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∼30 million lines of code



Handling complex system

Modularity

• Structure: gather components into modules with limited interactions

• Re-usability: Identify common parts reused throughout the system

The tools of modularity

• Interfaces

• Abstraction

• Name-spaces

• Composition

In programming languages

• Functions

• Code/Interfaces files

• Libraries

• Package-managers

• OOP (C++, Java, Scala, Python, etc.)

• Type-classes (Haskell, Rust, etc.)

• Module systems (OCaml, SML, Coq, etc.)
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Plan

1. The ML module system

• Structure, signatures, functors
• The signature avoidance problem

2. M𝜔

• Type system by translation to F𝜔

• Transparent existentials
@ OOPSLA 2024 - Fulfilling OCaml modules with transparency

3. ZipML

• Type system based on paths

• Zipper signatures
@ POPL 2025 - Avoiding signature avoidance in ML modules with zippers
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The ML module system



ML modularity

Building structures

1 module Complex =

(

struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end

: Ring )

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨1⟩



ML modularity

Building structures

1 module Complex =

(

struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end

: Ring )

1 let c_two =
2 Complex.add Complex.one Complex.one

val c_two : Complex.t

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨2⟩



ML modularity

Building structures

1 module Complex =

(

struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end

: Ring )

1 let c_two =
2 Complex.add Complex.one Complex.one

val c_two : Complex.t

1 let c_invalid =
2 Complex.add (Complex.one) (-1., 0.)

val c_invalid : Complex.t

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨3⟩



ML modularity

Building structures

1 module Complex =

(

struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end

: Ring )

1 let c_two =
2 Complex.add Complex.one Complex.one

val c_two : Complex.t

1 let c_invalid =
2 Complex.add (Complex.one) (-1., 0.)

val c_invalid : Complex.t

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨4⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

1 let c_two =
2 Complex.add Complex.one Complex.one

val c_two : Complex.t

1 let c_invalid =
2 Complex.add (Complex.one) (-1., 0.)

val c_invalid : Complex.t

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨5⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

1 let c_two =
2 Complex.add Complex.one Complex.one

val c_two : Complex.t

1 let c_invalid =
2 Complex.add (Complex.one) (-1., 0.)

(-1,0) is not of type Complex.t

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨6⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =

2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨7⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨8⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

Composition

1 module CX = Polynomials(Complex)
module CX : sig ... end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨9⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

Composition

1 module CX = Polynomials(Complex)
module CX : sig ... end

1 module CXY =
2 Polynomials(Polynomials(Complex))

module CXY : sig ... end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨10⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

Composition

1 module CX = Polynomials(Complex)
module CX : sig ... end

1 module CXY =
2 Polynomials(Polynomials(Complex))

module CXY : sig ... end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨11⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

Composition

1 module CX = Polynomials(Complex)
module CX : sig ... end

1 module CXY =
2 Polynomials(Polynomials(Complex))

module CXY : sig ... end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨12⟩



ML modularity

Building structures

1 module Complex = (struct
2 type t = float * float (* polar *)
3 let zero = (0., 0.)
4 let one = (1., 0.)
5 let add c c’ = ...
6 ...
7 end : Ring )

Functors

1 module Polynomials =
2 functor (R: Ring) → struct
3 type t = R.t list
4 let zero = []
5 let one = [R.one]
6 let add p p’ = ...
7 ...
8 end

Defining signatures

1 module type Ring = sig
2 type t
3 val zero : t
4 val one : t
5 val add : t → t → t
6 ...
7 end

Composition

1 module CX = Polynomials(Complex)
module CX : sig ... end

1 module CXY =
2 Polynomials(Polynomials(Complex))

module CXY : sig ... end

→ Name spaces

→ Interface control

→ Abstraction

→ Parameterization

8 ⟨13⟩



What flavor for your functor ?

