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Abstract

The ML module system facilitates modular programming and data abstraction using nested modules, higher-
order functors, and abstract types. However, it is difficult to adapt to various base languages due to specific
features required for supporting abstract types across module boundaries and the assumption that the base
language consists of terms and types. This paper proposes a module system that is highly independent
of the base language while providing nested modules and higher-order functors. In order to maximize the
independence between the module system and the base language, we assume that the base language consists
of abstract declarations and specifications rather than terms and types. Furthermore, we allow references
to components of modules only via module paths. This paper discusses the current design of our module
system building on these assumptions and outlines future work.
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1 Introduction

The ML module system [11,6,8,9,16,1] facilitates modular programming and data

abstraction using nested modules, higher-order functors, and abstract types. Struc-

tures, or modules, are collections of related declarations such as definitions of

datatypes and associated operations. Functors, parameterized modules, are func-

tions from structures to structures. Signatures and functor signatures are called

module types and specify interfaces to structures and functors. Nested modules

allow modules as components, higher-order functors take functors as arguments,

and abstract types hide the implementation details of types. Combinations of these

constructs provide better support for flexible program construction, information

hiding, and code reuse.
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The ML module system consists of two linguistic levels: a base (or core) language

and a module language. The base language defines terms and types to be used

inside modules and module types, while the module language provides modular

programming constructs such as nested modules and higher-order functors.

Although it provides powerful support for modular programming, the ML mod-

ule system is difficult to adapt to various base languages for two reasons. First, it

mainly focuses on supporting abstract types across module boundaries [6,8,9,16,1]

rather than on ensuring that the module system is independent of the base language.

Abstract types are by-products of the interaction between the module and base lan-

guages, and thus the ML module system requires specific features for supporting

abstract types. For example, the Definition of Standard ML [14] represents the

identities of abstract types using stamps, i.e. unique names, at the base language

level. The type-theoretic interpretation of Harper and Stone [7], which translates

Standard ML into an internal language, shows that stamps are not necessary. How-

ever, redesigning their interpretation independently of the base language is unclear,

although they conjecture that such languages as Caml, Haskell, and Scheme could

be translated into a similar internal language. As another example, the Objective

Caml module system [15] requires the base language to provide a mapping from

access-paths, i.e. references to components of modules, to types and a type match-

ing relation between access-paths. Second, most previous work on the ML module

system assumes that the base language consists of terms and types extended with

access-paths. Therefore, if the base language includes additional constructs such as

processes and data-flow graphs as in [13] or needs other forms of specifications such

as logical properties as in [4], the module system should be extended or redesigned

accordingly.

In this paper, we propose a module system that is highly independent of the

base language while providing nested modules and higher-order functors. In order

to maximize the independence between the module system and the base language,

we use the following assumptions:

• From the perspective of the module language, the base language consists of ab-

stract declarations and specifications rather than terms and types. Thus, we may

incorporate additional constructs into the base language without extending or

redefining the module system. The structure of base language environments is

also abstract at the module level, whereas in most previous work it is defined at

the module level. Hence, we can define the static semantics for the base language

almost independently of the module system.

• From the perspective of the base language, paths, sequences of module names,

are the only visible module-level constructs. Hence the interaction between the

module and base languages (e.g. references to components of modules) is allowed

only via paths.

• We assume that the entire source code is available so that we can apply defunctor-

ization and demodularization [5]. Defunctorization reduces a functor application

into a module derived from the functor body. Demodularization transforms nested

modules into flat modules and remove (higher-order) functors. By defunctoriza-

tion and demodularization, we transform a source program into a base language
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1 module T = struct module T : sig 1

2 module X = struct module X : sig 2

3 type s = int type s = int 3

4 module G (A: sig type t end) = module G : functor (A: sig type t end) -> 4

5 struct sig 5

6 type u = s type u = s 6

7 module B = struct module B : sig 7

8 type v = A.t * u type v = A.t * u 8

9 end end 9

10 end end 10

11 end end 11

12 module C = struct type t = X.s end module C : sig type t = X.s end 12

13 module R = X.G(C) module R : sig ... end 13

14 end end 14

Fig. 1. Example module and its signature

program, which implies that we can continue to use the dynamic semantics for the

base language. As for typechecking, we may separately typecheck each module

before applying defunctorization and demodularization.

