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Nobody has responded yet.

Hang tight! Responses are coming in.

Start the presentation to see live content. For screen share software, share the entire screen. Get help at pollev.com/app




From Typed Lambda Calculus to OCaml

e User-friendly syntax
e Basic types, tuples, records
* Inductive datatypes and pattern-matching

e | ocal declarations

e References
* Type inference
»Generics/polymorphism



Constraint-Based Type Inference

* Step 1: gather constraints, outputs pair (7, C) such that if C can be
solved, T is the type of the expression

e Step 2: unify constraints C, obtain solving substitution o
e Step 3: apply o to T to get the type of the expression

let type of (gamma : context) (e : exp) =
let (t, c) = get_constraints gamma e in
let s = unify cin apply substst



FEun £ => fun x -> f x + f 3):1, > 1, - int|C
C = {Tg — int,T4 — int,T1 =Ty 2 T3,T1 = int — T4}
o = {13 » int, 7, = int,7; = int = int, 7, » int}

lo](t; = 7, - int) = (int - int) - int - int

1 (fun £ -> fun x => f x + f 3): (int - int) - int — int



Universal Polymorphism

* What happens when we do type inference and end up with
variables in the final type?

inferred type for fun x -> 5: 14 = int
inferred type for fun x -> Xx: 71 = T4

* What should the type checker do in this case?



Universal Polymorphism

* What happens when we do type inference and end up with
variables in the final type?

inferred type for fun x -> 5: 14 = int
inferred type for fun x -> Xx: 71 = T4

* We could fail, and ask the user to specify the type of the
argument



Universal Polymorphism

* What happens when we do type inference and end up with
variables in the final type?

inferred type for fun x -> 5: 14 = int
inferred type for fun x -> x: 71 =2 T4

* We could let the user apply fun x -> X toanyinput!
(fun x -> x) 1 =1 (fun x -> x) true = true
(fun X -> x) (fun'y ->y) = funy ->y



Universal Polymorphism

* What happens when we do type inference and end up with

variables in

the final type?

let 1d = fun x -> X;;

(4

val id :

e ‘ais OCam

e Read as “ty
generic”

a -> ‘a = <fun>

’s way of writing a type variable
ne inference has inferred that this function can be




Universal Polymorphism: Examples

let id x = X3 ;
val id : ‘a -> ‘a = <fun>

let f Xy =vy;;
val £ : ‘a -> ‘b -> ‘b = <fun>

let g £ x = f Xx;;
val g : (‘a -> ‘b) -> ‘a -> ‘b = <fun>



Universal Polymorphism: Examples

let id = fun x -> X;;
id : Va. a -> a

let f Xy =vy;;
f : Va, b. a ->b ->b

let g £ x = f Xx;;
g : Va, b. (a ->b) ->a ->0b



Universal Polymorphism: Examples

let update f x v = fun y ->
if y = x then Some v else f y;;

(* update : (‘a -> 'b option) ->"'a->"'b -> ('a -> 'b option) *)

type context = ident -> typ option
type env = ident -> value option

update (gamma : context) x t
update (r : env) x v
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* Universal polymorphism (also generic, or parametric): a type
can have any number of universally quantified variables

* A function can be applied at any instantiation of its type

* Happens when a function doesn’t care about the type of an
argument Mxe—1Fl:7,|C 714 fresh

' funx ->1 P T 2 Ty |C and we end up with no

constraintson 74 in C

— So the function will do the same thing with an input of any type
— Compare to generics in C/Java, contrast with OO polymorphism



Universal Polymorphism

?

'H1let id = fun x -> x in (id 1 = 1) && (id true): ?




Universal Polymorphism

. I'[idPa—-a]t+(id 1 = 1) && (id true):?
H1let id = fun x => x in (id 1 = 1) && (id true) :?




Universal Polymorphism

* We said “we learn type constraints from the ways variables are used”, but
that’s not true for polymorphic functions!

.. I'lid—»a—-alF (id 1=1) && (id true) : bool | C
'1let id = fun x -> x in (id 1=1) && (id true) : bool | C

where C = {a = a = int = int,a = a = bool = bool}

Unsolvable!



Universal Polymorphism: Typing

* There are now two kinds of types:
— A monomorphic type, or monotype, doesn’t have quantifiers

— A polymorphic type, or polytype, is Va4 ...a,.T where T is a
monotype (that uses a, ... a,)

* When should we assign a polytype to a term?
* Let-polymorphism: only at 1et definitions

F"llle F[XHT1]|—Z2:T
F"le-tx=llinlzz7:




Universal Polymorphism: Typing

* There are now two kinds of types:
— A monomorphic type, or monotype, doesn’t have quantifiers

— A polymorphic type, or polytype, is Va4 ...a,.T where T is a
monotype (that uses a, ... a,)

* When should we assign a polytype to a term?
* Let-polymorphism: only at let definitions

F'+l:1;y Tlx»Va,..a,.t]Fl:71
Fletx=1linl,: 7T
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What variables should we quantify?

