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The power of the OCaml Module
system



Modules and signatures: OCaml modularity in a nutshell

1 (∗ A simple module
2 to encapsulate integers ∗)
3 module Integers = struct
4 type t = int
5 let eq (x:t) (y:t) = (x=y)
6 end

7

8 (∗ A generic interface for
9 a module with an equality

10 function and a base type ∗)
11 module type Comp = sig
12 type t
13 val eq : t -> t -> bool
14 end

26 (∗ A set functor with signature
27 ascription to abstract the set type ∗)
28 module Set = functor (A: Comp) -> (
29 struct
30 type t = A.t
31 type set = t list
32 let empty_set : set = []
33 let rec add x s : set = ...
34 end : sig
35 type t
36 type set (∗ abstract ! ∗)
37 val empty_set : set
38 val add : t -> set -> set
39 end)
40

41 (∗ Integer sets ∗)
42 module IntegerSet = Set(Integer)
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The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types

4 〈1〉



The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types

4 〈2〉



The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types

4 〈3〉



The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types

4 〈4〉



The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types

4 〈5〉



The key mechanism: construction and description languages

Module Expressions

M ::= P Variables

| M.X Projection

| (P : S) Sealing

| P1(P2) Functor application

| (X : S)→ M Functor

| structY B end Structure

Bindings

B ::= B; B Sequence

| let x = E Values

| type t = T Types

| module X = M Modules

| module type A = S Module types

Signatures

S ::= P.A Variables

| (X : S1)→ S2 Functor

| sigY D end Signature

Declarations

D ::= val x : T Values

| type t = T Types

| type t Abstract types

| module X : S Modules

| module type A = S Module types
4 〈6〉



Reachable and describable spaces mismatch

Reachable space

Signature avoidance

Describable space

Incorrect avoidance
Over abstraction

Common use-cases
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Signature avoidance and equivalence

1 module M =

(

struct
2

3

module type S = sig

4

type t

5

type u = t

6

end

7

8 module X =

(

struct
9 type t = int

10 type u = t
11 end

: S)

12

13

module Y : struct

14

type a = X.t * int

15

type b = X.t -> string

17

type c = X.u * bool

19

end

20

21 end

).Y

22

23

let f (x : M.a) = (x : M.c)

int

X.t

X.u

X.t

X.u

Y.c

Y.a Y.b

?X×
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A presentation of the OCaml module system

Lookup
Γ ` P . S

Γ ` P.A . S

Strenghening
Γ ` P/S _ S ′Subtyping

Γ
src
` S <: S ′

Typing
Γ

src
` M : S

Wellformedness
Γ

src
` S : wf

Equivalence
Γ ` S1 ≈ S2

X.t

X.uY.a Y.b

Y.c

X.t

X.uY.a Y.b

Y.c
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Simplifying and improving with the
canonical system



Simplifying equivalence

• Representing equalities through
single links in an alias tree is
fragile

• Only connected components
matter

• Identify where abstract types are
created
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The idea of existential types

ML-Modules rich history

• SML modules Harper et al. [1989]
• First formalizations of OCaml Modules: Leroy [2000], Leroy [1995]

Existential types for modules

• First with dependent types MacQueen [1986]
• Return of existential types Russo [2004]
• Existentials for mutually recursive modules DREYER [2007] and open

existentials Montagu and Rémy [2009]

Formalizing by elaboration

• A significant part of SML translated into Fω : F-ing Rossberg
et al. [2014]

• Core and module united 1ML Rossberg [2018]

11 〈1〉



The idea of existential types

ML-Modules rich history

• SML modules Harper et al. [1989]

• First formalizations of OCaml Modules: Leroy [2000], Leroy [1995]

Existential types for modules

• First with dependent types MacQueen [1986]
• Return of existential types Russo [2004]
• Existentials for mutually recursive modules DREYER [2007] and open

existentials Montagu and Rémy [2009]
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The canonical system - Grammar extensions

Canonical Types

τ ::= . . . | α Existential identifier

Canonical abstract signatures

C ::=∃α.R Abstract signature

Canonical manifest signatures

R ::= ∀α. (X :R)→ C Functor

| sigY D end Signature

Canonical declarations

D ::= val x : (≈ τ) Values

| type t ≈ τ Types

| module X : R Modules

| module type A = C Module types

But same module expressions !
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The canonical system - Judgments

Lookup
Γ ` P .R

Γ ` P.A . C

Wellformedness
Γ

can
` C : wf

Subtyping
Γ

can
` C1 <: C2

Canonification
Γ

can
` S ↪→ C

Typing
Γ

can
` M : C

Equivalence

Strenghtening
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Canonification and anchorability:
intuitions of the canonical system
towards the source one



Canonification results

• The canonical system is more powerful than the source one

• The canonical system keeps all type-sharing, by design, whereas the
source system can lose some links

Theorem (Canonification of typing)
Given any environment Γ, module M, and signature S, we have:

Γ
src
` M : S =⇒ ∃C′,

Γc can
` M : C′

Γc can
` C′ ≺: C(S)

1
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Anchorability : existence vs identity - example

1 module M = (struct
2 ...
3 module Y : struct
4 type a = X.t
5 type b = X.t
6 type c = X.u
7 end
8 end).Y
9

10

11 (∗ M.Y : ∃α. sig
12 type a = α

13 type b = α

14 type c = α

15 end ∗)

1 module M = (struct
2 ...
3 module Y : struct
4 type a = X.t -> string
5 type b = X.t -> int
6 type c = X.u * bool
7 end
8 end).Y
9

