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(A [(1o 0) (hi O0) (o 0)]
(+ (* lo o) (* hi (- 1 a))))



((A [(lo 0) (hi 0) (a 0)]
(+ (* lo a) (* hi (-1 a))))
rgbl ; 3 channels
rgb2 ; 3 channels
0.6) ,; scalar



Credit: Wikimedia user Sadalsuud

(A [(1o 0) (hi O0) (o 0)]
(+ (* lo o) (* hi (- 1 a))))



Credit: Wikimedia user Sadalsuud

((A [(1o 0) (hi 0) (o 0)]

(+ (* lo a) (* hi (-1 a))))
sky ; row x col x chan
labels ; row X col x chan
img-mask) ; row x col x chan



(A [(1o 0) (hi O0) (o 0)]
(+ (* lo o) (* hi (- 1 a))))



((A [(1lo 0)

(hi 0)
(+ (* lo o)

(a0 0)]
hi (-
X Xrow
X Xrow
X Xrow

film
audience
vid-mask)

time
time
time

®))))

col x chan
col x chan
col x chan
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(hi 0) (o 0)]

(A [(1lo 0)

(* hi (- 1 a))))

(+ (* lo o)
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((A [(1lo 0)

Thetawave

Credit: Wikimedia user

T | ]
HE B EEEEEEEEEEEEEEETHE

(hi 0) (o 0)]

(+ (* lo o) (* hi (- 1 a))))

scenel
scene?2

°
14

°
4

time x row X col x chan
time X row X col x chan

[0.0 .. 1.0]) ; time
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(A [(lo 0) (hi 0) (o 0)]
(+ (* lo o) (* hi (- 1 a))))

Polymorphic in dimensionality
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All operations are aggregate operations

Control structure generated by polymorphism
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Problem: Compilation depends on control structure
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Problem: Compilation depends on control structure

Solution: Static semantics
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Overview of rank-polymorphic programming model
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Overview of rank-polymorphic programming model

Dynamic semantics Programming technique
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Overview of rank-polymorphic programming model

Dynamic semantics Programming technique

Remora: typed rank-polymorphic core language
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Programming model

1 O
0O 1
1 1

2,2,2

23



=

Programming model

1 O
0 1
1 1
2,2,2

atoms: non-aggregate elements
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Programming model

1 O
0 1
1 1
2,2,2

atoms: non-aggregate elements

shape: size in each dimension

25



Programming model

1 1
1 O
0 1
.

3

5

7
d2,2,2

=

atoms: non-aggregate elements

shape: size in each dimension

rank: length of shape
i.e., number of dimensions
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Programming model

dot-prod |:

1
2

4
3

|, s
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Programming model

S |

cell: basic unit function operates on
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Programming model

S |

cell: basic unit function operates on
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Programming model

S |

cell: basic unit function operates on

frame: structure around cells
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Programming model

S |

cell: basic unit function operates on

frame: structure around cells

function applied to each cell
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Programming model

S |

cell: basic unit function operates on

frame: structure around cells

function applied to each cell

results reassembled in frame
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Rank n array can split n+1| ways
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Rank n array can split n+1| ways
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Programming model

Frame-of-cells split chosen by function
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Programming model

Frame-of-cells split chosen by function

g~ 1

1 4 PRRREE ]
dot-prod |:f23£|2 ] |:3 _____ 51:|2

_________
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Programming model

Frame-of-cells split chosen by function

14 S
dot-prod |:f23£| [3 _____ 5:|2
_________ 2,2

[T T] S
+ 2 3| L3 sl
2 3 2,2
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Programming model

Frame-of-cells split chosen by function

i

_________

_________
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Programming model

Frame-of-cells split chosen by function

i

sorproa 33| [ sl = [21 2,
' 12,2

(g | [l [l -
[ [l B 1~ = oy [
| | | | - — - — 2 | | | |
L% % 2,2 z E 2,2

_________



Evaluation

dot-prod |:;' g] [3 5]2
2,2
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Evaluation

________
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L
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Evaluation

________
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Evaluation

________

S |

L
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Evaluation

________

S |

L
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Evaluation

_________

Raise into principal frame by replication
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Evaluation