Applicative

Stateless, pure modules, weak abstraction barrier → same applications produce equal abstract types

1 module Set(E: Comparable) = (... : sig type t ... end)
2 module S1 = Set(Complex)
3 module S2 = Set(Complex)

1 let f: S1.t → S2.t = fun x → x val f: S1.t → S2.t

→ Especially useful for sharing between common data-structures a posteriori

→ Essential for modular implicits (modular type-classes)

Generative

Stateful, effectful modules, strong abstraction barrier→ each application produces new abstract types

1 module Window (T: Topbar) () = (... : sig type t ... end)
2 module W1 = Window(T)()
3 module W2 = Window(T)()

1 let f: W1.t → W2.t = fun x → x W1.t is not equal to W2.t
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The ML module system

Module expressions – M

• Records of values and types struct ... end

• Developer-side abstraction : ascription (M : S)

• Client-side abstraction : functors functor (Y:S) → M, functor () → M

• A small calculus (projections, applications, recursion, etc.) M.X, F(X), ...

Signatures – S

• Structural signatures sig ... end

• Functor signatures functor (Y:S) → S, functor () → S

• Concrete types type t = (int * bool) list

• Abstract types type t

→ ML is two languages in one: modules and core

→ modules: explicit, rich types↔ core: implicit, simpler types

→ simple type-erasing semantics (records and functions)
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A rich history of ML-modules

The beginnings (early 90’s)

Early SML versions, existential types, strong sums

The golden age (late 90’s, 2000’s)

OCaml Applicative functors, higher-order functors, 1st-class modules, recursive
modules, Moscow ML

The break-away (2010’s)

Theoretical advances: F-ing modules, 1ML, MixML

Today (2020’s)

OCaml’s approach has proven successful, but its spec is out of date : edge cases,
un-documented heuristics, missing features

→ Explore the design space of type-systems for ML modules, with three goal:
explainability, usability (error-messages, performance, etc.) and retrofit
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→ Explore the design space of type-systems for ML modules, with three goal:
explainability, usability (error-messages, performance, etc.) and retrofit
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A perfectible system

Robustness

Semantically equivalent transformations should not break type-checking

Typing is not stable under 𝛽-reduction

→ Signature avoidance

1 module X = struct type t end
2 module M = F(X)

module M : sig ... end ✓

1 (* replaced X by its definition *)
2 module M = F(struct type t end)

The parameter cannot be
eliminated in the result type.

Typing is not stable under 𝛽-expansion

→Module identities

1 let f : G(F(X)).t → G(F(X)).t
2 = fun x → x

val f : G(F(X)).t → G(F(X)).t

1 module FX = F(X)
2 let f : G(F(X)).t → G(FX).t
3 = fun x → x

G(F(X)).t and G(FX).t are not equal
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The signature avoidance problem

abstract type fields + signatures dependencies + fields getting out of scope

Type-checking fail (visible error)

1 module N = struct
2 type t = A of int | B of bool
3 module X = struct let x = (A 1) end
4 end
5 module M = N.X

module M : sig val x : N.t end

1 (* replaced N by its definition *)
2 module M = (struct
3 type t = A of int | B of bool
4 module X = struct let x = (A 1) end
5 end ).X

The value x has no valid type
if t is hidden.

Over-abstraction (silent error!)

1 module N = struct
2 type t
3 module X = struct type u = t
4 type v = t end
5 end
6 module M = N.X

module M : sig type u = N.t
type v = N.t end

1 (* replaced N by its definition *)
2 module M = (struct
3 type t
4 module X = struct type u = t
5 type v = t end
6 end).X

module M : sig type u
type v end
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The big picture

OCaml
M /S

M𝜔

M /∃𝛼.C

F𝜔

e/𝜏
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Abstract types have existential type...

