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1 EXAMPLES

1.1 Example of concrete ascription

Figure 1 demonstrates a code pattern, present in the OCAML ecosystem, where concrete ascrip-
tion would be useful. Currently, OCamL fails to share and identify the types Space3D.sSet.t and
Set(Reals).t. This pattern arises when combining a functor (Make3D) that reexports its argument (k)
with an applicative functor called twice (Set), once on the argument and once on the reexported ar-
gument so that the modules resulting from both applications may interact. Here, the fixed interface
VectorSpace could not be functorized to explicit the dependency with the underlying field, as not all
vector spaces are functors over a field. Besides, type-level sharing is not sufficient to obtain the
right type equalities when calling the set functor. By contrast, when the granularity of applicativity
relies on static equivalence as in Moscow ML, the example would typecheck without requiring
concrete ascription: there is a design trade-off between abstraction safety and flexibility.
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1 | module type Field = ... 10 | module Make3D(K:Field) = (struct

2 | module type VectorSpace = sig 11 module Scalar = K

3 module Scalar : Field 12

4 . 13 | end : sig

5 | end 14 module Scalar : (= K < Field)

6 | module Set(Y:...) = ... 15 | end)

7 | module LinAlgebra(V:VectorSpace) = struct 16 | module Reals = ...

8 module SSet = Set(V.Scalar) ... 17 | module Space3D = LinAlgebra(Make3D(Reals))
9 | end 18

Fig. 1. An example of code pattern where transparent ascription is necessary. On the left-hand side,
VectorSpace defines an interface for vector spaces which contains a sub-module Scalar for the field of
scalar numbers. The functor LinAlgebra (line 7) uses a vector space to define linear algebra operations, one
of them being sets of scalar numbers. At some other point in the development (line 10), 3D vector spaces
are built directly from any field K via the functor Make3D. Its signature contains a transparent ascription
on its parameter K. Finally, on line 17, the module Space3D implements linear algebra for the vector space
R3. We want the inner sets Space3D.SSet.t, and Set (Reals) .t to be compatible. This requires the aliasing
information to be kept between the parameter and the body of the functor Make3D.

1.2 Signature avoidance

All examples of this section refer to a signature S defined as:

1 module type S = sig type t end

1.2.1  Valid OCAML syntax.

Example 1.1. We give a basic example of signature avoidance similar to [1, Figure 3], but in valid
OCamL syntax. The anonymous projection is replaced by an anonymous functor call. The key
is that the type field of the argument Y. t is inaccessible outside of the functor’s body and must
therefore be avoided.

1 ‘ module M =

2 ‘ (functor (X: S) -> struct
3 | type a = X.t * bool

4 type b = X.t * int

5

|
‘ end)
‘|

(struct type t = int end : S)

7| let f ((x, ): M.a) = ((x,42): M.b)

As the typechecker abstracts both a and b, it fails at line 7 with
1\ Error: This pattern matches values of type 'a * 'b

2 ‘ but a pattern was expected which matches values of type M.a

1.2.2  Solvable cases. We show two examples of solvable cases that are not correctly handled
by the current OCaML typechecker (over-abstraction), but would be covered by our anchoring
algorithm. For each, we give the code, the inferred signature given by the OCamL typechecker, and
the corresponding signature obtained by M® typing and anchoring.

Example 1.2. A modified version of Example 1.1 with a solvable case of signature avoidance.
Here, abstracting a and rewriting the type declaration for b as type b = a * int would keep all
type-sharing:
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Source code

1 ‘ module M =

2 ‘ (functor (X: S) -> struct

3 | type a = X.t

4‘ type b = X.t * int

5 ‘ end)

6 ‘ (struct type t = int end : S)

Inferred signature
moduleM : sig, typea= A.a
typeb = A.b end
Anchored signature

moduleM : sig, typea=A.a
typeb = A.a X int end

Example 1.3. A variant of the previous example at the module level, with module aliases instead

of type equalities:

Source code

1 ‘ module M =

2 ‘ (functor (X: S) -> struct
3|  module X1 =Y

4 ‘ module X2 =Y
5 |
‘|

end)
(struct type t = int end : S)

1.2.3  Module encoding in F*.

Inferred signature

moduleM : sig, moduleXj : S
module X> : S end

Anchored signature

module M : sig, moduleXj : S
module Xy : (= A.X; <S) end

Example 1.4. A simple module M with three type fields, on the left-hand side. The raw encoding
(after reduction of administrative let-bindings) on the right-hand side shows how abstract types

are shared between components via lifting.

Source code

module M = struct 4

typet = At

typeu = Au

typev = At X Au
end

2 M®SYSTEM

Encoding of e
e=1ift" (a x1 = pack (), {t: = (ON}) as 3"a. {; : (P}
@ lift" (B, x2 = pack ((), {tu = (ON}) as 3"B. {tu - (A}
@ {to = Ca x p)1))

Signature of e

C=3a,p.{t: {a) s tu: (BN : o : Cax P}

In this section we give the complete set of typing rules of the M® system.