1 4 3 5
CR1 PYPRN R 1 PP
(dovproa [+ 4], [» <
= map - - - -
(dot—prod 2 3, |3 5

Apply function cell-wise
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Evaluation

dot-prod |1 4], |3 3

| I g |

( ES
(

_________

dot-prod |2 3|, |3 3

_________

Compute each result cell




Evaluat

ion

-2

23
— collapse 21
2

Collapse frame-of-cells to single array
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dot-prod |:2 3:|2 2 [3 5]2 = lift

1 4 3 5
dot-prod [2 3:| [ :| > map
2,2 2

(dot—prod 1 4] 5 '3 5] 2)
- -° = - 2
_ _ _ _ —>5
(dot—prod 2 3], |3 5 2)
_ 12
s

21

— collapse
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((A [(lo 0) (hi 0) (a 0)]

(+ (* lo a)
rgbl
rgb2
0.6)

(* hi (- 1 a))))
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((A [(lo 0) (hi O) (a 0)]
(+ (* lo o) (* hi (-1 «))))
rgbl
rgb2
0.6)
= lift

((A [(lo 0) (hi O0) (o O)]
(+ (* loa) (* hi (- 1 «o))))
rgbl
rgb2
[0.6 0.6 0.6]3)
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((A [(lo 0) (hi O) (a 0)]
(+ (* lo o) (* hi (-1 «))))
rgbl

= lift

((A [(lo 0) (hi 0) (a 0)]

(+ (* lo a) (* hi (-1 a))))
rgbl
rgb2

»[0.6 0.6 0.6]3)
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((A [(lo 0)

(hi 0) (a 0)]

(+ (* lo o) (* hi (- 1 a))))

scenel
scene?2
; time

°
4

°
4

time X row X col x chan
time x row X col X chan

[0.0 .. 1.0])
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((A [(lo 0) (hi O0) (a 0)]
(+ (* lo o) (* hi (- 1 a))))

scenel ; time x row X col x chan
scene?2 ; time X row x col x chan
; time
[0.0 ... 1.0])

> lift

((A [(lo 0) (hi O0) (o 0)]
(+ (* 1o a) (* hi (-1 a))))
scenel
scene2
; time x row x col x chan
[0.O0 .. 0.0 .. 1.0 ... 1.0])
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((A [(lo 0) (hi O0) (a 0)]
(+ (* lo o) (* hi (- 1 a))))

scenel ; time x row x col x chan
scene?2 ; time X row x col x chan
; time
map (0.0 . 1.0])
> lift

((A [(lo 0) (hi O0) (o 0)]
(+ (* 1o a) (* hi (-1 a))))
scenel
scene2
; time x row x col x chan

» [0.0 .. 0.0 .. 1.0 .. 1.0])
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((A [(lo 0) (hi O0) (o 0)]

(+ (* lo a)

(* hi (- 1 a))))

photo ; row x col x chan

rgb ; chan
0.6)
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((A [(lo 0) (hi O0) (o 0)]

(+ (* lo a)

(* hi (- 1 a))))

photo ; row x col x chan

rgb ; chan
0.6)

L ed
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((A [(lo 0) (hi 0) (a O)]
(+ (* lo o) (* hi (-1 «))))
photo ; row x col x chan
rgb ; chan
0.6)

L ed

Frame mismatch: need to align arguments differently
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Reranking

(A [(x 1) (y 1)]

(+ x y))
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Reranking

(A [(x 1) (y 1)]

1,1
+

(+ x y))
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Reranking

(A [(x 1) (y 1)]

1,1
+

(+ x y))
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FNF
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Reranking

(A [(x 1) (y 1)]

1,1
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(A [(x 1) (y 1)] (+ x y))
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Reranking

(A [(x 1)
1 4] [3
_2 3_2’2 5
14
2z 3,
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1,1
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(+ x y))

[ |
5],
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Reranking

(A [(x 1)
1 4 [3
_2 3_2,2 5
1
2 3,
1 4] [3
_2 3_2,2

(y 1)1 (+ xy))

1,1
.l.

