subtyplng



class Cat {
func makeNoise() {
print("meow!")
}
}

class Dog {
func makeNoise() {
print("woof!")
}
}



let cats: [Cat]
let dogs: [Dog]

cats.map { (c) 1n
dogs.map { (d) 1n

[Cat(), Cat()]
[Dog(), Dog()]

c.makeNoise() }
d.makeNoise() }



let harmony = [Cat(), Dog()]



let harmony = [Cat(), Dog()]

// harmony: [?]



let harmony = [Cat(), Dog()]

// harmony.map { (a) in a.makeNoise() }



let harmony = [Cat(), Dog()]
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class Animal {
func makeNoise() {}

)

class Cat: Animal {
override func makeNoise() {
print("meow!")
}
}

class Dog: Animal {
override func makeNoise() {
print("woof!")
}
}



let harmony: [Animal] = [Cat(), Dog()]

harmony.map { (a) in a.makeNoise() }



func sayHi(_ animal: Animal) {
print("hi!")
animal .makeNoise()

}

sayH1(Cat())

sayH1(Dog())



protocol Noisy {
func makeNoise()

¥

protocol Pettable {
func pet()

}

class Cat: Noisy, Pettable {
func makeNoise() {
print("meow!")
}
func pet() {
self.makeNoise()

}



let harmony: [Any] = [Cat(), Dog()]



let harmony: [Any] = [Cat(), Dog()]

' Before and after my dog realizes I'm in the room
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what do these have
1n common?



subsumption

1f e has type o
and o 1S a subtype of T

then e has type T



subsumption

| Fe:0 O<:T
| Fe: T



: y: t2, z: t3 }

type big &
{ x: t1, y: t2 }

= 1
type small =

fun f (s : small) = #x s
val b={x=1, y =2, z=31}

(* T b *)



width

{Zi : _L_iie1..n+k} o {Zl : _L_iie1..n}






variant width

<Zi : _L_iie1..n> < <11 : _L_iie1..n+k>









datatype big =
Xb of t1

| Yb of t2

| Zb of t3

datatype small =
Xs of tI
| Ys of t2



small product bilg sum

big product small sum



Animal

/N

Cat Dog

A\

Calico Tabby

N



Complex
Real
Rational

Long



List Bool
Maybe Bool

Bool



I Nt BOO]_ Ca i DOg S()Cke i I mage I_ ]_ St AbstractProxyFactorySingletonBean



Enum Animal
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Enum Animal
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TCPSocket LinkedList



Copyable Synchronized
Enum Animal
I N t BOO]_ Ca t DOg S()Cke t I mage I_ ]_ S t AbstractProxyFactorySingletonBean

TCPSocket LinkedList



Any
Copyable Synchronized
Enum Animal
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TCPSocket LinkedList



Any
Copyable Synchronized

Enum Animal
I N t BOO]_ Ca t DOg S()Cke t I mage |_ ]_ S t AbstractProxyFactorySingletonBean

TCPSocket LinkedList

Nothing



any value 1s an i1nstance of Any

what 1s an instance of Nothing?



)
D
O
o =]
o)
)
(O
—]




consequences of the bottom type?



ascription and casting

| Fe: T
| Fe as T: T



ascription and casting

| Fe: T
| Fe as T: T

completely useless, right?



ascription and casting

| Fe: O
| Fe as T: T



ascription and casting

| Fe: O
| Fe as T: T

how do we make this safe at runtime?



functions

O1 <:T71 O0O)<: 1Ty

O1 2 0 <: 71— 0y



functions




functions

1 <:017 0Oy <: 1Ty
O1 — 0y <: 1 — [y

functions are covariant in the codomain
and contravariant in the domain!



references

O <: T

o ref <: 1T ref



references




references

O<: T TK:.0O

o ref <: 1t ref



references

O<: T T<:0
o ref <: 1t ref

in effect, the types have to be equal,
making references invariant!
(modulo field reordering)



sources and Sinks

| Fe: T src [ Fe;: T sink T Fey: T

[ le: T [ Fe;:=e;:unit

also called “capabilities”



sources and Sinks

O <:T T<:0

O SIr¢ <: T Ssrc O S1nK <: T sink

T ref <: T src T ref <: T sink



arrays

generalized references, so invariant?



arrays

what problems does this cause?



logic

O<:T1 O0O<: 1Ty
O<:T1 /N Ty

O <: 17 O <: 0y

O<:T1V Ty O<:T1VTD



List<?> // just ‘a list



List<? extends Animal> // no ML equiv.



List<? extends Any>



L1st<? super Cat>



List<? extends Noisy & Pettable>



List<? extends Animal & Comparable<?>>

“F-bounded polymorphism”



bounded quantification 1s a rich topic..

typechecking easily made undecidable!



List<? extends Integer & GreaterThan<i1>>



parametric vs. 1inclusion polymorphism
closed vs. open type extension
behavioral subtyping

refinement types

dependent types

type theory becomes richer

but checking becomes undecidable..

and OOP dogma shows up too (cf. Liskov)



further reading

ch. 24, 25 of PFPL (by Harper)

ch. 15, 16, 26, 28 of TaPL (by Pierce)