2.1 Subtyping
2.1.1 Signature subtyping

M-SUB-SIG-STRUCT

DyCD TrDy<D

T+ sigD end < sig D’ end

M-SuB-S1G-AprPFcT
L& FCh <ol 7]

M-SuB-S16-GENFcT
rarc<c'|a -7

rr)-»3I'ac<()-3"2.c’

Larcla—7l<c’

TrYa.c,—>C <Va'.c,—C'
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4 Blaudeau Clement, Didier Rémy, and Gabriel Radanne
2.1.2  Declaration subtyping

M-SuB-DEcL-Mobp
Trc<c’

T + (module X : ) < (module X : ")

M-SuB-DEcL-VAL M-SuB-DecL-TyYPE
Tk (valx:7) < (valx:7) T+ (typet =7) < (type t =1)

M-SuB-DEcL-MoDTYPE
LLarc <C’ Larc' <c¢

T + (module type T = Aa.C) < (module type T = Aa.C”)

2.2 Typing

2.2.1 Signature typing I'-s:Aa.c

M-TYP-SIG—I\AODTYPE . M-Typ-S16-LocALMoDTYPE
T'+P:sigD end module type T = Aa.C € D A.(T : module type Aa.C) €T
I'vrP.T:Aa.C THAT: Ada.C
M-Typ-S16-GENFCT M-Typ-S1G6-ApPFCT _
T'rS:Aa.C I'FSq:Aa.Cq ILa,Y :Cq+S:ABC
rr()—-s:0)—-3"a.c TH(Y:Sg) = S: A Naco — C[f— B (@]
M-Typ-S1G-STR o M-Typ-S16-Con
FIAD:/la.D A¢Tl T'vrP:C I'+S:a.c’ Trc<C'[amT7 T'r7:%
T'+sigy D end: Aa.sig D end T'+(=P<S):C'[a— T
2.2.2 Declaration typing 'k, D:Aa.D
M-Typ-DEcL-VAL M-Typ-DEcL-TYPE
Tru:r Tru:r I;A-TYII;—]()ECL—TYPEA;as ra :
F A.(typet =1): da.(typet =«
Tk (valx:u):(valx:1) Tk (typet=u):(typet=r1) 4 P
M-Typ-DEcL-MoD M-Tyr-DEcL-MoDTYPE
IF'+S:Aa.c T'+S:Aa.C
T+, (moduleX :S): Aa.(module X : C) T+, (module typeT =S): (module type T = A@.C)

M-Typ-DECL-SEQ

M-Typ-DecL-Empry TH,D:d@. D T,@,ADk D:\aD
T H9:0

2.2.3 Core type checking extension

M—TYP—TYPE—_PATH o M-Typr-TyPE-LocAL
I'+P:sigD end typet=7€D A.(t: typer) €T
T'rPt:t T'rFAt:t
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2.2.4  Module typing reM:3%.c

M-Typ-MoD-VAR M-Typ-Mob-LocAaL M-Typ-MOD-STRUCT _
(Y:C)eT A.(X: moduleC) €T Iy, B:3°2.D A¢T
TrY:C T+FAX:C I +structy B end: 3°@.sig D end
M-Typ-MoD-ASCR M-Typr-Mobp-GENFcT
T'vP:C TrS:Aa.c’ Trc (' [a—T7] T'r7:% re«M:3%a.c
Lr(P:s):3%a.c’ rrO)-M:0)—-3"a.c
M-Typ-Mob-ArPFCT _ M-Typ-MoD-APPGEN
T'+Sg:Aq.Ca I, (Y:Cq) rM:3B.C r+pP:()—-3"a.c
FI-(Y:Sa)—)M:EVF.V&.C‘;—)C[BH/?’(H)] r+pP():3"a.c
M-TypP-MoD-ApPPAPP M-TyP-MoD-SEAL
T+P:Va.Ca— C Irv+pP:c’ TrC <Cula—T] F+T:K reMm:3%a.c
T+P(P):Cla~ 7] reM:3%a.c

M-Typr-Mob-Proj
[+M:3°Q.sig D end module X : C € D @ =fv(ic)na

reMX: 3% .C

2.2.5 Binding typing

M-Typ-BiND-LET M-Typr-BiND-TYPE
re:r Tru:t

M-Typr-BIND-ABSTYPE
Tk (typet=Al): Fa.(type t = a)

T'H (letx=e):(valx:7) T (typet=u):(typet=r1)

M-Typ-BIND-MoD M-Typ-BiIND-MoDTYPE
rM:3%a.c res:iac
T+, (moduleX =M): (3°@.module X : C) T, (module typeT =S): (module type T = A@.C)

M-Typ-BIND-SEQ
M-Typ-BiND-EMPTY T by B: 3061.50 [,@,AD by B 305.5

T%@:@ — =
T't, BB:3a,@0,D

2.2.6 Core expression typing extension

M-Typ-TyPE-PATH o M-Typ-TyPE-LocAL
I'+P:sigD end valx:7€D A(x:valr)erl
I Px:t T Ax:t

2.3 Proof sketch of Theorem 3.1

I+ [M;] : sig module Val: ¢; type id =7 end 3 I'rCo <
T + [My] : sig module Val: C, type id =7 end = ) . Co £ Co

For this proof, we consider a slightly modified system called M%, based on F* extended with
bounded quantification. We identify M types and M® signatures and use 7 and C interchangeably
in this section. The system M2, is built from M® as follows:

(1) We extend the quantifiers 3%, V, and A to support bounded quantification for abstract types
that serve as identities (the other types being bound by the top bound T).

