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» Unifies ML core & module languages

* A language with first-class modules and H/M polymorphism

* A syntax for Fy that you actually want to program in
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type MAP (Key : EQ) =
{
type key = Key.t
type map a
empty 'a : map a
lookup 'a : key — map a — opt a
add 'a: key -+ a — map a — map a

}

Map (Key : EQ) :> MAP Key =
{
type key = Key.t
type map a = key — opt a
empty = fun x = none
lookup x m = m x

add x y m = fun z = if Key.eq z x then some y else m z

;
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MAP = fun (Key : EQ) = type
{
key : (= type Key.t)
map : (a : type) — type
empty : '(a : type) — map a
lookup : '(a : type) — key — map a — opt a
add : '(a: type) — key —+ a — map a — map a

}

Map (Key : EQ) :> MAP Key =
{
key = type Key.t
map a = type (key — opt a)
empty = fun x = none
lookup x m = m x
add x y m = fun z = if Key.eq z x then some y else m z

;
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SEMANTICS

» Based on F-ing Modules [Rossberg, Russo, Dreyer 2010/ 4]
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» Based on F-ing Modules [Rossberg, Russo, Dreyer 2010/ 4]

* Defined by elaboration into System Fy
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SEMANTICS

» Based on F-ing Modules [Rossberg, Russo, Dreyer 2010/ 4]

* Defined by elaboration into System Fy

* Main task of elaboration: manage quantifiers for abstract types
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{type t = int; f:int — t}
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{type t = int; f:int — t}

{t: (=int),f:int — int}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (=7) :
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (=7) :

{type t; f:int — t}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (=7) = (7 = 7)
{type t; f:int — t}

da. {t: (= a),f:int — o}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (=7) = (71 = 7)
{type t; f:int — t}

da. {t: (= a),f:int — o}
[cf. Mrtchell, Plotkin 1988]
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (=7) = (71 = 7)
{type t; f:int — t}

da. {t: (= a),f:int — o}
[cf. Mrtchell, Plotkin 1988]

(X : {type t}) — {f : X.t— int}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (e R G
{type t; f:int — t}
dJa. {t: (= «a),f:int = a}
[f. Mitchell, Plotkin 1988]
(X : {type t}) — {f : X.t— int}
Va.{t: (=a)} = {f: o — int}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (e R G
{type t; f:int — t}
dJa. {t: (= «a),f:int = a}
[f. Mitchell, Plotkin 1988]
(X : {type t}) — {f : X.t— int}
Va.{t: (=a)} = {f: o — int}

(X : {type t; v: t}) — {type u; f: u — Xt}
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (e R G
{type t; f:int — t}
dJa. {t: (= «a),f:int = a}
[f. Mitchell, Plotkin 1988]
(X : {type t}) — {f : X.t— int}
Va.{t: (=a)} = {f: o — int}

(X : {type t;v: t}) — {type u; f: u — Xt}
ottt (=a),v:al - 38.{u: (= 0, S=aal
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{type t = int; f:int — t}

{t: (=int),f:int — int}

where (e R G
{type t; f:int — t}
dJa. {t: (= «a),f:int = a}
[f. Mitchell, Plotkin 1988]
(X : {type t}) — {f : X.t— int}
Va.{t: (=a)} = {f: o — int}

(X : {type t; v: t}) — {type u; f: u — Xt}

Va.{t: (=a),v:a} —-38.{u: (= 6),f: 8 = a}
[cf. Russo [998]
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1 = @ap o
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=@ asmrafiae erus ¢ o

e = o
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I = @R e fint ey o o'

B 7 = e o

IR e = e;
= c": Elat e dol.
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I = @R e fint ey o o'
M= i = e

IR e = e;
= c": Elat e dol.