The main focus here is on supporting as many base languages as possible while

ensuring that extending or modifying the base language does not affect the module

system. Ideally, our module system aims to accommodate any base language. The

downside of our module system is that we can support only a restricted form of

abstract types (if the base language includes abstract type specifications such as

type t in Objective Caml).

The rest of the paper is organized as follows. Section 2 presents a technical

challenge due to nested modules along with our approach to the challenge. Section 3

presents assumptions on the base language. Section 4 presents the current design

of our module system. Section 5 discusses related work and outlines future work.

2 Technical Challenge

In the presence of nested modules, scoping rules are as follows. First, the scope

of each component of a module extends from its declaration point to the end of

the module. Second, components from previously defined modules are referred to

via paths of the modules relative to the current location. Consider the (rather

contrived) example written in Objective Caml in Figure 1. The left side defines

a module named T while the right side specifies its signature. According to the

scoping rules, type s declared in line 3 is referred to by using access-path s in line

6, while it is referred to by using access-path X.s in line 12.

The scoping rules cause some difficulty, which we call a path resolution problem,

when we define the static semantics for the module language and defunctorization.

The path resolution problem states that access-paths may be valid or invalid de-

pending on their locations. For example, in order to typecheck functor application

X.G(C) in line 13, we first look up the signature of functor X.G (lines 4−10). Note

that specification type u = s (line 6) in the signature refers to type s declared

earlier in module X by using access-path s. However, after line 11, type s must

be referred to by using access-path X.s. Hence, if we directly use the signature of
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X.G, the signature of X.G(C) will contain access-path s which is invalid at line 13.

Likewise, the same problem occurs when eliminating functor application X.G(C) by

substituting actual argument C for formal argument A in the functor body.

An explicit substitution-based approach [8,9,16] solves the path resolution prob-

lem. As an example, consider eliminating functor application X.G(C) in line 13.

Since type s declared in module X is referred to by using access-path s in the defi-

nition of functor X.G (lines 4−10), we apply substitution {s 7→ X.s} to the functor

definition, thus making every access-path in the functor definition valid at line 13.

Then, substituting actual argument C for formal argument A in the functor body

gives the result of eliminating X.G(C).

However, our module system cannot directly adopt the explicit substitution-

based approach because base language declarations, specifications, and environ-

ments are all abstract at the module level. Instead, the module language delegates

to the base language the task of generating and applying substitutions. More pre-

cisely, we require the base language to provide an implicit substitution operation

that rewrites access-paths so that base language components are referred to only

via a module path specified by the module language. For example, in the following

figure, base language declaration cdec ′ (such as in line 6) refers to another declara-

tion cdec (such as in line 3) as if they were in the same module. When the module

language provides a path path associated with cdec, the base language returns cdec ′′

equivalent to cdec ′ except that cdec ′′ refers to cdec via the given path path.

Base language Module language

(path, cdec) ∗ cdec
′

cdec
′′

cdec
′

cdec
′′

cdec

path

To solve the path resolution problem using the implicit substitution operation,

we are led to define path conversion that converts relative paths to full paths. Full

paths are paths that start from the top-level module name and thus valid every-

where, while relative paths are paths that obey the two scoping rules mentioned

earlier. After path conversion, components of modules are referred to only via full

paths. For example, if module T is the top-level module, then path conversion con-

verts type u = s (line 6) into type u = T.X.s. Path conversion, however, cannot

convert access-path u in line 8 because the full path for the functor body is un-

known. Hence path conversion rewrites every functor so that it takes an additional

argument for full paths for the results of its applications. If variable Z ranges over

full paths, then path conversion now converts functor G as follows:

module G (Z1 : sig type t end, Z2) = struct
type u = T.X.s
module B = struct type v = Z1.t * Z2.u end

end

Here, path variable Z2 ranges over full paths for the results of applications of functor

G. Note that we also convert argument A into path variable Z1.

3 Base Language BL

Figure 2 shows our assumptions on the base language BL. Throughout the paper,

we write in italic for the definition of the base language and in sans serif for the
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definition of the module system.

module path q

declaration cdec

specification cspec

environment CE

environment union CE ] CE ′

well-formed declaration CE ` cdec ⇒ CE ′

well-formed specification CE ` cspec ⇒ CE ′

environment subsumption CE ` CE 1 ≤ CE2

(1) Abstract syntax (2) Semantic objects and judgments

Fig. 2. Assumptions on base language BL

At the syntactic level, we assume that BL consists of abstract declaration cdec

and specification cspec. A base language program is a single cdec while an interface

is a single cspec. (cdec may include a list of declarations such as a series of type

and function definitions. Similarly for cspec.) With the introduction of the module

system, a cdec (or cspec) may refer to cdec’s (or cspec’s) defined in other modules.