(2) We modify the typing and subtyping rules accordingly. Omitting the rules that do not feature
bounds or simply thread them from the premise to the conclusion, only three typing rules are
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affected, as they now feature an additional subtyping condition as their premise (using gray
background to emphasize the differences):

MS-Typ-S16-Con

I+P:C F+S:Ma<7).c’ Tre<C'[am 1] r+7:« Trz<?
T(=P<9S):C'[a—T]

MS-Typ-MoD-ASCR

TvP:C rv+s:Ma<7).c’ Frrc<C'lamT7] rrz:x  Trz<?

Lr(P:5):3@<7).Cc’

MS-Typ-Mob-ApPpPAPP
T+P:YV@<T).Ca—C Ir'v+pP :c’ I'+C' <culamT] I'ez:x  TrT<?

T+P(P'):Cla— 7]

(3) We modify the typing rules for introducing abstract types (MS-Typ-DecL-TyreABs and MS-Tye-
Binp-ABsTyrE) by distinguishing identity tags (Rules MS-Typ-Dect-TypEABsID and MS-Typ-BIND-
AssTypelp) from other abstract types. While abstract types are simply bound by T, identity
tags are bound by the signature of the associated value.

MS-Typ-DECL-TYPEABS MS-Typ-DEcL-TYPEABSID
t#id T'+AVal:C
Ty (typet=At): Ma < T).(type t = a) Tk, (typeid= A.id): A(a< C).(type id = )
MS-Typ-BIND-ABSTYPE MS-Typ-BiND-ABSTYPEID
t#id TrAVal:C
Tk (typet=At) :(a < T). (type t = a) T (typeid= A.id): F(a<C). (type id= a)

(4) Subtyping is extended with a new rule MS-Sus-Bounb for subtyping bound variables (MS-Sus-
BouND-STAR is just a particular case of MS-Sus-Bounb):

MS-SuB-BounD MS-SuB-BoUND-STAR
¢ <Ma<7)CceT rvz<7 a<CeTl
IF'+(e7)<Cla—T] T'ra<cC

Besides, the two following rules for subtyping between functors are also extended with
additional premises to justify the instantiation of abstract types:

MS-SuB-S1G6-GENFCT

ra<zrc<c'|l@ 7| Ta<iru<?

rr)—»3"@<n.c<()—-3"@<7).c’

MS-SuB-SiG-ArpPFcT
La' <7+l < Cala— 7l La<?rcla—ml < T,

THY(@<T).CamC Y@ <T)Ccp—C’

||
IA
U
-
2
IA
=l

Subtyping in M. remains transitive.
The proof then proceeds in two steps:

(1) We first show that the M. maintains an identity-tag well-formedness invariant in typing
derivations: If T + sig type id = 7 module Val: C end : wf;; then T + 7 < C (1). To do so, we
reinforced well-formedness for identity tags by changing the rule to

L'k C:wf Trr<C

T + sig type id = 7 module Val: C end : wf

This defines a stronger well-formedness judgment T + C : wf;;. We show that M%, typing
judgments for modules and signatures always produce signatures that preserves identity-tag
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Fulfilling OCaml modules with transparency 7

well-formed. That is, F T' : wf;y and either T +S: A(@ < ).’ or T +M: 3°(@ < C).C’ implies
Ia <CFrC :wfig

Therefore, we may restrict M%. derivations to use the identity-tag well-formedness invariant
as long as we start with a identity well-formed environment. By inversion of well-formedness,
this ensures the invariant (1).

(2) Using the previous invariant, we then show that typability in M® implies typability in M%,.
The proof of the first step proceeds by a simple induction over the typing derivation: identities are
either introduced fresh, in which case the bound is equal to the signature of the corresponding
Val-field, or obtained via subtyping, in which case we use transitivity of subtyping.

The rest of this section is dedicated to the proof of the second step. The only differences between
the original and the enhanced typing systems are the addition of subtyping bounds and subtyping
relations between the bounds. The core of the proof is to show that these are actually not restrictive,
which follows from two key facts: (1) subtyping is only done with a right-hand side signature
that comes from a source signature, i.e., that is the result of typing a source signature; and (2) such
signatures always contain the bounds of their identity tags in at least one positive occurrence.

Properties of typed source signatures. M“ signatures obtained via typing of a source signature
(referred to as TSS in the following) are a strict subset of identity-well-formed signatures. Bounds
allow us to store the signature C of the original module that introduced an identity tag «, and the
signature C’ of every module that shares the identity « is a supertype of the original signature C.
In a TSS, the bound of an identity tag « is exactly the signature C of the first module occurrence
with identity tag «, and therefore, the bound always appears explicitly in the signature. By contrast,
in a signature obtained via module typing, the access to the original module of signature ¢ may
have been lost, typically by projection, leaving only modules whose signatures are supertypes of C.