I bl 2351.{213‘1 10'1}
I'aq, 271 - 01 _bglﬂag.{CIZ‘QZO’Q} X1 WTQ

't by;by: Joioe. {Z1 01,22 - 02}
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I'Fe:Mz(Xa.{z:0,2" : 0'})
I = @ap.s M@ o)

B =Ye: Mg()@a)
'Fx=e:Mz(Xa.{z:0})

1Pl bl : Mgl ()@1 {33‘1 . 0'1})
F,al,ibl . 01 |_ bQ i MEQ()\EQ. {CEQ - 0'2}) fl W TQ

IE= bl ;bg : Mg1°Mg2 (>\5152- {371 . 01,22 . 0-2})
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I'Fe:Mz(Xa.{z:0,2" : 0'})
I = @ap.s M@ o)

where Mz = Ac: (F — Q). Jack. c

B =Ye: Mg()@a)
'Fx=e:Mz(Xa.{z:0})

1Pl bl : Mgl ()@1 {33‘1 . 0'1})
F,al,ibl . 01 |_ bQ i MEQ()\EQ. {CEQ - 0'2}) fl W TQ

IE= bl ;bg : Mg1°Mg2 (>\5152- {371 . 01,22 . 0-2})
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I'Fe:Mz(Xa.{z:0,2" : 0'})
I = @ap.s M@ o)

where Mz = Ac: (F — Q). Jack. c

B =Ye: Mg()@a)
'Fx=e:Mz(Xa.{z:0})

1Pl bl : Mgl ()@1 {33‘1 . 0'1})
F,al,ibl . 01 |_ bQ i MEQ()\EQ. {CEQ - 0'2}) fl W TQ

IE= bl ;bg : Mg1°Mg2 ()\5162- {371 . 01,22 . 0-2})
where Mz, -Mz, = Mz, %,
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I'Fe:Mz(Xa.{z:0,2" : 0'})
I = @ap.s M@ o)

where Mz = Ac: (F — Q). Jack. c

B =" Mg()@a)
'Fx=e:Mz(Xa.{z:0})

1Pl bl : Mgl ()@1 {33‘1 . 0'1})
F,al,ZEl . 01 |_ bQ i MEQ()\EQ. {$2 - 0'2}) fl m TQ

IE= bl ;bg : Mg1°Mg2 (AalaZ- {371 . 01,22 . 0-2})

where Mgl 'MEQ = ME1E2
[cf. productoids, Tate 201 3; polymonads Hicks, Bierman, Guts, Leijen, Swamy, 201 4]
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I'Fe: Mz(Xa.{z : 0,2’ : 0'})

' e.x: Mz(\a. o)
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I'Fe: Mz(Xa.{z : 0,2’ : 0'})
' ex: Mz(Xa. o)

e.x ~» unpack (@, y) = e in pack (@, y.z)
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I'Fe: Mz(Xa.{z : 0,2’ : 0'})

' e.x: Mz(\a. o)

.2 ~  mapy, (Aa.Ay.y.x) e
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e.x ~  mapy, (Aa.Ay.y.x) e
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e.xr
r=e
b1 ; bo

(|€t T1 = Y1.x1 In b2))
b1)
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.2 ~  mapy, (Aa.Ay.y.x) e

v sy L
Yo < letxy = y1.21 In bz]
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(x : t1) — &5




GENERATIVITY

(x : t1) — &5

Vai.01 — das. oo
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GENERATIVITY

(x : t1) — &5

V@l. o1 — 3@2. J9

V&l. o1 — M()\az 0'2)
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GENERATIVITY

A = Map Int
B = Map Int
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GENERATIVITY

A = Map Int
B = Map Int

m = A.add 1 "foo” (A.add 3 "bar" A.empty)
test = B.lookup 2 m
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GENERATIVITY

A = Map Int
B = Map Int

m = A.add 1 "foo” (A.add 3 "bar" A.empty)
test = B.lookup 2 m

e e
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GENERATIVITY

(x : t1) — &5

V@l. o1 — 3@2. J9

V&l. o1 — M()\az 0'2)
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GENERATIVITY

(x : t1) — &5

Voy. o1 — 30p. 02 “generative’ functor (SML)

\V/al. o1 — M()\az. 0'2)
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GENERATIVITY

(x : t1) — &5

Voy. o1 — 30p. 02 “generative’ functor (SML)

\V/al. o1 — M()\az. 0'2)

Jap. V. 01 — 02 “applicative” functor (Ocaml)
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GENERATIVITY

(x : t1) — to
Vai.o1 — dog. 02 “generative’ functor (SML)

