemma 6. 0

Lemma 19 If Ulﬁg,f‘ Fx e:m and Ulﬁg,F Fx e: 7, then Uj“g Froa T
Lemma 20 Let a relation R on types be defined as:

R def (0(7),0(7") | Up by 0 wt and U% + 7~ 7'}
If (1,7) € R, then Ub - 7~ 7'.
Lemma 21 If Up by p wi, then Uf; Fx p wf.

Proof. Use Lemma 20. O

Lemma 22 IfUp Fy 7 ©, then Uﬁ-, Fx 7 o.

Proof. Use Lemma 21. O
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Lemma 23 Let U}é Fx 0 wt and 0 s in located form. Let a relation R on types be
defined as:

R Y (6r).00)) | U7 ~ 1)
If (1,7') € R, then U -7~ 1.

Lemma 24 If U}ﬁD Fx 0 wt and 0 is in located form and Ufp Fx p wif, then Uf) Fx
0(p) wi.

Lemma 25 Let U}S Fx p wf and U}é Fy p~» q, then U}é Fx q wi.
Lemma 26 Let Ub Fx 0 wt and Ub Fx p wi, then Ub Fx 0(p) wi.
Lemma 27 Let Ub by p wt and UL+ p 2 p/, then Ub Fx p/ wi.

Lemma 28 Let a relation R on types be defined as:

R Y (00m),00)) | Ub Fx 0wt and U - 7 ~ 7}
If (1,7) € R, then Ub 7~ 7.

Lemma 29 Let Ub Fx 0 wf and Ub,T Fx e : 7, then Ub, Ty Fx 0(e) : 0(7), where
dom(T) = dom(T), and for all z € dom(T) Ub + Ty (z) ~ O(T(x)).

We build a mapping from self variables to module paths, using functions defined in
Figure 45. We let S be SelfMap(Up). Intuitively, S corrects substitutions of module
paths for self variables which are performed by TraviataY during type checking of P
for ensuring that sealing expressions (£ : S) are type-correct.

For a type 7, we write 7° to denote the set of types obtained from 7 by replacing
some occurrences of Z% in 7 with 0(S(Z)). We use 7%, 7%, 72 and the likes as
metavariables for elements of 7°. We also write p® and p® with obvious meanings.

Observe that, for all Z € dom(S), we have UL Fx S(Z) < Ty, where Ub F Z1 —
(id,T%).

We define a binary relation ~s on types as follows:

~s = {(1,7%) | U}; Fx 7 wf and 7% € 75},

Lemma 30 If ULt 7 ~g 7' then Ub b7~ 7.
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Lemma 31 Iij‘; Fx 7o and Uj“g Fx 7 ¢ and Uj“g F 7> 1, then Ulﬁg FreT.
Lemma 32 IfUp,I'Fy e: 7, then U};,F Fxe:r.

Proposition 8 Assume ReconstP(P) = Up and Up by P : Up and Trans(Up) =
UL, then Ub bx P Ub.

Proposition 9 (Subject reduction in TraviataX) Assume ReconstP(P) = Up and
Up by P : Up and Trans(Up) = Ub, and Us Fx P - Ub. IfUb,0 bFx e : 7y and
e — €, then U}ig,@ Fx e .

Definition 13 A type 7 is stable with respect to a lazy program type U if and only if,
for all 7" in comps(7), ' is a type path p.t where p does not contain module variables
and Us - p— (0, sig...datatype t = ¢ of 7”...end’) holds.

The function comps on types is defined as follows:

0 T=T —Tgo0or7=1
comps(T) =« comps(m1) U comps(e) T =71 %7y
{p-t} T=pl

Lemma 33 If Uf;,(]) Fx v : T, then there is a stable type " with respect to U]u; such
that Ub, 0 Fx v : 7',

Lemma 34

1. There are no types 1, 7o such that either Uﬁ,,F Fx ():mx1e or UJuD,F Fx () :
71 — T9 holds.

2. There is not a stable type p.t such that Ug, Ckx () :pt.

3. If Uﬁ,,F Fx (vi,v9) : T, then there are no types T, Ty such that Ug,,F Fx
(v1,v9) 1 T — Ty.

4. 1If Uf),F Fx (v1,v9) : 7, then Ufg,F Fx (vi,v9) : 1 does not hold.