First-order example. Before diving into the proof by induction, we consider the typing of a basic
source signature S:
F'rS:Ma <Cy).C

There must be a subterm of C at a positive occurrence that is equal to:
sig module Val : C, type id = a end
When subtyping this signature with another one in the enhanced system,
I'FA(a <Ca).C <MP<Cp)C
there is a new subtyping check between the bounds:
T'FCp<Ca (1)

Whenever the subtyping between ¢’ and C succeeded in the original system, C’ features a subterm
of the form

sig module Val: Cy type id = ff end
By subtyping, we have T + Cy < C,. Thanks to the invariant of the first part of the proof, we
know that ' + Cg < (. Transitivity of subtyping ensures (1). Hence subtyping also succeeds in the
enhanced system.

Proof by induction. We prove by induction over the typing derivation that typing and subtyping
in M® implies typing and subtyping in the enhanced system. Cases for unchanged rules, or rules
that just thread the bounds from the premise to the conclusion are immediate. The only interesting
cases are the three typing rules and two subtyping rules shown above have an additional premise,
which we prove is actually implied by the other premises.
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8 Blaudeau Clement, Didier Rémy, and Gabriel Radanne

Typing M-Typ-Sic-Con. The M® derivation ends with the following rule.

M-Typ-S1G6-CoN
T'+P:C I'rS:a.c’ Trrc<C'la—T1] I'vT

Tr(=P<9):C'[amT]

'K

For simplification of presentation that « is a single variable a.
We show that we can rebuild a M%, derivation:

MS-Typ-S16-CoN
T'rP:C I'tS:AMa<t).C’ T'tC <C'lar 1] (2) Trr:k rrr<7 (3

TF(=P<S):C'[a 1]

All the premises but (3), hence including (2), follow by induction hypothesis. The remaining goal is
to show that the additional condition (3) actually follows from (2).

For this purpose, we define [C]™, the positive declarations of a signature C, as the flattened list
of declarations in strict positive positions inside C (without entering inside generative functors or
module types), taken in the usual binding order, as follows:

[sig D end]* = W (Structural signature)
Va.c, — clt =va.[c]" (Applicative functor)
O—-_1"=0 (Generative functor)
[module X : C]* = (module X : ©), [C]* (Submodule declaration)
(D]t =D (Other declarations)

Declarations inside applicative functors are universally quantified. A key observation is that a
signature in TSS form always contain the bound of its identity type among its positive declarations:

T+S:AMa <7). = (module Val: 1) € [C]" Atype id=a € [C]*
T+S:A(a < AB1).c = Vp.(module Val: 1) € [C]* AVB.type id= (af) € [C]*

Crucially, all the instantiations we consider feature a TSS C’ on their right-hand side. By construction,
subtyping between two signatures C and C’ implies subtyping between declarations at any positive
occurrence in C and its corresponding declaration in C’. Ignoring applicative functors at first, this
gives:

Frrc<c = VW' el[c']""IDe[Cc]".T+rD <D’

Therefore, there exists a declaration in the positive part of C that is a subtype of the explicit bound
of a, which appears in [C’]". That is,

3C,. T + module Val: ¢y < module Val: 7/

This implies T' + Cy < 7’. Using the invariant of the first step of the proof, we get I - 7 < Cp, which
implies (3) by transitivity of subtyping. This argument applies to the three typing rules. It extends to
higher-order declarations with universal quantification only adding universally quantified variables
in the typing context I'.

Typing rules MS-Typ-Mop-Ascr and MS-Typ-MoD-ApPPAPP.
The former is exactly the same as the previous case. For the latter, the only change if that the
bounded quantification A(a < 7’).C’ is being replaced by V(a < 7').C], — C’.

Subtyping Rule MS-Sus-Sic-AppFct. The same argument applies, just with an extended context.
Restricting again to only one type variable for readability, we need to rebuild a derivation in M%,
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that ends with:

MS-Sus-S1G-AprpFcT
Ia' <1’ +Cp < Cala 1] (4) o' <o+ <7(5)

TrY(a<1).Cqa—>C <Y <T)Clh—C

where all the premises but (5) follow by induction hypothesis.
As C, is a TSS, we have

sig type id = @ module Val: r end € [¢C,]"
Therefore, since « is not free in r,
sig type id = r; module Val: tend € [Cila — 71]]*
Correspondingly, we must have in C,, for some signature o:
sig type id = 7o module Val: o end € [C.]" (6)

Subtyping component by component, we have, since subtyping in non-variant on type fields in
general and identity type fields in particular:

Id/ <t'ro<t AN 14=1
The identity well-formedness invariant of (6) implies:
Id <t'rry<o

By transitivity of subtyping we get I', &’ < 7’ + 7y < 7, 1.e.,. (5), as expected.