10

11 (∗ M.Y : ∃α. sig
12 type a = α −> string
13 type b = α −> int
14 type c = α ∗ bool
15 end ∗)
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Anchorability : existence vs identity

type components exist (are used)

type components have an identity (an alias)
some type components are
used but no alias is in scope
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Anchorability results

• Restricting the use of existential types

• Storing only existentials with a path

Theorem (Anchorable typing)
Given any environment Γ, module expression M and (canonical)
signature C, we have:

Γ `a M : C =⇒ ∃ Γs ,S,


Γs ↪→ Γ

Γ
can
` S ↪→ C

Γs
src
` M : S

2
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Canonical and source system links

Source Canonical

Canonification of source typing

Anchorability conditions

18



Elaboration into Fω: guarantees for
the canonical system



Standard Fω with records and existential types

κ ::= ? | κ→ κ kinds

τ ::= α | τ → τ | {l : τ} | ∀α : κ.τ | ∃α : κ.τ | λα : κ.τ | τ τ types

e ::= x | λx : τ.e | e e | {l : e} | e.l | Λα : κ.e | e τ
| pack 〈τ, e〉τ | unpack 〈α, x〉 = e in e terms

v ::= λx : τ.e | {l : v} | λα : κ.e | pack 〈τ, v〉τ values

Θ ::= · | Θ, α : κ | Θ, x : τ environments

No subtyping !
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Encoding signatures into Fω terms/types

Signatures

Π := ∃α.Σ abstract signatures

Σ := JτK | J= τ : ?K | J= ΠK |
{

lX : Σ
}
| ∀α.Σ→ Π concrete signatures

Types

JτK , {val : τ} value

J= τ : ?K , {typ : ∀α : (?→ ?) .α τ → α τ} type

J= ΠK , {sig : Π→ Π} module type

Terms

JeK , {val = e} value

Jτ : ?K , {typ = λα : (?→ ?) .λx : α τ.x} type

JΠK , {sig = λx : Π.x} module type
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Encoding example

1 module M = struct
2

module X = (struct

3

type t = int

4

let x = 42

5

end : sig

6

type t

7

val x : t

8

end)

9

type u = X.t * bool

10 end)

Signature

∃α.


lX :

 lt : J= α : ?K
lx : JαK


lu : J= α× bool : ?K



Module
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Full elaboration of the judgments

Lookup
∆ ` P .R Σ

∆ ` P.A . C Π

Wellformedness
∆

elab
` C : wf Π

Subtyping
∆

elab
` C1 <: C2 Π1 <: Π2 ↑ f

Canonification
∆

elab
` S ↪→ C Π

Typing
∆

elab
` M : C e : Π

E-Typ-Let
∆

elab
` E : T  e : τ Y .x /∈ ∆

∆
elab
`Y (let x = E ) : (val x : (≈ τ)) {lx = e} : {lx : [τ ]}

E-Typ-Type
∆

elab
` T ↪→ τ Y .t /∈ ∆

∆
elab
`Y type t = T : type t ≈ τ  {lt = [τ : ?]} : {lt : [= τ : ?]}

E-Typ-Mod
∆

elab
` M : ∃α.R e : ∃α.Σ Y .X /∈ ∆

∆
elab
`Y (module X = M) : (∃α.module X : R) unpack 〈α, x〉 = e in pack 〈α, {lX = x}〉 : ∃α. {lX : Σ}
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Correctness results

Theorem (Correctness of elaboration)
Given an environment ∆, a module expression M, a signature C, a term
e and a encoded signature Π, we have:

∆
elab
` M : C e : Π =⇒ ω(∆)

Fω

` e : Π. 3
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Link with the canonical system

Theorem (Elaboration of typing)
Given an environment Γ, a module expression M, and a signature C, we
have:

Γ
can
` M : C =⇒ ∃e, ∆Γ

elab
` M : C e : ΠC 4

Theorem (Elaboration stripping)
Given an environment ∆, a module expression M, a signature C, a term
e and a encoded signature Π, we have:

∆
elab
` M : C e : Π =⇒ µ(∆)

can
` M : C. 5
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The big picture

Source

Canonical Elaborated

Fω

Canonification of source typing

Anchorability conditions

Elaboration of canonical typing
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Conclusion and future work



Future work

Support a more significant subset of OCaml

• Extend the system to applicative functors

(higher kinds existentials)

• Abstract signatures, 1st Class modules, OCaml private types, etc.

Add new features

• From type sharing to module sharing: module aliases
• Field removal without loss of type-sharing: transparent ascription

Mechanize the descriptions and proofs

• Using a proof assistant (Coq)

Implement canonical-inspired algorithms in the typechecker

• To solve solvable cases of signature avoidance
• To extend the signature syntax
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Future work and challenges

• How a logical specification can serve the practical implementation ?

• What techniques can be used to limit the size of the context ?
• How is the user experience with explicit existential quantification ?

(especially with applicative functors)

• How about a mixed interface (existentials only appear in
signature-avoidance cases) ?
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Takeway

1. An interesting presentation spectrum for OCaml modules, from the
current path-based representation to the formal Fω encoding, with the
canonical system as a middle-point

2. Intuitions and solutions for the signature avoidance problem:

• Correct the current algorithm in current OCaml typechecker by
improving equivalence

• Perspectives of extending the syntax to support all signature avoidance
cases

3. A clean framework for future extensions of the module system
4. Formal guarantees through elaboration into Fω
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