5. If Uﬁ,,I‘ Fx (vi,ve) @ T, then there is no stable type p.t such that Ug,,F Fx
(v, v2) : p.L.

6. If U, T Fx (Az.e : 7) : 7/, then there are no types 71,7 such that Us T by
(Az.e:T): T *To.
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7. If UL T Fx (Az.e: 7) : 7/, then Ub, T Fx (Az.e : 7) : 1 does not holds.

8. If UIﬁD,F Fx (Ax.e : 7) : 7/, then there is no stable type p.t such that U,g_,,F Fx
(Ax.e:T):p.t.

9. If Uf;, ' Fx p.c v : 7, then there are no types 11, T such that either UI&F Fx
P.CVU:ITL — Ty OT Uﬁ,,F Fx p.c v : 7T %7y holds.

10. If Uf;, I'kx pcv:T, then U,’jy,l1 Fx p.c v : 1 does not hold.
Proposition 10 (Progress in TraviataX) Assume ReconstP(P) = Up and Up Fy

P :Up and Trans(Up) = Ub, and Us Fx P :Ub. IfUb, 0 Fx e : 7 then either e is a
value or else there is some €' with e — €' with respect to P.
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OFy X ~ X Oy 20~ 20

Obyp~ypf Obyp~ypf
OFp Mw— (,K') K#q OFpP.Mw(0,q) OFy6(q) ~r
OFy pM~p' .M Oty pM~r
ObFy pi~py Oby py~ph OFypi~py ObFy py~ph
OFpi(ph) — (0,K') K#q OFpi(ph)— (0,¢) OFy(g)~r
O Fy pi(p2) ~ pi(ph) O by pi(p2) ~r

Figure 36: Module path expansion with respect to O in Traviatay

. [arr] [pair]
glrll—l]l 1 Ul_yTllT{ Ul‘yTQlTé U}_yTllT{ Ul‘yTngﬁ
v1l Ubym—>mnl1—1 Uby msm | 7%
[dtyp] :
Ubyp~p Uk pit— (0,sig...datatype t =c of 7...end")
Ubypt]pt
[opq] ,
Ubyp~p UkRpite (0,sig...typet...end")
U}—y p.tlp/.t
[typ] ,
Ubyp~p Ubpitr (0,sig...typet=m...end") Uky 0(m) | 7T
Ubypt] T

Figure 37: Type expansion with respect to U in TraviataY

Ubynlmn Ubynlt U= 1)
Uby =1

Figure 38: Type equivalence with respect to U in TraviataYy

52



Definitions and Specifications

Uy E:T Uky S:T
U Fy module M = E :module M : T U Fy module M : S :module M : T

Ul_yT1<> Ul_yTllTQ
U Fy datatype t = c of 71 : datatype t =c of 7
Ul—yT1<> U"yTllTQ
UbFy typet=m :typet =17 Ubly typet:typet
Ubbye:T Ubymmo Ubymnlm
Ubyvall=e¢:vall:7 Ubrtyvall:m:vall:n

Module expression
Uby E;: Ty
Uby E,: T}
Module expression descriptions
Uty Dy :Cy ... Uy D, : C,
Uty struct (Z) Dy ... D, end:sig (Z) Cy ... C, end
Uby A A Uy E:T
Uty functor(X : A) — E : functor(X : A') —» T
Uby E:Ty Uky S:Ty, Uty Ty < Subst(Th,S) Uty pwt
Ubly (E:8):(Ty:T3) Ubyp:p
Signature
Uby Sy : 1Ty
Uby S, : Ty
Signature descriptions
Uby By :Cy... Uy B, : C,
Uty sig(Z) By...B, end :sig (Z) Cy...C, end
Uby A:A Uy S:T
Uty functor(X : A) — S : functor(X : A") —» T
Module variable signature
Uty Afll : AC,IQ
Uty A} - A,
Module variable signature description
Uby By:B} ... Uby B, : B,
Uty sig By...B, end : sig B]...B] end

Figure 39: Typing rules for the module language with respect to U in TraviataY
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Core types
Ul_yTlO Ul_y7'2<>

Uly 1o Ubymm— 1m0
Uby o Uby o Upbkypwt Ubypt] T
Uby mixm 0 Ubkypto
Core expressions
x € dom(I)