MS-SuB-Si-GEnFcr. We rebuild a derivation of the form
MS-SuB-S16-GENFcT
LLa<ztrc <C'la » 1] (7) IlLa<7Tr <7 (8)

rr+)—-3"@<n.c<()->IF"@=<7).C’

The proof is similar to the previous case where (7) follows induction and (8) follows from (7) and
the fact that ¢’ is in TSS-form.

3 ANCHORING

In the section, we detail of the anchoring anchoring algorithm. This assumes that we have instru-
mented the typing rules as described in [1, §4.2]. In particular,

o Typing contexts I' contain - marks that split it into a sequence of A’s;

o We used multi-applications @{a7) . . . (@) instead of a sequence of single applications ¢ (a7 . . . @)
to remember the successive solemnization steps.

e The tagging of some signatures C' to prevent their type declarations to be used as anchoring
points.

More precisely, the tagging ' of signatures (and declarations) is defined as follows:

o (valx:0)t = valx:r
(sigD end)" = sig DT end (typet=a)' = typet=a
Ya.ci - )" = Yaco - (type t = @(@D) ... (@) = typet=e(@)... (@)
(O—-3z0) = 0—-3F"act (module X : €)" = module X : 7

(module type T =) = module type T = ¢

That is, it recursively propagates through type declarations and signatures to mark type declarations
typet = r as typet = 7', which will prevent them from being used as anchoring points, as the
premise of Rule A-DecL-ANcHOR (see §3.3) requires ¢ to be (equal to) a type of the form ¢{a7) . .. (@),
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10 Blaudeau Clement, Didier Rémy, and Gabriel Radanne

which can’t be a Tg . We ignore first order types when marking, as we chose to not restrict their
anchoring points.

Rule A-DEeciL-AncHOR uses a predicate args(A) to retrieve the universal variables (1) . . . (@) from
A, i.e., the sub-sequence of A compose of all (@;)’s that immediately precede a functor parameter
in A.

Finally, we change the typing rule for functor application to add a mark to the resulting signature:

M-Typ-MoD-ApPPAPP
T'FP:Va.Co— C TrP :C’ T'tC' <Cala—T7] T'+T:%

TrP(P):cla 7]’

Remark. Type variables in " are always treated abstractly, whether they originated from universal
or existential type variables. We do not distinguish them syntactically in T to avoid heavy notations.
However, universal variables are those appearing in sequences (&) that immediately precede a
functor parameter Y in I'. An intuition is that existentials are meant to be anchored while universal
cannot be anchored. Notice that args(A) is the sequence of universally quantified variables, hence,
ignoring existentially quantified variables. Rule A-Sic-FcTArp is particular, as it contains two
premises that treat @ differently, that is, universally in the functor’s body C, but existentially while
typing the signature C, where they need to be anchored.

3.1 Anchoring of environments I'— or
A-Env-DEcL A-ENvV-ARG A-ENV-ABS
A Y
;0D <—D:6 I a@;0r+Ca— Sa:ba dom(6) =@ I'— 6r
ILAD — 6rvo I,a,(Y:C)— 0rwo, I,a — o0r
. . P
3.2 Signature anchoring I'srrC—5S:0
A-S1G-STRPATH A-S1G-STRNONE
—_ A - — A -
T;0p+D<—>D:0 Ag¢grT I';0prD<—D:0 Ag¢rl dom(0) =@
T;0r+sigD end — sigy Dend: §[A — P] [';0r +sigD end = sigg Dend: (@ _)

A-S1G6-FcTApp

Y
T a;0r-Cq—Sq:0 dom(8,) =«
A-S16-FcTGEN r “ ara (6a)

AVal(Y
L@ 00 +C o S: (@) L&Y CaspWoarc 509
A.Val A.Val
Tiorr()>3ac5()>5:0 T:0r FVa.Ca = C s (Y :Sq) > S: AY.0
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Fulfilling OCaml modules with transparency 11

A
3.3 Declaration anchoring ;0D —D:0
A-DEcCL-VAL A-DECL-ANCHOR
I;0hr7—>u ¢ ¢ dom(Or) el args(A) =ag; ... an
A A
I';0prvalx:t<—> (valx:u): @ T-A;0rrtypet=0¢(ar)... (an) — typet =At: (P — At)
A-DECL-TYPE A-Decr-Mon AX
I;0rr7<>u I';0prC——>5S:0
A A
I';0r+typet=17<— typet=u:9 T';60r F module X : ¢ < moduleX :S: A.0

AD E A-DEcL-MopTYPE
OBCL-EMPTY LL@a;0rFC—>S:(@m _)

A
Ti0rF2 <> 0:0

A
T';0r + (module type T = Aa.C) < module typeT =S:9
A-DECL-SEQ
A — A =
T;0p D <—D:6; [LAD;0W0+D—D:0,

— A —
I';0r+D,D<D,D: 610,

3.4 Anchoring of abstract types

A-TYPE-APPLICATION
T=0(ry...)..(Tp...) Or(¢) = AYg....AY,. Pt
Vie[kn].T;60rF 1 — Pi.id u=0r(®)(P)...(Pn) Tru:t

I;0rr7<>u

3.5 Properties of anchoring
3.5.1 Proof of [1, Theorem 4.2]. We show by induction, when type equality in M® is taken up to
Pn-equivalence:
I''A;0r-C—>S:0 Adom(f)=a AT — 6
= T-A+S:26.C" A C'[B— @l(args(A)] =C

T-A:OprD<5D:0 A dom(0) =7 A T < 6y
— T-A+D:AB.D" A D'[f — a(args(A)] =D
The proof is by structural induction on the anchoring derivation.