Source signature (reference)

module M
module X

type t
val x : t
type u = int × t

module F (Y : sig type t end)
type t
type u = Y .t

type t1 = F (X ) .t
type t2 = F (X ) .t

M𝜔 signature

module M
module X

type t

type t = 𝛼

val x : t
type u = int × t

module F (Y : sig type t end)

module F : ∀𝛽.(Y : sig type t = 𝛽 end)

type t

type t = 𝛾type t = 𝛾 ′ (𝛽)

type u = Y .t

type u = 𝛽

type t1 = F (X ) .t
type t2 = F (X ) .t

type t1 = 𝛾 ′ (𝛼)
type t2 = 𝛾 ′ (𝛼)

∃𝛼
∃𝛼

∃𝛼

∃𝛾
∃𝛾 ′

∃𝛼,𝛾 ′
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overview / M

𝜔
overview

F
𝜔
- with primitive records and existential types

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

e := x | 𝜆(x : 𝜏).e | e e | Λ𝛼.e | e 𝜏 | e@ e | {ℓ = e} | e.ℓ
| pack ⟨𝜏, e⟩ as ∃𝛼.𝜏 | unpack ⟨𝛼, x⟩ = e in e | () (terms)

Momega

Module typing

Γ ⊢ M : ∃𝛼.C
Signature typing

Γ ⊢ S : ∃𝛼.C
Subtyping

Γ ⊢ C < C′

→ M𝜔 signatures ∃𝛼.C are just syntactic sugar for F𝜔 types
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Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

Encoded module

e =

unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×
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17 ⟨10⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼, 𝛽. module M : sig
module X1 : sig

type t = 𝛼

val x : 𝛼

end
module X2 : sig

type t = 𝛽

val x : 𝛽

end
end

F
𝜔

type

∃𝛼, 𝛽.


ℓX1 :

{
ℓt : ⟨⟨𝛼 ⟩⟩
ℓx : 𝛼

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ⟩⟩
ℓx : 𝛽

}


where

⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨11⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼, 𝛽. module M : sig
module X1 : sig

type t = 𝛼

val x : 𝛼

end
module X2 : sig

type t = 𝛽

val x : 𝛽

end
end

F
𝜔

type

∃𝛼, 𝛽.


ℓX1 :

{
ℓt : ⟨⟨𝛼 ⟩⟩
ℓx : 𝛼

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ⟩⟩
ℓx : 𝛽

}


where

⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨12⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼, 𝛽. module M : sig
module X1 : sig

type t = 𝛼

val x : 𝛼

end
module X2 : sig

type t = 𝛽

val x : 𝛽

end
end

F
𝜔

type

∃𝛼, 𝛽.


ℓX1 :

{
ℓt : ⟨⟨𝛼 ⟩⟩
ℓx : 𝛼

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ⟩⟩
ℓx : 𝛽

}


where

⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨13⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼 ′, 𝛽 ′ . module M :
∀𝛾 .(sig type t = 𝛾

val x : 𝛾 end) →
sig

module X1 : sig
type t = 𝛼 ′ (𝛾 )
val x : 𝛼 ′ (𝛾 )

end
module X2 : sig

type t = 𝛽 ′ (𝛾 )
val x : 𝛽 ′ (𝛾 )

end
end

F
𝜔

type

∃𝛼, 𝛽.


ℓX1 :

{
ℓt : ⟨⟨𝛼 ⟩⟩
ℓx : 𝛼

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ⟩⟩
ℓx : 𝛽

}


where

⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×
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Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼 ′, 𝛽 ′ . module M :
∀𝛾 .(sig type t = 𝛾

val x : 𝛾 end) →
sig

module X1 : sig
type t = 𝛼 ′ (𝛾 )
val x : 𝛼 ′ (𝛾 )

end
module X2 : sig

type t = 𝛽 ′ (𝛾 )
val x : 𝛽 ′ (𝛾 )

end
end

F
𝜔

type

∃𝛼 ′, 𝛽 ′ .∀𝛾 .
{ℓt : ⟨⟨𝛾 ⟩⟩ ; ℓx : 𝛾 } →
ℓX1 :

