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let rec fac = function

| 0 ->1

| n > n * fac (n - 1);;

(* val fac : int -> int = <fun> %)

fac 8;;
(* — : int = 40320 *)
let rec ones = 1 :: ones;;

(* val ones : int list = [1; <cycle>] *)
List.nth ones 10_000;;
(* = : int = 1 %)

let rec alot = 1 + alot;;
(* Error: This kind of expression is not allowed
as right-hand side of ‘let rec’ %)
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Almost-killer app: toy interpreter

Factorial := FunRec(f,n): if n=0 then 1 else n*xf(n-1)
Adder := Fun(x): Fun(y): x+y

Adder(1) —* closure([x — 1], y — x + y)

type ast = Var of var | ... | Fun of var * expr
type value = ... | Closure of env * var * expr
and env = (var * value) list

let rec eval env = function
| Var x -> List.assoc x env
|
| Fun (x, t) -> Closure(env, x, t)
| FunRec (f, x, t) ->
(x Closure((f, ?) :: env, x, t) *)
let rec clo = Closure((f,clo) :: env, x, t) in clo
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State of the OCaml art

OCaml manual — Language Extensions — Recursive definitions of values


file:///home/gasche/Prog/ocaml/github-trunk/manual/manual/htmlman/manual023.html
https://caml.inria.fr/mantis/view.php?id=7231
https://caml.inria.fr/mantis/view.php?id=7215
https://caml.inria.fr/mantis/view.php?id=4989
https://caml.inria.fr/mantis/view.php?id=6939
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State of the OCaml art

PR#7231: check too permissive with nested recursive bindings
let recr = let rec x () =r
and y O =x O
iny O
in r "oops"


https://caml.inria.fr/mantis/view.php?id=7231

State of the OCaml art

PR#7215: Unsoundness with GADTs and let rec
let is_int (type a) : (int, a) eq =
let rec (p : (int, a) eq) =
match p with Refl -> Refl
in p


https://caml.inria.fr/mantis/view.php?id=7215

State of the OCaml art

PR#4989: Compiler rejects recursive definitions of values

let rec f =let g=funx ->f xin g


https://caml.inria.fr/mantis/view.php?id=4989

State of the OCaml art

PR#6939: Segfault with improper use of let-rec and float arrays

let rec x = [| x |]; 1. in O


https://caml.inria.fr/mantis/view.php?id=6939

The typical approach

We propose a type system to check recursive value definitions.

Our types are one of five access modes m, with a typing judgment

I t: m. A recursive declaration is safe if the mode of the recursive
variables is gentle enough.

The typing rules are formulated so that an algorithm can easily be
extracted.

We wrote the corresponding code; it landed in the OCaml compiler (#556,
April 2016; #1942, July 2018), fixing more bugs than we introduced.

Implementation


https://github.com/ocaml/ocaml/pull/556
https://github.com/ocaml/ocaml/pull/1942
https://github.com/ocaml/ocaml/blob/4.08/typing/rec_check.ml#L543-L555

Access modes

The mode of x in t is:

Ignore :

Delay
Guard

Return

Dereference :

1

D AY. X, lazy x.
: K (x)

X, let y=ein x

1+x, xy, fx.
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Access modes

The mode of x in t is:
Ignore : 1
Delay : Ay.x, lazy x.
Guard : K (x)
Return : x, let y = e in x

Dereference : 1+ x, x y, f x.

let rec f =An.nxf (n—1) f:Delay = An.nxf (n—1): Return
let rec o = Cons(1,0) o : Guard + Cons (1, 0) : Return
let rec x=1+x x : Dereference - 1 4 x : Return

letrecx=1let y=xiny x : Return - 1et y = x in y : Return
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Access modes

The mode of x in t is:
Ignore : 1
Delay : Ay.x, lazy x.
Guard : K (x)
Return : x, let y = e in x

Dereference : 1+ x, x y, f x.

let rec f =An.nxf (n—1) f:Delay = An.nxf (n—1): Return
let rec o = Cons(1,0) o : Guard + Cons (1, 0) : Return

let rec x=1+x x : Dereference - 1 + x : Return
letrecx=1let y=xiny x : Return - 1et y = x in y : Return

Safety criterion: recursive variables must have mode Guard or less.

10



Mode typing judgment [ =t : m
Using t at mode Guard: K(t).

Two readings of the judgment x : my -t : m:
left-to-right : If x is safe at mode my, then t can be used at m.

right-to-left : Using t at m requires using x at my.

Right-to-left / backward reading: t, m inputs, I output

x:7? F Pair (1,fst x) : Return
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Mode typing judgment [ =t : m
Using t at mode Guard: K(t).

Two readings of the judgment x : my -t : m:
left-to-right : If x is safe at mode my, then t can be used at m.

right-to-left : Using t at m requires using x at my.