UlkFy ():1 UTlbFy2z:T'(z)
Ubym]lm—m Ubyno Ulz:nmbye:ry Uby =13
Ulky (Are:m):m— 73
UTlkrye:mm UTlkFye:mn UTlkFye:m*xmn
UT by (e1,e3) : 11 % T UT Fy mie):n
Ulklyer:nn— 17 UTlkye:r Ubyn=m1
Uty e (e): 7
Ubyp~p wUp,e)=(t,n) Ulkye:n Ubymn=mn
UTlkFy pce:pt
UTlkyer:nn Ubypwt Ubyp~yp
w(Up,c)=(tmn) Ubyn=pt UTl,x:mbyes:T
UTllFy caseey of pcx=ey: 7T

Ubypwf Ubyp~p Ubkp— (0,sig...vall: 7 ...end)) Uby 0(7) | T
UTlkFypl:T
Ubyrnmo Ubymno UbynlT mibmi> Ul'byeims Ubrmn=m13
Ulky (e:mum) T

Figure 40: Typing rules for the core language with respect to U in Traviatal

W(U,p,c) = (t,7) when
Ubpr— (0,sig...datatypet = cof 7 ...end") and U by O(7) | T

Figure 41: Datatype look-up with respect to U in TraviataY
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Uby pM~q Uty pwf
Ubky X wf Uty Z" wif Uty p.M wf
Ubypiwt Ubypowt Uby pi~py Uby py~ ph
Uby pi(ps) ~q Uk p)— (0, (functor (X : A)) — T))) Uty ph < 0[X — phl(Ag)

Ubky pl(pQ) wi

Figure 42: Well-formed module paths with respect to U in TraviataY

Uby Ty< Sy Uby Ty< Ay
Uby Ti< Sy Uky T < A,
Uby T; < S,
Ul—y(T:Té)<Sd
Ubyp~yp Ubkp— (0,T)) Ubty 0(Ty) < Sy
Uty p< Sy
o:{L...om}—=A{1,...,n} Vie{l,... . m}, Uky Cou) < B;
Uty sig (Z) Cy...C, end < sig (Z') By...B,, end
Uby AA<A Uby [ X = X'T<S
U by functor(X : A) - T < functor(X': A") — S
o:{L...om}—A{l,...,n} Vie{l,... m}, Uky Co4) < B;
Uty sigCi...C, end < sig By...B,, end

Uby typet <typet Ublytypet=7<typet Uty datatypet=cof 7 <typet

U"yleTg U'_yTlETQ
Uby typet=m <typet=7 Ukryvall:m<vall:mn

U l_y T = T2
U -y datatype t = c of 71 < datatype t =c of 7
Uy T < S
U by module M : T < module M : S

Figure 43: Subtyping with respect to U in TraviataV
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Trans(T}) = trans1(Ty)’

transl(sig (Z) Cy...C, end) = sig (Z) transl(Cy)...transl(C,) end
transl(functor(X A) — Ti) = functor(X : A) — transl(Ty)’
trans1((T5 TZ,;)) (trans1(Ty)™ : trans2(Ty, Typ)™?)

transl(p) =

transl(module M : T:) = module M : transl(Ty)

trans2((T4 : Ti3), Ty) = trans2(Tyy, Ty)
p,sig (Z) Cy...C, end) = sig (Z) trans3(p,C1)...trans3(p, C,) end
trans2(p, functor(X : A) — Tj) = functor(X : A) — trans2(p(X),Ty)

trans2(sig (Z1) Cy...Cpend,sig (Z3) C...C) end)

= sig (Zs) transd(Z1, Co1y, C1) . . . transd(Zy, Cy(ny, Cy,) end
trans2(functor(X; : A;) — T4}, functor(X, : Ay) — T13)

= functor(X, : Ay) — trans2([ X — Xo|Ty, Typ)™

(
(
(
trans1(C) = C when C' is not a module specification
(
trans2(
(

trans3(p,module M : T%) = module M : trans2(p.M,T,)"

trans3(p,type t) = type t = p.t

(p,
(
trans3(p,C') = C when C' is not a module specification nor opaque type specification
trans4(p,module M : T} module M : T.3) = module M : trans2(Ty, Ty)™