References to those cdec’s defined in other modules are allowed only via module

paths q which are abstract at the base language level. Module paths are the only

module-level constructs visible to BL.

At the semantic level, we assume that the static semantics for BL interprets a

cdec (or cspec) as an environment CE whose definition is left unspecified. ] is an

associative union operator for CE ’s. We read judgments of the form CE ` cdec ⇒

CE ′ “cdec elaborates to CE ′ under CE” (similarly for cspec). We also assume

that the static semantics provides a subsumption relation CE ` CE 1 ≤ CE2 which

reads “CE 1 is subsumed by CE 2 under CE”. We say that a cdec conforms to, or

implements, a cspec if the following three conditions hold: 1) CE ` cdec ⇒ CE 1,

2) CE ` cspec ⇒ CE 2, and 3) CE ` CE 1 ≤ CE 2.

We have identified three operations that the base language should provide:

• [] :: q -> CE -> CE ′

Instead of using module environments at the base language level, we require an

operation [] that combines a module path q and a base language environment CE

to produce an extended environment CE ′ that associates q with each component

in CE . Specifically, for any base language construct t , the specification of t from

CE is the same as the specification of q . t from CE ′ (if the base language uses

the standard dot notation for module component access). We write [q] for the

application of [] to q.

• ζ :: (q1,CE 1), · · · , (qn,CEn) -> CE -> cdec -> cdec ′

ζ is a generalization of the implicit substitution operation introduced in Section 2.

Declarations in submodules refer to declarations defined earlier in surrounding

modules as if they were defined in the same module (e.g. access-path s in type u

= s in Figure 1). ζ changes those references so that they are referred to via full

paths of surrounding modules. q1 is the full path for the outermost surrounding

module while qn is for the innermost surrounding module. CE is the environment

for declarations defined earlier in the same module where cdec is defined. ζ

5



H. Im and S. Park

similarly applies to a cspec.

• Given that a path substitution ψ = {qi 7→ q′i | i = 1, · · · , n} is provided by the

module system, the base language should provide an operation that applies ψ to

cdec, cspec, or CE . We write ψ(cdec) for the declaration obtained by applying

the substitution ψ to every path that appears in cdec (similarly for cspec and

CE ).

4 Module System

This section discusses the current design of our module system.

Path conversion

Static semantics
ML

pc
dfML ML

pc Defunctorization Demodularization

BL

Static semantics for module languages using full paths

The above figure shows the overall structure of our module system. We define

the module system as three translations from module language ML to base language

BL. Source language ML provides nested modules and higher-order functors. In-

termediate languages MLpc and ML
pc
df are the target languages for path conversion

and defunctorization, respectively. Base language BL is the target language for

demodularization. We define both the static semantics for ML and path conversion

from ML to MLpc in a single translation. Therefore, the static semantics accepts

module expressions as well-typed modules if and only if their path conversion suc-

ceeds. Defunctorization translates MLpc into ML
pc
df which is a subset of MLpc. To

be specific, defunctorization eliminates each functor application by substituting ac-

tual arguments for formal arguments in the functor body. MLpc and ML
pc
df use a

static semantics different from that for ML because they use full paths instead of

relative paths. Demodularization translates ML
pc
df into BL by eliminating all other

remaining module-level constructs.

Figure 3 shows the abstract syntax of ML and MLpc. We use ◦ to denote con-

structs of MLpc. In ML, path p denotes relative paths while variable x ranges over

module names. In MLpc, constant t denotes the top-level module name while vari-

able z ranges over full paths. In both ML and MLpc, functor applications use only

paths instead of general module expressions. Abstract declarations and specifica-

tions are the only base language constructs visible to ML and MLpc. In MLpc, a

functor functor (z1 : M◦, z2) -> m◦ uses variable z2 for full paths for the results of

its applications. Consequently, a functor application p◦
1 (p◦2, p

◦
3) specifies that the

resultant module is located at full path p◦
3.

We define the static semantics as an elaboration process from syntactic objects

into semantic objects as in [14]. Figure 4 (1) shows semantic objects for ML. A

base typing CT carries a full path p◦ and the base language environment CE for p◦.