® A-S16-FcTGen: The conclusion of the rule is the signature anchoring judgment

Val
rAsorr()»3ac)os:o

Since the domain of the local map is empty, we justhave toshow ' A+ () —» S: () —» I"a.C ().
The premise of theruleisT'-A-@; 0r v C — S: (@ — _). By induction hypothesis, we have
T-ArS:AB.C’ (2)and C'[f — @] = C, since args(@) is empty, that is Af.C’ = A@.C.
Then (1) follows by M-Sic-GenFcr applied to (2).

o A-Sig-FctArp: The rule is

_ Y _ AVal(Y)
TAa;0r+Cq— Ss:0,(1) T'AaY:Co;0rwl,-C——5:0(2)

A.Val
T A0 +Va.Co— C 5 (Y:S,) > S:AY.0

with dom(6,) = @. By IH applied to (1), we have I'- A + S, : Aa.C, (3) since args(@, @) is
empty. Let ¥ be dom(6). By IH applied to (2), we have I'- A, @, Y : C, + S: AB.C’ (4) with
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12 Blaudeau Clement, Didier Rémy, and Gabriel Radanne

C'[B - y(args(A),@))] = C (5), since args(A, @) is equal to args(A), @. By rule M-Typ-Sic-
ArpFcr applied to (3) and (4), we have:

T-Ar(Y:S,) = S:AfVa.Co — C'[f— B (@)]

It remains to check that (VE.Ca —C'[p— p (5)]) = y(args(A))] is equal to Va.C, — C,
which follows by composition of substitutions from (5), since " does not occur free in C,,.

® A-S1G-STRPATH and A-S1G-STRNONE are immediate by induction.

e For A-DEcL-VAL, A-DecL-Type, we may easily show thatI'; Or + 7 < uimplies ' Fu: 7.

A
In both cases, the conclusion is of the form ;0 + D < D : @, it suffices toshow T'- A +D: D (1).

In the case of A-DecL-VaL, the conclusionisT';6r + val x : ri> (valx :u) : @ and the premise
isT F u: 7, which implies T + u : 7. Then, (1) follows by M-Typ-DEcL-VAL.
The case of A-DecL-Typk is similar.

e A-DEcL-Mop, A-DecL-MopTyeE are immediate by induction.

e A-DEecL-ANcHOR: the conclusion of the rule is:

T-As 0+ type t = O@T) .. (@) <> typet = At : (¢ > At)

By Rule M-Typ-DecL-TyrEABs, we have ' - A + (typet = A.t) : Aa.type t = a. From the premises,
we know that ¢ € A and args(A) = @7 ; ... @,. Hence, (type t = a)[¢@ > @ ag; ... &y] is
equal to type t = ¢(a1) ... (o), which is exactly the declaration we started with.
e A-DEcL-SEQ: Writing the domain of 6; & 8, as dom(6; W 0;) = (@y, @2), we have by induction
hypothesis:
T-ArD:AB1.D] A D{[p1— @(args(A))] =Dy
T-AAD Dy : ABoaD] A DJ[By > @a(args(A AD))] =D,

First, we introduce Q)_Z" = Q)_z'[&l (args(A)) — f1]. Then, we show that
T-Ar Dl,D_g : Aﬁlﬁgi){,@_é,

The first premise is immediate by induction hypothesis. For the second one, we show by
induction that :

[-AADD;:ABaD] = T-AB1,AD +D;: AB2.D)
Secondly, we show that the substitution is valid. By definition, we have
args(A, A.D) = args(A)

As the declaration 9/ is well-formed in an environment that does not contain the f,, substi-
tuting for them does not change anything. Therefore, we have:

@fj)_g"[ﬁl,zz > a1 (args(A)), @z (args(A))]

=D/[B1 — @i (args(A)], (D} [B1 - @i(args(A)])[Bz — Tz(args(A))]
= @1,172'[32 — az(args(A))]

= D1, D][ B> > @r(args(A, AD))]

=Dy, Dy
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3.5.2  Proof of [1, Theorem 4.1]. We first prove that typed signatures are anchorable, then that the
result is equivalent to the signature we started with. We start with the following lemma:

LEMMA 3.1 (SKOLEMIZATION LEMMA). Skolemizing a signature does not change its local anchoring:

L@ BAOrrC S0 = T-F.aA:6r+C[Er B (@) <5:0

Proor. The key observation is that, from the source syntax, accessing local types does take into
account the depth of enclosing applicative functors. The two key rules are:

e A-Decr-Anchor: when anchoring a type, the number of (list of) universally quantified parame-
ters n does not appear in the anchoring (nor in the resulting declaration).

o A-Type-ArpricaTiON: similarly, the first type arguments 7; to 7x are ignored. If the anchoring
point 0r(9) is parameterized by only n — k arguments, adding another argument in front does
not change the anchoring.