(P,

transd(p, C,C") = trans3(p,C") when C' is not a module specification

Figure 44: Breaking type abstraction
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SelfMap(T%) = selfmap1(Ty)

selfmap1(sig (Z) Cy...C, end) = |, selfmap2(C;)

selfmap](functor(X A) — T) = SelfMap(T)

selfmap1 ((T} )) = selfmap3(Ty, T) U selfmap1(Ty)

selfmap1 (p)

selfmap2(module M : T') = SelfMap(T)

selfmap2(C) = () when C'is not a lazy module specification

selfmap3 (T4 : T"), T) = selfmap3(Ty,T)

selfmap3 (p, sig (Z4) Oy ...C, end’) = [Z — p| U, selfmap (p,

selfmap3(p, (functor(X : A) — T)") = selfmap3(p(X),T)
(

selfmap3 (sig (Zi%) Cy...C, end,sig (Zi%) C}...C! end’)
= [Zy — Z¥ U, selfmap5 (Co iy, CF)

selfmap3 (functor(X : A) — T4, (functor(X': A') — T")")
= selfmap3 ([ X — X'|Ty, T")

selfmap/ (p,module M : T') = selfmap(p.M,T)

selfmap4 (p, C) = () when C' is not a lazy module specification

selfmap5 (module M : Ti module M : T) = selfmap3(Ty,T)

selfmapb (C,C") = () otherwise

Figure 45: Extracting substitutions
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dom(0y) = dom(0y) 3IX € dom(6;), U F 01(X) > 05(X)
VX' € dom(6,)\{X}, 61(X") = 6,(X")

ANy
Ubkp>yp Ubkp >y
UbpM>p.M Ut plg) = pq)
Ubqg>q UkFp—(0,q")

Uk plg) = p(d) Uk p=6(q)

Figure 46: Transition rules for paths with respect to U

1 i prd;
U120 Ubm—=nX27n UkFnsmn 1

Ubp=p Uk pt— (0,sig...typet =7...end’)

Ukpt>pt Uk pt=>0(7)
Uk p+— (0,sig...datatype t = c of 7...end’)
Uk pt-=0(7)
Uk X+ (0,sig...type t...end")
Uk Xt*0

Figure 47: Transition rules for types with respect to U
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Definitions and Specifications

Ubx E:T Ubx S:T
Uty module M = FE :module M :T" U Fx module M : S :module M : T
UbDkFxe:r Ubxto UbTaT
Ubxvall=c¢:vall:T Ubxvall:7:vall:7

Ubx typet:typet Ulbkxtypet:typet=r7
UFxto UkFtxT Ubx7to UbrTxrT7
U Fx datatype t = c of 7:datatypet =cof 7/ Ubtx typet=7:typet=17"

Module expression
Ubx Eg: 1Ty
Ubx EY: T
Module expression descriptions
UFxDy:Cy ... UkFx D, :C,
Uty struct (Z) Dy ... D, end:sig (Z) Cy ... C, end
Ubx A:A Ukx E:T
U Fx functor(X : A) — E : functor(X : A') —» T
Ubx E:Ty UkbxS:T, UkbxTi<S Ubxpwt
Ubx (E:5):(Ty: Ty) Ubxp:p
Signature
Ubx Sy: Ty
Ubx S;: T}
Signature descriptions
Ubx By:Cy...UFx B, :C,
Ubtxsig(Z) By...B, end:sig (Z) C;...C, end
UbxA:A Ukx S:T
U Fx functor(X : A) — S : functor(X : A') — T
Module variable signature
Ubx Aq : Ap
Ubx AL 2 A%
Module variable signature descriptions

Ubx B :C,..Ukx B, : C,
Ubrxsig By...B, end:sig C;...C), end

Figure 48: Typing rules for the module language with respect to U in TraviataX
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Core types
UI—X7'1<> U|_X7_2<> UI—X7'1<> U|_X7—2<>
Ul_X:I_O kaT1—>7'2<> kaTl*TQO
Ubxpwlt Ukbyp~p Ubkp — (0,T)
T, is a lazy signature type containing a type specification for ¢
U|_X p.t o

Core expressions:
Ulkxe: 7 Ubrtx7
UTlkFxe:r

x € dom(I)
UT'Fx():1 UTlkxa:I'(x)

Ubt=m— 1 Uklbxto Ul,x:mmbxe:n Ulbkxe:mm Ul bFxes:n

Ulkx (Are:71):7 UTbFx (e1,62) : 11 % T
UlkFxe:mxmn Ul'bFxe:mm—1m UlbFxe:mn
UTlkFx me): UT Fx el (e2): 7

Ubxpwf Ubyp~p yx@,et)=(n, JUTkFxe:n
UTlkFxpce:pt
Ubxpwt Ubyp~yp
yx(p,e,t)=(m, )UTkFxe :pt Ul,o:mbxes:T
UTllFxcaseejof pcx=ey:7T