{
ℓt : ⟨⟨𝛼 ′ (𝛾 ) ⟩⟩
ℓx : 𝛼 ′ (𝛾 )

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ′ (𝛾 ) ⟩⟩
ℓx : 𝛽 ′ (𝛾 )

}


where
⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨15⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼 ′, 𝛽 ′ . module M :
∀𝛾 .(sig type t = 𝛾

val x : 𝛾 end) →
sig

module X1 : sig
type t = 𝛼 ′ (𝛾 )
val x : 𝛼 ′ (𝛾 )

end
module X2 : sig

type t = 𝛽 ′ (𝛾 )
val x : 𝛽 ′ (𝛾 )

end
end

F
𝜔

type

∃𝛼 ′, 𝛽 ′ .∀𝛾 .
{ℓt : ⟨⟨𝛾 ⟩⟩ ; ℓx : 𝛾 } →
ℓX1 :

{
ℓt : ⟨⟨𝛼 ′ (𝛾 ) ⟩⟩
ℓx : 𝛼 ′ (𝛾 )

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ′ (𝛾 ) ⟩⟩
ℓx : 𝛽 ′ (𝛾 )

}


where
⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e

: ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨16⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼 ′, 𝛽 ′ . module M :
∀𝛾 .(sig type t = 𝛾

val x : 𝛾 end) →
sig

module X1 : sig
type t = 𝛼 ′ (𝛾 )
val x : 𝛼 ′ (𝛾 )

end
module X2 : sig

type t = 𝛽 ′ (𝛾 )
val x : 𝛽 ′ (𝛾 )

end
end

F
𝜔

type

∃𝛼 ′, 𝛽 ′ .∀𝛾 .
{ℓt : ⟨⟨𝛾 ⟩⟩ ; ℓx : 𝛾 } →
ℓX1 :

{
ℓt : ⟨⟨𝛼 ′ (𝛾 ) ⟩⟩
ℓx : 𝛼 ′ (𝛾 )

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ′ (𝛾 ) ⟩⟩
ℓx : 𝛽 ′ (𝛾 )

}


where
⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ =

??

Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×
17 ⟨17⟩



Example of encoding into F
𝜔

Source code

1 module type S =
2 sig type t val x : t end
1 module M (Y: S) = struct
2 module X1 = (struct
3 type t = int
4 let x = 42
5 end : S )
6 module X2 = (struct
7 type t = X1.t * bool
8 let x = (X1.x, false)
9 end : S )
10 end

M
𝜔
Signature

∃𝛼 ′, 𝛽 ′ . module M :
∀𝛾 .(sig type t = 𝛾

val x : 𝛾 end) →
sig

module X1 : sig
type t = 𝛼 ′ (𝛾 )
val x : 𝛼 ′ (𝛾 )

end
module X2 : sig

type t = 𝛽 ′ (𝛾 )
val x : 𝛽 ′ (𝛾 )

end
end

F
𝜔

type

∃𝛼 ′, 𝛽 ′ .∀𝛾 .
{ℓt : ⟨⟨𝛾 ⟩⟩ ; ℓx : 𝛾 } →
ℓX1 :

{
ℓt : ⟨⟨𝛼 ′ (𝛾 ) ⟩⟩
ℓx : 𝛼 ′ (𝛾 )

}
ℓX2 :

{
ℓt : ⟨⟨𝛽 ′ (𝛾 ) ⟩⟩
ℓx : 𝛽 ′ (𝛾 )

}


where
⟨⟨𝜏 ⟩⟩ ≜ ∀𝜑 .𝜑 𝜏 → 𝜑 𝜏

Encoded module

e = unpack⟨𝛼, y1 ⟩ = pack⟨int , {ℓt = ⟨⟨int⟩⟩, ℓx = 42} ⟩ in

unpack⟨𝛽, y2 ⟩ = pack⟨𝛼 × bool ,
{
ℓt = ⟨⟨𝛼 × bool⟩⟩, ℓx = (y1 .x,⊥)