V&l. o1 — M()\az 0'2)

Jap. V. 01 — 02 “applicative” functor (Ocaml)

M()\&Q.\V/al. Ol 0'2)
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type SYMBOL =
{
type symbol
insert : string — symbol
lookup : symbol — string
eq : symbol — symbol — bool

h
Symbol () :> SYMBOL =
{
type symbol = int
table = ref ]

insert s = table := s :: Itable; length !table
lookup n = nth !table (length !table - n)
eq X y o (X S y)

[cf. Ahmed, Dreyer, Rossberg 2009]

Sunday, April 24, 16



GENERATIVITY

* We can hoist the abstraction effect out of a function,
but only If It contains no other effects.
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GENERATIVITY IN 1M]

(Q?ZTl) Az T2

impure function

($ZT1) — T5

pure function




(GEN

(.CZ?ZTl) N T2

impure function

($2T1) — 5

pure function

CRATIVITY IN 1MI,

AL Vai.01 — das. 09

V&l. g1 — M()\ag 0'2)

A 3&2.\7@1.01 — 09

M()\@Q.V@l. o1 — 0'2)
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n:=P]|I

I'Fe:, da.o
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VWHY?

* In I ML, functions = functors, so all functions are effect-typed
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* In I ML, functions = functors, so all functions are effect-typed
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- ...but many notions of effect don't scale without effect
polymorphism
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* In I ML, functions = functors, so all functions are effect-typed
» Natural desire to refine the effect algebra

- ...but many notions of effect don't scale without effect
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* Plus, here 1t implies something new: generativity polymorphism
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VWHY?

* In I ML, functions = functors, so all functions are effect-typed
» Natural desire to refine the effect algebra

- ...but many notions of effect don't scale without effect
polymorphism

* Plus, here 1t implies something new: generativity polymorphism

» ..and that allows us to recover MacQueens notion of
“true higher-order” modules [MacQueen, Tofte |994]
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EXTENDING THE LANGUAGE

(types) t :=... | effect | (x:t)— f/t

(effects) f ::= pure | impure | x | f,f




EXTEN

(types)

DING THE LANGUAGE

t n=... |effect | (x:t)— f/t

(effects) f ::= pure | impure | x | f,f

(jStl) — 19
(il?:tl)’\/%tg

(z:t1) — pure/t;
(z:t1) — impure/ts
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map : (a: type) — (b : type) — (e : effect) — (a — e/b) — list a — e/list b
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map : (a: type) — (b : type) — (e : effect) — (a — e/b) — list a — e/list b

compose (a : type) (b : type) (c : type) (el : effect) (e2 : effect)
4 )(f: b—e2/c)(g: a—el/b)(x: a)=
g X
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map : (a: type) — (b : type) — (e : effect) — (a — e/b) — list a — e/list b

compose (a : type) (b : type) (c : type) (el : effect) (e2 : effect)
4 )(f: b—e2/c)(g: a—el/b)(x: a)=
g X

compose : (a : type) — (b : type) — (c : type) — (el : effect) — (e2 : effect) —
(b —el/c) — (a — e2/b) — (a — (el,e2)/c)
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map : (a: type) — (b : type) — (e : effect) — (a — e/b) — list a — e/list b

compose (a : type) (b : type) (c : type) (el : effect) (e2 : effect)
4 )(f: b—e2/c)(g: a—el/b)(x: a)=
g X

compose : (a : type) — (b : type) — (c : type) — (el : effect) — (e2 : effect) —
(b —el/c) — (a — e2/b) — (a — (el,e2)/c)

compose f g x = f (g x)
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map : (a: type) — (b : type) — (e : effect) — (a — e/b) — list a — e/list b

compose (a : type) (b : type) (c : type) (el : effect) (e2 : effect)
4 )(f: b—e2/c)(g: a—el/b)(x: a)=
g X

compose : (a : type) — (b : type) — (c : type) — (el : effect) — (e2 : effect) —
(b —el/c) — (a — e2/b) — (a — (el,e2)/c)

compose f g x = f (g x)
compose 'a'b'c'el 'e2: (b —el/c) — (a — el/b) — (a — (el,e2)/c)
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GENERATIVITY POLYMORPHISM