For the first half, we show only that typed signatures are anchorable:
Ir+S:AaC AT =0 = 3. T-a;0r+rC =S :a+— _

We proceed by induction on the typing derivation of signatures and declarations:

e M-Typ-Si6-MonTyre and M-Typ-Si6-MopTypE are base-cases of the induction. We easily show
that the anchoring of the environment I < 6r implies that stored module types are anchorable.

o M-Typ-S1G-GenFct and M-Typ-SiG-STr are immediate.

e M-Typ-Sig-AprpFct: the induction hypothesis gives us that the signature of the core of the
functor is anchorable before the substitution of f for f’(@). Here, we use the skolemization
lemma.

o M-Tyr-S16-Con: we first note that all type variables @ appear in C’. Then, as subtyping between
types is only defined by equality, all the types expressions T appear in C. As C is anchorable,
so are all its type components, making C’[@ +— 7] anchorable.

The second part is an immediate consequence of Theorem 4.2.

4 SYSTEM F?

In this section we give the definition of our version of F* extended with record types and predicative
kind polymorphism.

4.1 Environment and kind checking and

T x¢l T'kk a ¢l TF'kr:% x¢Tl
|_. —_— —
F T, FT,a:k F,x:7T
FT FT #eTl Itk I« [,xkFx
T'kx T+ ox I'x—x' T'kVixk
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14 Blaudeau Clement, Didier Rémy, and Gabriel Radanne

4.2 Type checking

T'krix TF'Fryix TF'r7:% T T a:kerl la:xkrr:%
It > nix Tr{f:7}:% I'ra:x IF'rVY(a:x).7t:%
T,ubk1:% Ta:xkkFT:% Ta:xkF1:K
TFVoT:% F'r3"(a:x).7:% IT'rAla:x).7:x — K’
Ttk >k T'kry:k’ Ioxb1:k IF'kr:Vnx Trg
FT'ror:ik T Awx.t:Vx.x | R A 4 P

4.3 Term typing

F-Var F-ABs F-Aprp
FT x:7€Tl Ix:tre:T T'te:7' —>1 They:7
Fbx:T TtA(x:1).e:t—> 1 Thee:tT
F-Recorp F-Proy F-APPEND
Tre:r #(0) Tre:{t:0,0 11} Tre :{f:m} Trey:{t: 1} L4t
F'+{t=e}:{t:1} F'ref:t T'rte @ey:{f:11.bb: 13}
F-Tarr F-Kapp F-Tass
Il're:VY(a:x).o F'rr:k F'te:Vour I'rtg la:kre:t
IF'rer:o[r a IF'rec:t[x¢] ' Aa:x).e:V(a:x).T
F-KasBs F-Pack
Ixre:r I'r3(a:x).o:% F'rr:k IF'te:olr a]
TrAxe:Vour T+ pack{r,e) as 3 (a:x).c: A (a:k).0
F-Unrack

T're :A(a:x).T la:kx,x:Ttey:0 Tro:x

T+ unpack (a,x) =e;iney: o

4.4 Encoding of transparent existentials

For reference, we remind the encoding of transparent existential types in Figure 2.

4.5 lift" operator

The operator lift* is defined as liﬂgm where p and q represent the size of @ and ', where Iiftgpl> is
itself inductively defined as follows:

]ifth'l’e 2 repack” (a, x) = lift"’ (lift"e) in liftqvp"x lift™" e 2 1iftY (Ac.lift™ (e @)
lift(\){ppe Z e lift"e = e

1p and q are left implicit in lift*e as they can be determined from the type of the argument e
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TE =
AY(E ).
Pack : N(a:x).Y(e )Pa > Exa¢
Seal s Vo Y(a:#).Y(® )JExa® - 3 a:x). Pa
Repack : V. V(a:x).Y(® )JExa¢ —
vy ).-(V(a:»).¢a > Ya) >Exay
Lift™ @ Vo V(a:»).Y(@ YYB:#).(BoErxa®) > Exa (Ma:#).p— ¢a)
Lift"  : Vo.VxeV(a ).V(9 ).
(V(p:w).Ex(ap) (?p) —»E a (Aa )-Y(B:w). ¢ B (af))
€0 =
Pack = Ao ). A(e )AMx:Pa).x
Seal = Aa: 7). A(® ).A(x : @ a).pack (a,x) as A" (a: %). P«
Repack = Al x). A(@ ). A(x @ ).
A(Y )A(f:¥(a:x). ba—Ya).(f ax)
Lift” = Ax.Ala:x).A(@ Y.AB:X)Af: (- Pa)).f
Lift" = Aa ).A(® ).A(x: (V(B:0).¢ B (ap))).x
10 = A Aa: ). A(@ ).¢a

eg = pack (7o, e9) as g

Fig. 2. Implementation of transparent existentials as a library in F with (predicative) kind polymorphism