}
⟩ in

pack⟨𝛼, 𝛽,
{
ℓX1 = y1, ℓX2 = y2

}
⟩

e
′ = ?? Λ𝛾 .𝜆 (Y : {ℓt : ⟨⟨𝛾 ⟩⟩, ℓx : 𝛾 }) . e : ∀𝛾 .({ ...}) → ∃𝛼, 𝛽. { ...} ×

17 ⟨18⟩



Extrusion and skolemization

• Through records/product types (extend scope between modules)
(∃𝛼.𝜏, 𝜎) ⇝ ∃𝛼.(𝜏, 𝜎) ✓ (repacking pattern)

• Through arrow types (extend scope outside of applicative functors):
(𝜏 → ∃𝛼.𝜎) ⇝ ∃𝛼.(𝜏 → 𝜎) × unsound in general !

⊢ 𝜆b. if b then (pack ⟨int, 42⟩ as ∃𝛼.𝛼)
else (pack ⟨string, "Modules"⟩ as ∃𝛼.𝛼)

: bool → ∃𝛼.𝛼

wrong to give it the type : ∃𝛼.bool → 𝛼

• Through forall types (extend scope outside of applicative functors):
(∀𝛽.∃𝛼.𝜏) ⇝ ∃𝛼 ′ .(∀𝛽.𝜏 [𝛼 ↦→ 𝛼 ′ (𝛽)]) × not expressible in F𝜔

� Some existentials are only used for abstraction, not for heterogeneity

18 ⟨1⟩



Extrusion and skolemization

• Through records/product types (extend scope between modules)
(∃𝛼.𝜏, 𝜎) ⇝ ∃𝛼.(𝜏, 𝜎) ✓ (repacking pattern)

• Through arrow types (extend scope outside of applicative functors):
(𝜏 → ∃𝛼.𝜎) ⇝ ∃𝛼.(𝜏 → 𝜎)

× unsound in general !

⊢ 𝜆b. if b then (pack ⟨int, 42⟩ as ∃𝛼.𝛼)
else (pack ⟨string, "Modules"⟩ as ∃𝛼.𝛼)

: bool → ∃𝛼.𝛼

wrong to give it the type : ∃𝛼.bool → 𝛼

• Through forall types (extend scope outside of applicative functors):
(∀𝛽.∃𝛼.𝜏) ⇝ ∃𝛼 ′ .(∀𝛽.𝜏 [𝛼 ↦→ 𝛼 ′ (𝛽)]) × not expressible in F𝜔

� Some existentials are only used for abstraction, not for heterogeneity
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Extrusion and skolemization

• Through records/product types (extend scope between modules)
(∃𝛼.𝜏, 𝜎) ⇝ ∃𝛼.(𝜏, 𝜎) ✓ (repacking pattern)

• Through arrow types (extend scope outside of applicative functors):
(𝜏 → ∃𝛼.𝜎) ⇝ ∃𝛼.(𝜏 → 𝜎) × unsound in general !

⊢ 𝜆b. if b then (pack ⟨int, 42⟩ as ∃𝛼.𝛼)
else (pack ⟨string, "Modules"⟩ as ∃𝛼.𝛼)

: bool → ∃𝛼.𝛼

wrong to give it the type : ∃𝛼.bool → 𝛼

• Through forall types (extend scope outside of applicative functors):
(∀𝛽.∃𝛼.𝜏) ⇝ ∃𝛼 ′ .(∀𝛽.𝜏 [𝛼 ↦→ 𝛼 ′ (𝛽)]) × not expressible in F𝜔

� Some existentials are only used for abstraction, not for heterogeneity

18 ⟨3⟩



Extrusion and skolemization

• Through records/product types (extend scope between modules)
(∃𝛼.𝜏, 𝜎) ⇝ ∃𝛼.(𝜏, 𝜎) ✓ (repacking pattern)

• Through arrow types (extend scope outside of applicative functors):
(𝜏 → ∃𝛼.𝜎) ⇝ ∃𝛼.(𝜏 → 𝜎) × unsound in general !