Const = fun (a : type) = int ;;: (a: type) — (= int)
d = fun (a : type) =a ;;: (a: type) — (= a)
Appl = Id :> type — type

Gen = Id :> type ~ type




GENERATIVITY POLYMORPHISM

Const = fun (a : type) = int ;;: (a: type) — (= int)
d = fun (a : type) =a ;;: (a: type) — (= a)
Appl = Id :> type — type

Gen = Id :> type ~ type

Apply (F : type — type) (a : type) = F a
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GENERATIVITY POLYMORPHISM

Const = fun (a : type) = int ;;: (a: type) — (= int)
d = fun (a : type) =a ;;: (a: type) — (= a)
Appl = Id :> type — type

Gen = Id :> type ~ type

Apply (F : type — type) (a : type) = F a
[ cf. Kuan, MacQueen, 2009]
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GENERATIVITY POLYMORPHISM

Const = fun (a : type) = int ;;: (a: type) — (= int)
d = fun (a : type) =a ;;: (a: type) — (= a)
Appl = Id :> type — type

Gen = Id :> type ~ type

Apply (e : effect) (F : type — e/type) (a : type) = F a
[ cf. Kuan, MacQueen, 2009]
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GENERATIVITY POLYMORPHISM

Const = fun (a : type) = int ;;: (a: type) — (= int)
d = fun (a : type) =a ;;: (a: type) — (= a)
Appl = Id :> type — type

Gen = Id :> type ~ type

Apply (e : effect) (F : type — e/type) (a : type) = F a
[ cf. Kuan, MacQueen, 2009]

t = Apply pure Const bool ;; = int

u = Apply pure Id bool - = bool

v = Apply pure Appl bool .. = Apply pure Appl bool
w = Apply impure Gen bool ;; fresh
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POLYMORP

($1T1) e T2

impure function

(.CZ?ZTl) — T2

pure function

IC G

-NERATIVITY

\V/al. O e 3&2. 09

V&l. g1 — M()\ag. 0'2)

352.\751. 01 — 09

M()\@Q.\V/al. o1 — 0'2)
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POLYMORP

($1T1) e T2

impure function

(.CZ?ZTl) — T2

pure function

(.CEZTl) 7 f/T2

ﬁ

effect-polymorphic
function

IC GENERATIVITY

Ay \V/al.()'l %3&2.02

V&l. o1 — M()\ag. 0'2)

e 352.\7@1.01 — 09

M()\@Q.V@l. o1 — 0'2)
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POLYMORPHIC GENERATIVITY

($ZT1) ~>» T5 A \V/al.()'l S 3&2.0'2

impure function Vay.op — M(Aay. o9)
(ZU:Tl) — Iy N Jain. Vap. 01 — 09

pure function M (Aag. V.01 — 02)
(.CCZTl) ST f/T2 Ry, 3&2.\7@1.01 — (0’2 i 3@2.0'2)

ﬁ

effect-polymorphic
function
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POLYMORP

($2T1) e T2

impure function

(.CZ?ZTl) — T2

pure function

(.CCZTl) 7 f/T2

ﬁ

effect-polymorphic
function

IC G

-NERATIVITY

~> Va.01 — das. oo

V&l. g1 — M()\ag. 0'2)

D 3@2.\7@1.01 — 09

M()\@Q.\V/al. o1 — 0'2)

o 3&2.\7@1.01 — (UQ‘I’E'@Q.O-Q)

M()\ag.val. o1 — M/()\aQ- 02))
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THE "POLY-GENERATIVITY
POLYMONAD"




THE "POLY-GENERATIVITY
POLYMONAD"

M = Xc: (F — Q). (Zﬂa ca)
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» Effect polymorphism gives rise to generativity polymorphism

Sunday, April 24, 16



SUMMARY

» lype abstraction can be viewed as an effect

* Elaborating 1t into existential types forms a (poly)monad

* An effect system allows multiple modes of type generativity
» Effect polymorphism gives rise to generativity polymorphism

- Monads are a great abstraction, even in places you don't expect
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THANKYOU.