Right-to-left / backward reading: t, m inputs, I output

x : Dereference = x : Dereference
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Access modes algebra
The mode of x in C[x]: the mode action of the context C[]].

Ignore : 1
Delay : Ay.0O, lazy O
Guard : K (O)

Return : [, let y = e in [J
Dereference : 140, Oy, f O

12



Access modes algebra
The mode of x in C[x]: the mode action of the context C[]].

Ignore :
s Ay O, lazy O.

Delay

Guard :
0, let y =€ in [J

Return

Dereference :

1
K (D)

1+0,0y, f O

Total order: Ignore < Delay < Guard < Return < Dereference.

12



Access modes algebra
The mode of x in C[x]: the mode action of the context C[]].

Ignore :
s Ay O, lazy O.

Delay

Guard :
0, let y =€ in [J

Return

Dereference :

1
K (D)

1+0,0y, f O

Total order: Ignore < Delay < Guard < Return < Dereference.
Mode composition: C[C’[d]] has mode action m[m'].

12



Access modes algebra
The mode of x in C[x]: the mode action of the context C[]].

Ignore : 1
Delay : Ay.0O, lazy O
Guard : K (O)

Return : [, let y = e in [J
Dereference : 140, Oy, f O

Total order: Ignore < Delay < Guard < Return < Dereference.
Mode composition: C[C’[d]] has mode action m[m'].

Ignore [m] = lIgnore = m]lgnore]
Delay [m > Ignore] = Delay

Guard [Return] = Guard

Guard [m # Return] = m

Return [m] = m

Dereference [m > Ignore] = Dereference

Dereference [Delay] # Delay [Dereference] f (Ax.0), Ax. (f O)
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Access mode typing rules

Fr-t:m ms>m

Mx:mkEx:m r=¢t:m
I x: my b t: m[Delay] I'; -t : m[Dereference] [, u: m[Dereference]
lEXx.t:m Me+TyFtu:m

(F,- ol m[Guard])i
M) K :m

(pattern matching rules...)

Mo, X myeyFu:m

? Fletrecx=tinu:m
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Access mode typing rules

Fr-t:m ms>m

Mx:mkEx:m r=¢t:m
I x: my b t: m[Delay] I'; -t : m[Dereference] [, u: m[Dereference]
lEXx.t:m Me+TyFtu:m

(F,- ol m[Guard])i
M) K :m

(pattern matching rules...)

def
myer < Guard m;c, = max(mye,, Guard)

e, x : Myer F t: Return My, x:myey, Fu:m

mlxeu[rt]—Frul—letrecx:tinu:m
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Soundness theorem

If ) -t : Return
and t —* ¢/
then t’ is not going horribly wrong.
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Soundness theorem

If ) -t : Return
and t —* ¢/
then t’ is not going horribly wrong.

What's a good operational semantics for letrec?
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Source-level approach

A source-level approach to letrec: explicit substitutions.

Hirschowitz, Leroy, and Wells (2003, 2009)

Nordlander, Carlsson, and Gill (2008)
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Source-level operational semantics: example

let rec xs = Cons (1, xs) in _ Nil —None
match with
XS Cons (y, ys)—Some (ys)
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Source-level operational semantics: example

(xs = Cons (x, xs)) € E[C] (would work even if 1let rec at toplevel)

let rec xs = Cons (1, xs) in _ Nil —None
match wit
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Source-level operational semantics: example

(let rec (xi = v;)' in ...)

let rec xs = Cons (1, xs) in , Nil —None
match with

Xs Cons (y, ys)—Some (ys)

— match with

Cons (1, xs) Cons (y, ys) —Some (ys)
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Source-level operational semantics: example

(let rec (xi = v;)' in ...)

let rec xs-—-Cons(l xs) in , Nil —None
match with
Cons (y, ys)—Some (ys)

— match ( Cons (y, ys) —Some (ys)

Nil —None
with
Cons (1, xs)



Source-level operational semantics: example

let rec xs = Cons (1, xs) in , Nil —None
match with
Xs Cons (y, ys)—Some (ys)
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— match with
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Source-level operational semantics: example

let rec xs = Cons (1, xs) in , Nil —None
match with
Xs Cons (y, ys)—Some (ys)
let rec xs = Cons (1, xs) in Nil —None
— match with
Cons (1, xs) Cons (y, ys) —Some (ys)

— let rec xs = Cons (1,xs) in Some (xs)
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ctx

Vicious &f {E[x] | Pv,(x = v) € E}

Theorem
If

(@ t : Return
and

t—=*t

then

t' ¢ Vicious
Proof.

Subject Reduction.