⊢ 𝜆b. if b then (pack ⟨int, 42⟩ as ∃𝛼.𝛼)
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F
𝜔
with transparent existentials - Adding new constructs

𝜏 := ... | ∃▼𝛼.𝜏

| ∃▽𝜏𝛼.𝜏

e := ... | pack ⟨𝜏, e⟩ as ∃▼𝛼.𝜏
| unpack▼ ⟨𝛼, x⟩ = e in e

| pack e as ∃▽𝜏𝛼.𝜎

| repack▽ ⟨𝛼, x⟩ = e1 in e2

| seal e

| lift→
e

| lift∀
e
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F
𝜔
with transparent existentials - Typing rules

F-LiftArr

Γ ⊢ e : 𝜎1 → (∃▽𝜏𝛼.𝜎2)

Γ ⊢ lift→
e : ∃▽𝜏𝛼. (𝜎1 → 𝜎2)

F-Repack
Γ ⊢ e1 : ∃▽𝜏𝛼.𝜎1 Γ, 𝛼, x : 𝜎1 ⊢ e2 : 𝜎2
Γ ⊢ repack▽ ⟨𝛼, x⟩ = e1 in e2 : ∃▽𝜏𝛼.𝜎2

F-Hide
Γ ⊢ ∃▽𝜏𝛼.𝜎 :★ Γ ⊢ e : 𝜎 [𝛼 ↦→ 𝜏]

Γ ⊢ pack e as ∃▽𝜏𝛼.𝜎 : ∃▽𝜏𝛼.𝜎

F-Seal
Γ ⊢ e : ∃▽𝜏𝛼.𝜎

Γ ⊢ seal e : ∃▼𝛼.𝜎

F-LiftAll
Γ ⊢ e : ∀𝛼.∃▽𝜏𝛽.𝜎

Γ ⊢ lift∀
e : ∃▽𝜆𝛼.𝜏𝛽′ .∀𝛼.𝜎

[
𝛽 ↦→ (𝛽′ 𝛼)

]
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F
𝜔
with transparent existentials - is actually vanilla F

𝜔
!

e0 ≜



Pack = Λ𝛼.Λ𝜑.𝜆(x : 𝜑 𝛼) .x
Seal = Λ𝛼.Λ𝜑.𝜆(x : 𝜑 𝛼) .pack ⟨𝛼, x⟩ as ∃▼𝛼. 𝜑 𝛼

Repack = Λ𝛼.Λ𝜑.𝜆(x : E𝛼 𝜑) .Λ𝜓 .𝜆(f : ∀𝛼. 𝜑 𝛼 → 𝜓 𝛼) . (f 𝛼 x)
Lift→ = Λ𝛼.Λ𝜑.Λ𝛽.𝜆(f : 𝛽 → 𝜑 𝛼) . f
Lift∀ = Λ𝛼.Λ𝜑.𝜆(x : (∀𝛽. 𝜑 𝛽 (𝛼 𝛽))) .x


𝜏0 ≜ 𝜆𝛼.𝜆 𝜑 .𝜑 𝛼

𝜏E ≜ ∃▼E .



Pack : ∀𝛼.∀𝜑 .𝜑 𝛼 → E𝛼 𝜑

Seal : ∀𝛼.∀𝜑 .E𝛼 𝜑 → ∃▼𝛼. 𝜑 𝛼

Repack : ∀𝛼.∀𝜑 .E𝛼 𝜑 → ∀𝜓 . (∀𝛼. 𝜑 𝛼 → 𝜓 𝛼) → E𝛼 𝜓

Lift→ : ∀𝛼.∀𝜑 .∀𝛽. (𝛽 → E𝛼 𝜑) → E𝛼 (𝜆𝛼. 𝛽 → 𝜑 𝛼)
Lift∀ : ∀𝛼.∀𝜑 . (∀𝛽.E (𝛼 𝛽) (𝜑 𝛽)) → E𝛼 (𝜆𝛼.∀𝛽. 𝜑 𝛽 (𝛼 𝛽))


eE ≜ pack ⟨𝜏0, e0⟩ as 𝜏E
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Extrusion and skolemization (with transparent existentials)

