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World generation DSL

pn0 = perlin seed 6 0.05 0.6,
pnl = perlin (seed + 1) 6 0.05 0.6,

[F4] Conmand:

in
overlay
[ mask (big && hard && artificial)
(if (cl > 0.85) then {stone, copper ore} else {stone})
, mask (big &% hard && natural)
( overlay
[ {grass}
, mask (cl > 0.0) Compostion
(if (hash % 30 == 1)
then {dirt, LaTeX}
else {dirt, tree})
, mask (hash % 30 == 0) {stone, boulder}
, mask (cl > 0.5) {stone, mountain}

]

)
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World generation DSL

if (x > 3) then water else grass
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Types?

W a = (Int, Int) — a.
A top-level expression describing a world has type W Cell.

® grass, water : Cell

if : Bool +a—a—a
x,y: W int
if (x > 3) then water else grass : W Cell 7



Another example

if uniform (0,1) > 0.2 then "hello" else "world" : Distribution String



Applicative Functors



Definition

An applicative functor is some [J: Type — Type together with operations

pure:a—[a
ap:d(a—b)—0a—00b

(satisfying certain laws).



Convenience

For convenience, define

° ((0)=ap
* (($)) = fmap = apopure:(a— b) - D a—Ob
So e.g. ap (ap (pure (>)) x) (pure 3) can be written

(>) ($) x () pure 3



Example: Maybe

pure = Just
ap = Acases { (Just f) (Just x) — Just (f x); — _ — Nothing }



Example: W

type W a = Coords — a
pure :a — W a = const
ap:W(a—=b)—-Wa—-Wb=XAMxc—fc(xc)



Example: W

if (x > 3) then water else grass : W Cell

Y

ap (ap (pure if ) (ap (ap (pure (>)) x) (pure 3)) (pure water)) (pure grass)

if ($) ((>) ($) x () pure 3) () pure water (x) pure grass



Question

How and when can we automatically insert pure and ap?



Question

How and when can we automatically insert pure and ap?

Implemented in Swarm world DSL. .. but is it correct? And how does it
generalize?



#5443, Fioa,Bel.d:anfB=A.=.avBe2

Dem.
Fo#53426. D Fna=tz.B=1y.D:avBe2.=.04y.
[%51-231] =.znty=A.
[*13:12] =.anfB=A (1)

F.(1).#1111-85.D
Fi(ge, y).a=t2.B=1y.D:avuBe2.=.anfB=A 2)
F.(2).%1154.%52'1. D F . Prop
From this proposition it will follow, when arithmetical addition has been
defined, that 1 +1=2.

Formalization



term, t

type, o, T

X
Ax.t
tt
(o)
pure

ap

™ — T2

Or

term
variable
bind x in t abstraction
application
constant
pure

ap

type
base type
function type
box type



t has type 7 in context [

x:Ttel
—F— TY_VAR
lEx:71
x:oFt:T
TY_LAM

[XMxt:0—T
lFt:o—=7 THEK:o
rl_tltgiT

TY_APP

cC:TEX

TY_CONST
Nc: 7



t has type 7 in context [

TY_PURE

Fpure:oc— o

_A
Ntap:O(c—7)— (Do —0O7) TY-AP



So far, pure and ap must be explicitly included. . . how to model the possibility to
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So far, pure and ap must be explicitly included. . . how to model the possibility to
infer them?

Subtyping!



71 is a subtype of 7

SUB_REFL
T<IT

T <ITo To<!.T3
SUB_TRANS

T <! T3

T <:01 092 <:Ty

SUB_ARR
01— 09 <. T1 — T2



71 is a subtype of 7

— SUB_PURE
T<:0drT

SUB_AP

O(c—7)<:00c—0O71



71 is a subtype of 7

o<:!T

— SUB_BOX
Do <:0OT1



t has type 7 in context [ with subtyping

F=t:7
[Fe.t:0o o<:T
(R

TYS_EMB

TYS_SUB



Elaboration

® o <: 71 elaborates to an explicit coercion term with type 0 — 7

® [F_.t: 7 elaborates to [ -t : 7, where all uses of subtyping have been
replaced by an application of an elaborated coercion term



Question: is o <: T decidable?



Applicative Subtyping



Transitivity is annoying

T <ITog To<!T3
SUB_TRANS

T <! T3



Transitivity-free subtyping

71 is a subtype of 7

SUBT_REFL
74T

71 <oy 09 <lTy

SUBT_ARR
01— 02 <l T] — To



Transitivity-free subtyping
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Transitivity-free subtyping

71 is a subtype of 7

o4T
— SUBT_BOX
Odo<dT
o4T
— SUBT_PURE
o<1gdrT
ooy —~09 Doy — oy dT
SUBT_AP
Odo<aT

ooy —~0oy [Hog— oy dT
SUBT_PUREAP

o<T



Transitivity-free subtyping

(0 <:7) <= (0 < 7): Proved in Agda! v/



Tree model



Tree model

(B—B)—B



Tree model

B—-0OB



Tree model

O0(B — B)

AN



Subtyping rules

O=—=0o0

19— @



Subtyping

T St
N S



So: is subtyping decidable?

... probably? But.. . tricky!

oad
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Coherence

Theorem
Any two derivations of [ _. t : T elaborate to terms that are equivalent up to (3,
n, and the applicative laws.



Not A Theorem ®
Any two derivations of [ _. t : T elaborate to terms that are equivalent up to (3,
n, and the applicative laws.



Counterexample

MX—=x:0O0B—=00B

B—B
B— B <:0(B— B)
<B—0OB <:00(B— B)
< O0(B—0B) < O0(@dB—-0B)
< O0B—-00B < go0B—-00OB
~ fmap pure < UB—=0U00B



No nesting?

Intuitively, the problem has to do with nested boxes, like (1 [ B.

But we often don't need or want that.



Call a type “boxbox-free” if it has no immediately nested boxes.

Conjecture (Coherence)

Any two derivations of [ -_. t : T elaborate to terms that are equivalent up to (3,
7, and the applicative laws, as long as all embedded subtyping judgments
are boxbox-free.
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Conjecture
If T and all the types in [ are boxbox-free, then so are all the types that show up
anywhere in a derivation T F_. t : T.

In particular, if ' = @ and the final type we want has a single box, then there
can never be any nested boxes anywhere.

Definitely not true for monads! join: ][] a — [ a lets us hide nested boxes
anywhere.



Future Work



Future Work

® Prove conjectures / find the right things to prove

Explore how to write effective + efficient inference procedures

® |ncorporate product and sum types

Extend to selective functors
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