Ubxpwf Ubyp~p Ubkp — (0,sig...val:7...end)
Ul Fx pl:6(r)
Ubxmio Ubxmo Ul'bFxe:nn Ubmrmn
Ulkx(e:m ) :n

Figure 49: Typing rules for the core language with respect to U in Traviata X

/VX(Uapa C) - (t,@(T)) when
Ubkp— (0,sig...datatypet = cof 7 ...end’)

Figure 50: Datatype look-up with respect to U in TraviataX
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UbypM~q Ubtxpwf
Ubx X wf Uy 7% wt Ubx p.M wf
Ubxpwt Ubxpawt Ubypi~py Uby py~ ph
Uty pi(ps) ~q Uk pi— (0, (functor (X : A)) — T)") U bx phy < 0[X — phl(Ag)
Utx pi(p2) wf

Figure 51: Well-formed paths with respect to U in TraviataX

UbxTy<S; UbxTy;< Ay
UbxTi< S, UbxTi< A
UkbxT; <5,
Ubx (T:Th < Sy
Ubyp~yp Ubp — (0,T)) Utx0(T)) < Sa
UkFxp<Sy
o:{l,....om}—{l,....n} Vie{l,....m}, Ulx C,4 < B;
Utxsig(Z)Cy...C, end <sig (Z') By...B,, end
Ubx A< A Ukx[X — X|T <8
Utx functor(X : A) — T < functor(X': A') —» S
o:{l,...om}—{1,....n} Vie{l,....m}, Ukx Cyu < B;
UblxsigC;...C, end < sig B;...B,, end

UbFxtypet <typet Ulblxtypet=7<typet U lx datatypet=cof 7 < typel

U1~ Ut ~m
UbFxtypet=7 <typet=7 Ubrxvall:mp<vall:m

U"Tl ~ Ty
U Fx datatype t = c of 74 < datatypet=cof n

UI—XT<S
UFx module M : T <module M : S

Figure 52: Subtyping with respect to U in TraviataX
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9 Type inference for the core language

We implemented a type inference algorithm for the core language by determining an
inference order using the module path expansion algorithm, then running a standard
inference algorithm along this order. Concretely, using PathFxp, we build a call graph
of functions (represented by a directed graph), which expresses how functions in mod-
ules depend on each other: the strongly connected components of the graph indicate
sets of value components whose type should be inferred simultaneously, referring to
each other monomorphically; by topologically sorting the connected components, we
generalize types in a connected component before moving on to typing the next one.
For instance in Figure 2, we build an inference order:

Tree.split — {Tree.labels, Forest.labels}

— {Forest.sweep} — Forest.incr
where braces indicate strongly connected component. The inference order we build
for Figure 1 is

{Tree.map} — {Forest.map}

For the purpose of type inference, we do not consider that Tree.map and Forest .map
are mutually recursive, since the signatures of Tree and Forest specify exported
types for these functions.

We must also check for well-formedness of types, as module variables should not
escape their scope during unification. This is checked after the inference. Note that
when an abstract type depends on a functor argument, then the argument explicitly
appears inside the type. For instance, in Figure 2, the type Tree.t is internally
represented as TFX~¥ Tree.t.

Explicit type annotations can be used to break dependencies in the call graph,
and allow polymorphic recursion. Annotations cannot be completely avoided, as type
inference for polymorphic recursion is known to be undecidable.
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10 Related work

Much work has been devoted to investigating recursive module extensions of the ML
module system. Notably, type systems and initialization of recursive modules pose
non-trivial issues, and have been the main subjects of study.

10.1 Type systems

To the best of our knowledge, no work has proposed a type system for recursive
modules with applicative functors, except for the experimental implementation in
Objective Caml [16], or examined type inference for recursive modules whether func-
tors are applicative or generative. Moreover, only Traviata can type the examples on
the expression problem in Section 6 without modifications.

The experimental implementation of recursive modules in Objective Caml is most
related to our work. Indeed, we followed it in large part when designing Traviata.
O’Caml supports a highly expressive core language and a strong type inference al-
gorithm, which are one of our motivations for the effort to enable type inference.
O’Caml also supports recursive signatures, with a rather concise syntax. However,
it allows to write problematic modules whose type checking diverges.The potential
for divergence when typing O’Caml modules is well-known, but is assumed to be a
rare phenomenon in practice. Recursive signatures seem to make the problem much
more acute. This is one of our motivations in insisting on decidable type checking for
Traviata. Of course we obtain it through restrictions, and a less expressive signature
language. Yet, this may be the price for safety. Since we have similar typing rules,
we hope that our approach can apply to O’Caml with little change.