4.6 Derived typing rules for transparent existentials

F-HipE F-SEaL
F'r3"(a:x).o:x T're:olam 1] IF'te:3(a:x).0
T+ pack eas I3 (a:x).0: 3" (a:x).0 I'tseal e:3"(ax:x). 7
F-HIDDEN F-LIFTARR
T're:3"(a:x).0 Ta:k,x:Tre:0 T're:op = 3" (a:x).0;
T+ repack” (@, x) = ey iney: 3"(a:x).0’ Trlift7e: 3 (a:x).oy = o
F-LirTALL

Tre:V(B:«).3"(a:x).0
T rliftYe: 3" 7(o ).V(B:k).ola— o f]

5 ELABORATION RULES
5.1 Subtyping

5.1.1 Signature subtyping Tre<C' wf
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16 Blaudeau Clement, Didier Rémy, and Gabriel Radanne

E-SuB-S16-STRUCT

DyCD TrDy<D' ~f I =dom(D)
T+ sig D end < sig D" end > Ax. {y = f (x.4p)}

E-Sus-S16-GENFcT
LLarc<C'[a —71]wf
F'r()—>3"a.c<() - 3"a.Cc" w Ax.A_.unpack (&,y) = x () in pack (7, fy) as 3"a’.C’

E-SuB-S1G-ArpPFcT
La +C)<Cola 7] f LZrClam7] <C' wg

TrYa.Co— C<VT'.C,— C ~wAx: _.AX' . Ay : C,.g(xT(fy))

5.1.2  Declaration subtyping ‘1" FD <D’ M’)f‘
E-SuB-DEcCL-VAL E-SuB-DEcL-TYPE
I't(valx:7) < (valx: 1)~ Ax.x T+ (typet =1) < (type t = 7) w» Ax.x

E-SuB-DEcL-Mobp
TrCc<C wf

T+ (module X : ¢) < (module X : ¢') w» f

E-SuB-DEcL-MoDTYPE

LLarC<C' ~wf [LarC <C~wyg

T + (module type T = Aa.C) < (module type T = Aa.C’) »» Ax.x

5.2 Typing
5.2.1 Module typing ’ FTEM:3"9.Cwe
E-Typ-MoD-ARG E-Typ-MoD-VAR
(Y:C)eT (AX: moduleC) el
F'rY:CwY F'rAX:C~w Ax

E-Typ-Mob-ArpFcT o
I'+S:Aa.C, [,a,Y:CobM:37(B).C we

Tr(Y:S) - M:3EN(B) Va.c, — C[B - F @] w lift (AZA(Y : Ca).e)

E-Typ-MoD-APPAPP
TP :Va.Co—>C~e TP :C' ~e THC <Cala—>T] ™ f

THP(P):Cla—>T]weT(fe)

E-Typ-Mobp-GENFcT E-Tyr-MoD-GENAPP
FTeM:3"a.Cc we I'rP:()—>3a.Cwe
FTr()->M:)=Fa.cwwA( :().e F'rP():3"a.c we()

E-Typ-Mob-Ascr
T+S:Aa.c THP:C e TrC <Cla—T]w f T+T:C

T+ (P:S):3"(@).C ~ pack feas 3" (q).C
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E-Typ-MoD-SEAL E-Typ-MoD-STRUCT
IT+M:375(@).C we I, B:3aDwe AgT
[+M:3'EC w seall® e T +structy Bend: Esﬁ.sig D end w e

E—TYP-MODﬁ-PROJ
I'+M:3a.sigD end w e module X : C €D o =fv(C)na

TeMX:30q.C w clean®(a, @’) (repack’ (@, x) = e in x.x)

Rule E-Typ-Mop-Proj, which performs garbage collection, uses a helper function clean®(@, f) e
defined as::

clean®(y@,yp)y e 2 repack’{a,x) = e in clean®(@, f) x
clean®(y@,y’f) e £ unpack® (@, x) = e in clean®(a@, yf) x

clean®(2,@)e 2 e

5.2.2 Binding typing FHB:Dwe
E-Typ-BIND-LET E-Typ-BIND-TYPE
T'rte:twe Tru:r
Ity (letx=¢e): (valx:7)w {f = e} 'k (typet =u): (typet =1)~ {f = (7))}

E-Typ-BIND-MoDTYPE
F'rS:Aa.C E-Typ-BIND-EMPTY

Tho:0w{}

T+, (module typeT =S) : (module type T = Aa.C) ~ {fr = (Aa.C))}

E-Typ-BiND-MoD )
[ M: a.cwme

Tk, (moduleX =M): (3507. module X : C) ~» repack® (@, x) = e in {fx = x}

E-Typ-BIND-SEQ )
I B:3"G@.Dwe  T,@,ADHB:3"H.Dwe

T+, B8 : 37, (D, D) w lift* @, x; = e; @ (let Aj, = x1.45, in ey))
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