• Through records/product types (extend scope between modules)
(∃▼𝛼.𝜏, 𝜎) ⇝ ∃▼𝛼. (𝜏, 𝜎) ✓ (repacking pattern)
(∃▽𝜌𝛼.𝜏, 𝜎) ⇝ ∃▽𝜌𝛼. (𝜏, 𝜎) ✓ (using repack▽)

• Through arrow types (extend scope outside of applicative functors):
(𝜏 → ∃▼𝛼.𝜎) ⇝ ∃▼𝛼. (𝜏 → 𝜎) ×
(𝜏 → ∃▽𝜌𝛼.𝜎) ⇝ ∃▽𝜌𝛼. (𝜏 → 𝜎) ✓ (using lift→)

• Through forall types (extend scope outside of applicative functors):
(∀𝛽.∃▼𝛼.𝜏) ⇝ ∃▼𝛼 ′ . (∀𝛽.𝜏 [𝛼 ↦→ 𝛼 ′ (𝛽)]) ×
(∀𝛽.∃▽𝜌𝛼.𝜏) ⇝ ∃▽(𝜆𝛽.𝜌 )𝛼 ′ . (∀𝛽.𝜏 [𝛼 ↦→ (𝛼 ′ 𝛽)]) ✓ (using lift∀)
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M
𝜔
- Properties

Theorem (Completeness)

Γ ⊢ M : ∃♦𝛼.C implies Γ ⊢ M : ∃♦𝛼.C⇝ e for some e

Theorem (Soundness)

Γ ⊢ M : ∃♦𝛼.C⇝ e implies Γ ⊢ e : ∃♦𝛼.C (in F
𝜔
)

(e and M have the same untyped semantics)
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The big picture (again)

OCaml
M/S

M𝜔

M/∃♦𝛼.C

F𝜔

e/𝜏Type elab

Term elab

Term erasure

✓ Significant subset of OCaml

✓ Simple, classic scheme

✓ Clear treatment of avoidance

✓ Transparent signatures (aliasing),
abstract signatures, etc.

∼ Explainability (elaboration)

∼ Keeping user-defined names

× Major change
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ZipML



Avoiding signature avoidance

1 (* replaced N by its definition *)
2 module M = (struct
3 type t = A of int | B of bool
4 module X = struct let x = (A 1) end
5 end).X

OCaml:
The value x has no valid type if t is hidden.

ZipML:
module M :
< type t = A of int | B of bool>
sig val x : t end

module M

sig

type t module X

sig

val x:t

→ Extend the signature language with zippers – ⟨𝛾⟩ S
→ The zipper context 𝛾 acts as an hidden typing environment attached to S
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Zipper simplification

1 (* replaced N by its definition *)
2 module M = (struct
3 type t
4 type u = t list
5 module X = struct type v = t let x : u = [] end
6 end).X

OCaml:
The value x has no valid type if t is hidden.

ZipML:
<type t type u = t list > sig type v = t val x : u end
<type t type u = t list > sig type v = t val x : t list end
<type t > sig type v = t val x : t list end

sig type v val x : v list end <type t = v >
sig type v val x : v list end

→ valid signature in the source syntax!
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Typing with zippers

Zipper introduction

Projections on structure never fails
(no signature avoidance)

Typ-M-ProjA

Γ ⊢ M : ⟨𝛾⟩ sig D, module X : S, D′ end

Γ ⊢ M.X :
〈
𝛾 ; D

〉
S

Zipper simplification

Garbage-collection of useless fields

Typ-M-Simpl
Γ ⊢ M : ⟨𝛾⟩ S Γ ⊢ ⟨𝛾⟩ S {

〈
𝛾 ′
〉
S′

Γ ⊢ M :
〈
𝛾 ′
〉
S′

Zipper removal (subtyping)