L denotes an ordered list CT1, · · · ,CTn where CT1 is for the outermost surrounding

module (top-level module) of the module being elaborated while CTn−1 is for the

innermost surrounding module. CTn is for the module being elaborated. Functor

types F are dependent types augmented with full paths of functors. For simplicity,

we assume that functors take and return only structures as arguments and results.

To use higher-order functors, functors should be wrapped inside structures.
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path

p ::= x | p . x

module expression

m ::= p | struct d1, · · · , dn end

| functor (x : M) -> m

| p1 (p2) | (m : M)

module type

M ::= sig D1, · · · ,Dn end

| functor (x : M1) -> M2

declaration

d ::= cdec | module x = m

specification

D ::= cspec | module x : M

full path

p◦ ::= t | z | t . p | z . p

converted module expression

m◦ ::= p◦ | struct d◦1, · · · , d
◦
n end

| functor (z1 : M◦, z2) -> m◦

| p◦1 (p◦2, p
◦
3) | (m◦ : M◦)

converted module type

M◦ ::= sig D◦
1, · · · ,D

◦
n end

| functor (z1 : M◦
1, z2) -> M◦

2

converted declaration

d◦ ::= cdec◦ | module x = m◦

converted specification

D◦ ::= cspec◦ | module x : M◦

(1) Syntax of ML (2) Syntax of MLpc

Fig. 3. Syntax of module languages ML and MLpc

set of z’s V = {z1, · · · , zn}

base typing CT = (p◦,CE )

list of CT’s L = CT1, · · · ,CTn

module typing MT = {x 7→ T}

structure type S = CT;MT

functor type F = (p◦,Πz1 : S1 .S2)

module type T = S | F

module env. E = V; L;MT

m and M conversion

E ` m : T ⇒ m◦ E ` M : T ⇒ M◦

d and D conversion

E ` d : S ⇒ d◦ E ` D : S ⇒ D◦

subsumption relation

E ` T1 ≤ T2

typing conversion

L;CE MT;ψ,CE

(1) Semantic objects for ML (2) Judgments for ML

Fig. 4. Semantic objects and judgments for module language ML

Figure 4 (2) shows a subset of judgments that we use for the static semantics

for ML and path conversion from ML to MLpc. The module conversion judgment

E ` m : T ⇒ m◦ means that m is of module type T and converted into m◦. (Similarly

for M, d and D.) The subsumption relation judgment E ` T1 ≤ T2 means that

T1 is a subtype of T2. Rules for E ` T1 ≤ T2 use the base language judgment

CE ` CE 1 ≤ CE2. The typing conversion judgments L ; CE and MT ; ψ,CE ′

mean that L and MT convert into CE and CE ′, respectively. Conversion uses the
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top-level module

∅; (t, ∅); {} ` struct d1, · · · , dn end : S ⇒ struct d◦1, · · · , d◦n end

· ` module t = struct d1, · · · , dn end : {t 7→ S} ⇒ module t = struct d◦
1, · · · , d◦n end

(1)

module expressions (E ` m : T ⇒ m◦)

(MT of E)(x) = T full path(T) = p◦

E ` x : T ⇒ p◦
(2)

E ` p : S ⇒ p◦ (MT of S)(x) = T full path(T) = p◦′

E ` p . x : T ⇒ p◦′
(3)

E + S1 + · · · + Si−1 ` di : Si ⇒ d◦i (1 ≤ i ≤ n)

E ` struct d1, · · · , dn end : S1 + · · · + Sn ⇒ struct d◦1, · · · , d◦n end
(4)

{z1, z2} /∈ V of E p◦ = cur path(E) S′

2
= {full path(S2) 7→ z2}S2

E ⊕ ({z1}; (z1, ∅); {}) ` M : S1 ⇒ M◦ E ⊕ ({z1, z2}; (z2, ∅); {x 7→ S1}) ` m : S2 ⇒ m◦

E ` functor (x : M) -> m : (p◦,Πz1 : S1 .S′

2
) ⇒ functor (z1 : M◦, z2) -> m◦

(5)

E ` p1 : (p◦1,Πz1 : S1 .S2) ⇒ p◦1 E ` p2 : S′

1
⇒ p◦2 E ` S′

1
≤ S1

E ` p1 (p2) : {z1 7→ p◦2}S2 ⇒ p◦1 (p◦2, cur path(E))
(6)

E ` m : T1 ⇒ m◦ E ` M : T2 ⇒ M◦ E ` T1 ≤ T2

E ` (m : M) : T2 ⇒ (m◦ : M◦)
(7)

• full path((p◦,CE);MT) = p◦, full path(p◦,Πz1 : S1 .S2) = p◦, cur path(V; L, (p◦,CE);MT) = p◦

• V;L, (p◦,CE); MT + (p◦,CE ′); MT′ = V; L, (p◦,CE ] CE ′); MT + MT′

where MT + MT′ is a usual composition of mappings.

