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The Problem

id :: V a. a - a
id X = X

What if | want to specialize 1d to Int?

Type signature: id :: Int — Int
Visible type application:  1d @Int



And it gets worse...
Without type application With type application

bind = coerce ((>>=) bind = coerce
. Identity a ((>>=) @Identity @a @b)
- (a -> Identity b)
— Identity b)

compile (SCond (se@ :: Sing e@) compile (SCond se@

(sel :: Sing el) (se2 :: Sing e2)) (sel :: Sing el) (se2 :: Sing e2))
= case (fact ’(sEval seo@) = case fact @(Eval el) @(Eval e2)
(P :: P (Eval el)) @s (sEval se@) of
(P :: P (Eval e2)) :: Refl » compile se@ ++
((If (Eval e@) (Eval el) IFPOP (compile sel)
(Eval e2)) ’: s) i~ (compile se2) ::: Nil

(If (Eval e@)
((Eval el) °’: s)
((Eval e2) ’: s))) of
Refl — compile se@ ++

e S o [McBride’s 2012 ICFP keynote]



But, surely this is easy!

Other languages have this.
(Coq, Agda, Idris, Java, F#, ...)
nwo forwmal analysis

Naive approach:
Allow type application
only after function names.



Types after function names
id @Int /

3 @Int 'é

pair :: V a. a
- V b. b
— (a, b)

palr @Int 4
@Bool True




Problems inferring types
swap (a, b) = (b, a)

1) Vab. (a, b) - (b, a)
2) V b a. (a, )—>(b a)

Choice of type matters “ ”‘
with type application




Hindley-Milner to the rescue

A declarative system,
independent of inference.

Declarative systems are
easier to reason about.



Hindley-Milner to the rescue

Principal types property:
Every expression has a
most general type.

Corollary: Let-expansion and
-contraction are reasonable.



Two key ideas

Specified vs. generalized
type variables

Lazy instantiation



A type inference problem

const :: Vab. a - b — a
id :: V c. ¢ = cC

let x = const 1id
in X @Int

Inferred type:
X 1t b~ (c —- ¢)

What is the type of x @Int?

)b - (Int — Int)
2)Int » (¢ — C)



A type inference problem

const :: Vab. a - b — a
id :: V c. ¢ = cC

let x :: Vbc. b - (c » )
X = const 1d
in X @Int

What is the type of x @Int?

)b 2 LInt > Int)
) Int - (¢ — c)



What just happened?
X 1+ Vbc.b - (c » )
X’s type is specified.

User-written types control
the order of type instantiation.



What just happened?
X 1 b - (c - ¢)
X’s type is specified.

User-written types control
the order of type instantiation.

Types without V use
left-to-right ordering.



Specified vs. generalized

Specified variables are user-written.
(with or without V)

Generalized variables are
invented by the compiler.

Visible type application works
with only specified variables.



A type inference problem

const :: Vab. a—- b — a
id :: Vc. c = C

in X @Int

Inferred type:
X 2 b — (C N C)

What is the type of x @Int?
1)b — (Int N Int)
2) Int = (r N C)

3) ill-typed



The Hindley-Milner Type System

Declarative system:
Easier to reason about

|_

Syntax-directed system:
Easier to implement

=



The Hindley-Milner Type System

mowotyype

Tu=al|T — Ta|Int
volytyye

o:=Va.o|T



The Hindley-Milner Type System

Tu=al|T — Ta|Int

o:=Va.ol|T 3557gns 3 Polytype
a & ftv(IN [Fe:01
[ Fe:o O1 < O>

—GEN — SUB
FI-e:Va.G rl‘e:(jz



The Hindley-Milner Type System

Tu=a|T — T Int

o:=Va.o|T
a & ftv(IN [Fe:01
[ Fe:0o CEN O—1SO—2 CUB
[Fe:Va.o [Fe: o

~—

can happen anywheve anytime



The Hindley-Milner Type System

Tu=al|T — Ta|Int

o:=Va.o|T
a & ftv(IN [Fe:01
[ Fe:o CEN O—1SO—2 CUB
rl-e:Va.G rl‘e:(jz
Va.a—a 050> Int - Int

“o0,is more general than ¢,”



The Hindley-Milner Type System

Tu=al|t — T Int
0:=V{afo|T  generalized

K_/
a & ftv(IN [Fe:01
[ Fe:o CEN O—1SO—2 CUB
[Fe:V{alo [Fe:o,
01=0;

“o0,is more general than ¢,”



System V
Tu=a|T ~ T Int

L = Va.u I T enevalized
O = V{a},o’ | U be‘?OYe Specified
a & ftv(l) [Fe:0n
[ Fe:0o oF < o>

—)—— GEN @ @——/—— B
FI—e:V{a},gG Fe:o,

[Fe:Va.u

qu[t/a] TAPP



System V
Tu=a|Ti — T Int
v:a=Vau |t

o0 ::=V{alo|v
a & ftv(IN [Fe:01
[Fe:o 0. <0,
[Fe: V{a}.GGEN "Feio, 0
A



Subsumption

01 S0,
€(¢ : ))
01is more general than o,

V{a,b}.a - b < V{ala — Int
Va,b.a » b <Int = Int
Va,b.a - b £ Va.a — Int
Va,b.a - b £Vb.Int » b



System V
Tu=a|Ti — T Int
v:a=Vau |t

o0 ::=V{alo|v
a & ftv(IN [Fe:01
[Fe:o 0—130—2

—— —— — GEN ——— SUB
I'I—e:‘v’{a}.crG "Fe:oy

[Fe:Va.u

Fre@c:o[tal



Two key ideas

Specified vs. generalize/cil/
type variables  §
How 0 iwmplement?
Lazy instantiation



Syntax-directed version of HM

x:Vial.ter

———————— VAR
[Ex:t[t/a]

Variables are immediately
fully instantiated.



Syntax-directed System V

[Ee:T FEe:v
[Fe:Var e x:V{a}l.v €T an
[Fe:t[T/a] [Ex:vu[t'/a]
] might Still have
[Fe:Ti — T specified variables
[ F S5 . T
APP

r|=e1eZ:T2



Syntax-directed System V

Specified variable instantiation
happens only when necessary.



Two key ideas
Specified vs. generalizeyﬂ
type variables  §

Lazy instantiation 3 /



Analysis

Theorem: System V has
principal types.

Theorem: System Vis a
conservative extension of
Hindley-Milner.



Analysis

Speciiied variables |12y stantiation
N

Approach is general
and extensible.

Proof: extension to a
bidirectional system
with higher-rank types.



Related Work

Peyton Jones, Vytiniotis, Weirich, Shields. Practical
type inference for arbitrary-rank types. JFP, 2007.

Dunfield, Krishnaswami. Complete and easy
bidirectional typechecking for higher-rank
polymorphism. ICFP, 2013.



Summary

Design for visible
type application that:

e retains principal types
e extends Hindley-Milner
e is implemented for Haskell

iINn GHC 8.0
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