Zippers can disappear through explicit
signature ascription (including .mli)

Typ-M-Ascr
Γ ⊢ S Γ ⊢ M : ⟨𝛾⟩ S′ Γ, 𝛾 ⊢ S′ ⩽ S

Γ ⊢♦ (M : S) : S

Theorem (Preservation of typing)

Simplification never prevents further

typing (no over-abstraction)
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ZipML- Properties

Theorem (Soundness)

Well-typed programs do not crash

By elaboration: typing a module
expression in ZipML implies typing
of the same module expression in M𝜔

Conjecture (Completeness)

M
𝜔
and ZipML have the same expressivity

Zippers can be used to represent
quantified variables and to simulate
extrusion
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The big picture (again) (again)

OCaml
M : S

M𝜔

M : ∃♦𝛼.C

F𝜔

e : 𝜏

ZipML
M : ⟨𝛾⟩ S

✓ Significant subset of OCaml

✓ Clear treatment of avoidance

✓ Module identities, transparent
ascription, etc.

✓ User-defined names

✓ Lazyness

✓ Retrofit
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Conclusion



Take-away

M
𝜔

• A type system based on
translation into F𝜔

• Transparent existentials for
sealing inside applicative functors

@ OOPSLA 2024 - Fulfilling OCaml
modules with transparency

ZipML

• A (almost) purely-syntactic type
system tailored to OCaml

• Zipper signatures, simplification

@ POPL 2025 - Avoiding signature
avoidance in ML modules with

zippers

There’s more in the manuscript!

• Transparent signatures (abstraction safety), abstract signatures in M𝜔

• Anchoring in M𝜔 (with properties)

• Preservation of user-definitions in ZipML

• Early and lazy strengthening

• Overview of the design space of module systems besides abstraction
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Future works

Missing features

• The easy ones: include, open,
1st-class modules, module type of,
signature modifiers (with type)

• recursive modules, mixins

Implementation

• Split the path from OCaml to
ZipML into small steps

User-surveys

• Embrace the human and
sociological aspects of
programming

Mechanization

• F𝜔 with kind functions and
parametric kind polymorphism

• Semantic model of ZipML types
(for abstraction safety)

Research questions

• More subtyping without loss of
type-sharing

• Completeness of ZipML with full
zippers

• Heuristics of zipper simplification

31 ⟨1⟩
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Questions ?

OCaml
M : S

M𝜔

M : ∃♦𝛼.C

F𝜔

e : 𝜏

ZipML
M : ⟨𝛾⟩ S

32



Backups



ZipML overview

Normalization

Γ ⊢ S ↓ S′

Path typing

Γ ⊢ P : S

Subtyping

Γ ⊢ S ≤ S′

Signature Typing

Γ ⊢ S

Module Typing

Γ ⊢♦ M : S

Simplification

Γ ⊢ S { S′

Strengthening

S // P

Core

Avoidance

Syntactic

Optim
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Strengthening in syntactic module systems

1 module X = struct type t end
2 module X’ = X

module X : sig type t end

module X’ : ?

sig type t end

• Usually, typing variables is easy:

Γ(X ) = S

Γ ⊢ X : S

×

→ Duplicating a signature may
loose type-sharing

• Need strengthening S // X to
rewrite abstract type fields

→ Strengthening when accessing variables makes the system irregular

→ ZipML uses early strengthening

→ Rewriting big signatures is costly (duplication + traversal)

→ ZipML uses lazy strengthening
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Module Magic

1 let module_magic : ’a → ’b =
2 fun (x : ’a) →
3 let module M = struct
4 module rec N : sig val y : unit → ’b end = N
5 end
6 in M.N.y ()

val module_magic : ’a → ’b
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