Crary, Harper and Puri [3] gave a foundational type theoretic analysis of recursive
modules in the context of a phase-distinction formalism [11].

Russo [24, 23] proposed a type system for recursive modules, which we examined
in Section 2.

Dreyer [5] gave a theoretical account for type abstraction inside recursive modules.
In particular, he investigated generative functors in the context of recursive modules,
by proposing a “destination passing” interpretation of type generativity. There is
a critical difference in design choices between us, with respects to type abstraction
inside recursive modules. For instance, consider the two programs:

module M = (struct type t = N.t end : sig type t end)

module N = (struct type t = M.t end : sig type t end)

and
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module M = (struct type t = N.t list end : sig type t end)

module N = (struct type t = M.t * M.t end : sig type t end)
Dreyer prohibits both programs, whereas we accept both. A motivation of our design
choice is that we want to keep liberal uses of polymorphic variants and objects, which
are useful constructs supported in O’Caml; prohibiting the latter program may result
in restriction in using these constructs and recursive modules together.

10.2 Initialization

Boudol [1], Hirschowitz and Leroy [12], and Dreyer [4] have proposed type systems
which ensure that initialization of recursive modules does not try to access compo-
nents of modules that are not yet evaluated. They are interested in the safety of
initialization, hence their modules do not have type components.

Their type systems judge the two modules:

module M = struct (Z) val 1 = Z.m val m = Z.1 end
and

module N = struct (Z) val 1 = A\x — x + Z.m val m = Z.1(3) end

to be ill-typed. In both cases, evaluation of the component m cyclically requires
evaluation of itself. Our type system, in particular the core type reconstruction
algorithm, can reject the cycle for the former, but not for the latter.
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11 Conclusion

In this paper, we presented a type system for recursive modules by extending Leroy’s
applicative functor calculus. The type system is decidable and sound for a call-
by-value operational semantics. It supports type inference for recursive modules,
hence type abstraction both inside and outside the recursion is handled equally; the
programmer does not need to write two different signatures for the same module to
assist the type checker.

We examined three examples. The first two presented typical uses of recursive
modules with different choices of where to enforce type abstraction. The last one
gave a solution to the expression problem and demonstrated how recursive modules
add to the expressive power of the programming language when combined with other
language constructions.

Here we give a brief overview of future work.

Separate type checking Although we have not discussed, Traviata is already
prepared for separate type checking. In short, we only have to extend the look-up
judgment (Figure 7) so that the judgment informs the type system of signatures of
modules which are type checked separately(i.e., to replace concrete module expres-
sions with their signatures).

Lazy modules with eager value components The operational semantics pre-
sented in this paper uses lazy evaluation for both modules and their value components
in the sense that only components of modules that are accessed are evaluated, and
the evaluation is triggered at access time. This semantics simplifies the soundness
statement and its proof. For a practical system, however, we are investigating lazy
modules with eager value components, that is, to keep modules lazy but evaluate all
the value components (but not module components) of a module at once, triggered
by the first access to some component of the module. Lazy semantics of modules
would allow flexible uses of recursive modules; eager semantics of value components
would give the programmer a way to initialize recursive modules.

We need to explore the evaluation strategy of modules. For instance, we want to
succeed in evaluating the following modules whether the evaluation begins at M or at
N.

module M = struct val ml = 3 val m2 N.nl val m3 7 end
module N struct val nil 5 val n2 M.ml1 val n3 M.m3 end

We also need to cope with unsafe modules whose evaluation cannot be successful,
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for instance the modules we saw in Section 10.2; we want to avoid running into
divergence but to reject them statically or, at least, to raise run-time errors.

We believe that our algorithms for path resolution are useful for efficient and safe
implementation of lazy recursive modules. We need more investigation on this topic.

The double vision problem It is desirable to solve the double vision problem
without requiring type coercion annotations from the programmer. The current type
system always passes to TypFExp the whole lazy program type ReconstP constructed.
This seems too naive. Given that TypFxp terminates for whatever input, we think it
is safe to pass TypFxp different signature information depending on whether it is used
inside sealing or not. For instance in Figure 26, we should make TypFzxp interpret
the sealing signature of Forest transparently during type checking inside Forest.
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