17



Related Work

Backward analyses We describe them as type systems. Syntax!
Modal type theories This is an instance of one — uni-typed.
Modal type theories for (co)recursion We have a nice inference algorithm.

Degrees Elaborate systems for objects and ML functors, need to
accept more programs. Not uni-typed.

Graphs as types We don't.

Operational semantics Best order vs. worst order.

For more details, see our full paper:

https://arxiv.org/abs/1811.08134

18


https://arxiv.org/abs/1811.08134

End.

Tom Hirschowitz, Xavier Leroy, and J. B. Wells. Compilation of extended
recursion in call-by-value functional languages. In PPDP, 2003.

Tom Hirschowitz, Xavier Leroy, and J. B. Wells. Compilation of extended
recursion in call-by-value functional languages. Higher Order Symbol.
Comput., 22(1), March 20009.

Johan Nordlander, Magnus Carlsson, and Andy J. Gill. Unrestricted pure
call-by-value recursion. In ML Workshop, 2008.
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https://hal.archives-ouvertes.fr/hal-00310121/document
https://hal.archives-ouvertes.fr/hal-00310121/document
https://arxiv.org/pdf/0902.1257
https://arxiv.org/pdf/0902.1257
http://www.ittc.ku.edu/~andygill/papers/RecBinds.pdf
http://www.ittc.ku.edu/~andygill/papers/RecBinds.pdf

Bonus slide: Source term syntax

Terms > t,u = x,y,z
| let rec bin u
| M.t |tu
| K (t;)' | match t with h

Bindings 3 b
Handlers > h p
Patterns 3 p,q ::= K (x;)’

|
—~~
3 X
Il
Ky
~

20



Values 5 v ::= Ax. t | K(w;)" | L[v]
WeakValues 5 w 1= x | v | L[w]
ValueBindings > B ::= (x; = v;)’
BindingCtx > L :=[ | let rec Bin L
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Values 5 v ::= Ax. t | K(w;)" | L[v]

WeakValues 5 w 1= x | v | L[w] F:=0¢t|t0O
ValueBindings > B ::= (x; = v;)/ | K (&), 0, ()
BindingCtx > L := | let rec B in L | match O with h
| let rec by,x =0, b in u
EvalCtx 3 E == 0| E[F] | let rec B in O

EvalFrame > F
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ValueBindings > B ::= (x; = v;)/ | K (&), 0, ()
BindingCtx > L := | let rec B in L | match O with h
| let rec by,x =0, b in u
EvalCtx 3 E == 0| E[F] | let rec B in O

EvalFrame > F

ctx

(x=v)€eE t—nd
E[x] — E[v] E[t] — E[t]
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Values 5 v ::= Ax. t | K(w;)" | L[v]

WeakValues 5 w ::= x | v | L[w] Fe=0¢t|tDO
ValueBindings 3 B ::= (x;i = v;)’ | K((t),0,(t))
BindingCtx > L := | let rec B in L | match O with h
| let rec by,x =0, b in u
EvalCtx 3 E == 0| E[F] | let rec B in O
EvalFrame > F
X fram X
(x:v)céE t—nd (x=v) € F V (x:v)céE
E[x] — E[v] Eft] — E[t’] (x=v) Cg E[F]
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frame frame

(x=v) € letrecBinO (x=v) € letrechby=00b inu
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Values 5 v ::= Ax. t | K(w;)" | L[v]

WeakValues 5 w 1= x | v | L[w] F:=0¢t|t0O
ValueBindings > B ::= (x; = v;)/ | K (&), 0, ()
BindingCtx > L := | let rec B in L | match O with h
| let rec by,x =0, b in u
EvalCtx 3 E == 0| E[F] | let rec B in O

EvalFrame > F

ctx frame ctx

(x=v)€eE t—nd (x=v) € F Vv (x=v)eE
E[x] — E[v] E[t] — E[t] (x=v) Cg E[F]
(x=v)eB (x=v)e(bUb)
frame frame
(x=v) € letrecBinO (x=v) € letrechby=00b inu

L. t] v =" Lt[v/x]]

match L[K (w;)] with (... | K (x) — u]...) =" L[u[(wi/x)]]
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ForcingFrame > Ff :=0O v | v O
| match O with h
| let rec byx =0,b in t
ForcingCtx 2 Ef ::= F¢ | E[Ef] ‘ Ef[L]

ctx

Vicious & {E[x] | Bv,(x = V) € E}

22



Bonus slide: mutual recursion

(xi :Tj)) Frech (ml) i (max(mj, Guard))’ Fuy(xi:m) Fu:m

1

Z(mf M) +T,Flet rec binu:m

(Ti, (x - m; ;Y€ = t; - Return)’®/ (m;; < Guard)™/
(Fr=Ti+ > (mij [T]]Y)

(x;i : T Frec (x; = t;)'¢
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