• V;L; MT ⊕ V′; (p◦′,CE ′);MT′ = V ∪ V′; L, (p◦′,CE ′);MT + MT′

declarations (E ` d : S ⇒ d◦)

E ⊕ (∅; (p◦. x, ∅); {}) ` m : T ⇒ m◦ p◦ = cur path(E) T′ = {full path(T) 7→ p◦ . x}T

E ` module x = m : (p◦, ∅); {x 7→ T′} ⇒ module x = m◦
(8)

L;CE MT;ψ,CE ′ CEn ] [p◦
n
]CEn ] CE ] CE ′ ` ζ(L,CEn, ψ(cdec)) ⇒ CE ′′

V;L, (p◦
n
,CEn); MT ` cdec : (p◦

n
,CE ′′); {} ⇒ ζ(L,CEn, ψ(cdec))

(9)

Fig. 5. Inference rules for the static semantics for ML and path conversion from ML to MLpc

[] operation provided by the base language. MT ;ψ,CE ′ additionally generates

path substitution ψ which replaces relative paths with their full paths.

Figure 5 shows selected inference rules for the static semantics for ML and path

conversion from ML to MLpc. Inference rules for signatures, functor signatures,

and specifications are similar to those for structures, functors, and declarations,

respectively. In rules (5) and (8), {p◦ 7→ p◦′}T substitutes p◦′ for every occurrence

of p◦ in T. In rule (9), we elaborate base language declarations after converting all

relative paths to corresponding full paths. That is, we elaborate ζ(L,CE n, ψ(cdec))

instead of cdec where the ζ operation is provided by the base language.

Except for using full paths, the static semantics for MLpc and ML
pc
df is similar

to that for ML. Thanks to path conversion, defunctorization is easily defined: a

functor application p◦1 (p◦2, p
◦
3) is reduced to the body of functor p◦

1 where formal

arguments are replaced with actual arguments p◦
2 and p◦3.

5 Related Work and Future Work

The ML module system, originally proposed by MacQueen [11], has been extensively

studied due to its powerful support for modular programming [6,8,9,16,1]. Among
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others, Leroy [10] proposes an ML-style module system that makes few assump-

tions about the base language in order to accommodate a variety of base languages.

Including his module system, however, most previous work mainly focuses on sup-

porting abstract types, thus requiring specific features in the base language. In

contrast, we trade abstract types for the independence between the module system

and the base language so that the module system can accommodate as many base

languages as possible. Still, we support a restricted form of abstract types, which

we believe are useful enough in practice.

Our module system is similar to RTG type system of Dreyer for recursive mod-

ules [2,3] in that a functor takes an additional argument as input. In RTG, the

additional argument represents the names of abstract types to be defined inside the

functor body, whereas in our module system, the additional argument represents

full paths for the results of functor applications. In the module system of Nakata

and Garrigue for recursive modules [12], each structure has an additional variable,

called self variable, through which components of the structure refer to each other

recursively. Therefore, every functor body also has its own self variable. In their

module system, all applications of a functor to the same argument share a common

self variable because functor applications are all applicative as in [9]. In contrast,

our module system instantiates the additional argument to a functor with a different

full path at each functor application.

Defunctorization and demodularization in our work were inspired by static inter-

pretation of modules proposed by Elsman [5] which also eliminates all module-level

constructs at compile time. His interpretation, however, builds on an ML-style base

language while we take an approach independent of the base language.

We have outlined a module system independent of the base language, which pro-

vides nested modules and higher-order functors. We impose only a few assumptions

on the base language. So far, we have designed module languages ML, MLpc, and

ML
pc
df along with path conversion, defunctorization, and two static semantics (one for

ML, the other for MLpc and ML
pc
df ). Currently, we are proving the soundness of path

conversion and defunctorization, and designing demodularization. After finishing

the design of our module system, we can translate any program with nested mod-

ules and higher-order functors into a base language program without module-level

constructs.
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