F'+l:1;y Tlx»Va;..a,.t]Fl:71
Fl—letx=llinl2:1—

a—a id: Va.a = a

let id = fun x -> x in (id 1 = 1) & (id bool)



where vars(t,) = a4, ...,y

F'+l:1;y Tlx»Va;..a,.t]Fl:71
Fl—letx=llinl2:1—

a—a id: Va.a = a

let id = fun x -> x in (id 1 = 1) & (id bool)



where vars(t,) = aq, ...,y

F'+l:1;y Tlx»Va;..a,.t]Fl:71
Fl—letx=llinl2:T

* The type of y has to be int, not generic
'y)=a b—a f:Vab.b - a

funy -> (let f = fun x -> y iny + f 3)



where vars(t;) — vars(l') = aq, ..., a,

F'+l:1;y Tlx»Va;..a,.t]Fl:71
Fl—letx=llinl2:T

* The type of y has to be int, not generic
'y)=a b—-a f:vb.b - a

funy -> (let f = fun x -> y iny + f 3)



-1 :1; vars(ty)—vars(l') =aq,..,a,
F[x g Va1 ...an.Tl] - lz - T
F"letx=l1j.nl2 A

'x)=r1
'x:T




-1 :1; vars(ty)—vars(l') =aq,..,a,
F[x L Va1 ...an.Tl] - lz - T
F"letx=llinl2 A

/

'(x)=Va;..a,.t a1, ..,a, T, ]T=1
'Fx:1’

* We can have polytypesinI, butinI' e : 7, Tisa monotype



'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | Cz
F"letx=llinl2 :T|C1UC2

/

'(x)=Va;..a,.t a1, ..,a, T, ]T=1
'Fx:1’

* We can have polytypesinI, butinI' e : 7, Tisa monotype



'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | Cz
F"letx=llinl2 :T|C1UC2

'(x) =Vay..a,.T bq,..,b, fresh
' x: [al = bli ey A P bTL]T | {}

* We can have polytypesinI, butinI' e : 7, Tisa monotype



'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

{y:a}rlet f = fun x -> y iny + f 3:7]|?



'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

{y:a}Ffun x -> y:?|?
{yra}rlet f = fun x ->y iny + f 3:?|?




'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

{y:a}Ffun x -> y:b-a]|{}
{y:a}rFlet f = fun x -=>y iny + f 3:?|?




'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

iy:a}Ffun x => y:b—-al|{} {y:af:?}ry + f 3:7|?
{y:a}rlet f = fun x -> y iny + f 3:7]|?




'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

{y:a}rfunx->y:b-al|{} {y:af:Vb.boalty + f 3:?]|?
{iyra}jlet f = fun x -> y iny + f 3:7]|?




'+l :1,|Cy vars(ry) —vars(l') = aq,...,a,
F[x = Va1 ...an.Tl] - lz A | CZ
F"letx=llinl2 :T|C1UC2

{y:af:Vb.b—oa}rf:?

{y:a}rlet f = fun x >y iny + f 3:7|7




'(x) =Vay..a,.t by .., b, fresh
[+-x:|a; » by, ...,a, » bt | {}

{y:af:Vb.b—oa}rf:?

{y:a}rlet f = fun x >y iny + f 3:7|7




'(x) =Vay..a,.t by .., b, fresh
[+-x:|a; » by, ...,a, » bt | {}

a and c will be int, but b stays quantified

ly:a,f:Vvb.b->alr-f:c—al|{}

(y:af:VbboalFy + f 3:7|7
(ytalrlet f = fun x -> y iny + f 3:7|?
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More Universal Polymorphism

* With let-polymorphism, we can have polytypes in I', but
whenI e : 1, Tisa monotype

let id = fun x -> x in (id 1 = 1) & (id true);;
let g f = (f1 =1) & (f true);;
(* Type error: f takes an int, not a bool *)

* In let-polymorphism, a polytype never appears as an argument



More Universal Polymorphism

* With let-polymorphism, we can have polytypes in I', but
whenI e : 1, Tisa monotype

* With full universal polymorphism, polytypes are first-class types
let g f xy=(fx=1) & (f vy);;
(* g : (Wa.a - a) — int - bool - bool *)

* There is no type inference algorithm for full universal
polymorphism!

* We need to explicitly instantiate the polytypes at each use



T::=T—-T| <tident> | V<tident>. T
L ::=A<ident>:T.L | LL | <ident> | A<tident>. L | L [T]

let i1d = Aa.Ax:a.Xx
(id [int] 1 = 1) && (id [bool] true)

F'-1l:7 'H1l:Va. 1ty
' Aa.l:Va.t '-1l]t]: [a~ 1]T4

* Used in some versions of Haskell, dependently-typed languages
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Universal Polymorphism

* In OCaml, a function with free type variables gets a universal
type, and can be used at any instantiation of its type

* Happens when a function doesn’t care about the type of an
argument, and will do the same thing with an input of any type

* Requires only a small change to type checking/inference to
automatically infer when a function can be generic

* More general universal polymorphism is possible, but if we go
too general, we lose automatic type inference!



From Typed Lambda Calculus to OCaml

e User-friendly syntax

e Basic types, tuples, records

* Inductive datatypes and pattern-matching
* Local declarations

e References
* Type inference
* Generics/polymorphism
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