[ |
5],

69



Reranking

(A [(x 1) (v 1)]
_|_1,1
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lerp =

(A [(lo 0) (hi 0) (o 0)]

(+

(* lo a) (* hi (-1 a))))

((A [(lo 7) (hi 7)) (a 7)]
(lerp lo hi «))

photo
rgb
0.6)

;: row X col x chan
: chan
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lerp =

(A [(lo 0) (hi 0) (o 0)]

(+

(* lo a) (* hi (-1 a))))

((A [(lo 1) (hi 7)) (a )]
(lerp lo hi «))

photo
rgb
0.6)

;: row X col x chan
: chan
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lerp =

(A [(lo 0) (hi 0) (o 0)]

(+

(* lo a) (* hi (-1 a))))

((A [(lo 1) (hi 1) (a 7)]
(lerp lo hi «))

photo
rgb
0.6)

;: row X col x chan
: chan
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lerp =

(A [(lo 0) (hi 0) (o 0)]

(+

(* lo a) (* hi (-1 a))))

((A [(lo 1) (hi 1) (a 0)]
(lerp lo hi «))

photo
rgb
0.6)

;: row X col x chan
: chan
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lerp = (A [(lo 0) (hi O0) (o 0O)]
(+ (* 1o a) (* hi (-1 a))))

((A [(lo 1) (hi 1) (a 0)]
(lerp lo hi «))

photo ; row x col x chan
rgb ; chan
0.6)

((A [(1lo 1) (hi 1) (a 0)]
(lerp lo hi a))
photo ; row x col x chan
rgb-expanded ; row x col x chan
[0.6 .. 0.6]) ,; row x col
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Axis alignment

xor [1 2 3], [1 10],
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Axis alignment

77



Axis alignment
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Axis alignment
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Axis alignment
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Axis alignment

L [ |

81



Axis alignment
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Axis alignment
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Axis alignment
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Axis alignment

P |

1 10

I e B gy [T=7=7°9

xor [T 2 3], |1 10
1 1¢ ).

| |

1 10|
2 20
3 30],,
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dot-prod |:

d2,2,2
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iteration space

d2,2,2
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iteration space!
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New ways for programs to go wrong

+[12l, [5 e8],

argument frames have mismatched shape
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New ways for programs to go wrong

+[1 2], [3 4 5],

I
l
N

argument frames have mismatched shape

result cells have mismatched shape
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New ways for programs to go wrong

+ |:1 2]2 [3 4 5]3 argument frames have mismatched shape

1 2
_ d2
"3 4 5 . result cells have mismatched shape
- i P
frame is an empty arra
+ [ 150 [1]. A

indeterminate result cell shape
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Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

92



|

Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

type indices ¢ = n|x | (St...) | (+¢1)
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Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

type indices ¢ = n|x | (St...) | (+¢¢)
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Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

type indices ¢ = n|x | (St...) | (+¢1)
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Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

type indices ¢ = n|x | (St...) | (+¢¢)
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|

Typing rank polymorphism

2 4 6
. A N
1 3 5i|23 : (S 2 3)Null

type indices ¢ == n|x | (St...) | (+¢1)
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Typing rank polymorphism

[% 4 6}
135],,

type indices ¢

index sorts v ::

A(S 2 3)N11II1

nlz | (St...) (+ee)
NAT | SHAPE
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Typing rank polymorphism

[% 4 6}
135],,

type indices ¢

index sorts v ::

A(S 2 3)N11II1

nlz | (St...) (+ee)
NAT | SHAPE
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Typing rank polymorphism

2 4 6
|:1 3 5i|2 3 - syl

type indices ¢ = n|x | (St...) | (+¢1)
NAT | SHAPE

index sorts v ::
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Typing rank polymorphism

2 4 6
|:1 3 5i|2 3 - syl

type indices ¢ = n|x | (St...) | (+¢1)
NAT | SHAPE

index sorts v ::
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Typing rank polymorphism

2 4 6
. A(Sgg)Num
[1 3 5i|2,3
type indices ¢ = n|x | (St...) | (+¢1)
index sorts v ::= NAT | SHAPE

functions fo=a|lA|(xT)...]e)
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Typing rank polymorphism

2 4 6
. A(Sgg)Num
[1 3 5i|2,3
type indices ¢ = n|x | (St...) | (+¢1)
index sorts v ::= NAT | SHAPE

functions fo=alA|(xT)...]e)
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Typing rank polymorphism

2 4 6
. A(Sgg)Num
[1 3 5i|2,3
type indices ¢ = n|x | (St...) | (+¢1)
index sorts v ::= NAT | SHAPE

functions fo=a|Al(xT)...]e)
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Typing rank polymorphism

2 4 6
. A(Sgg)Num
[1 3 5i|2,3
type indices ¢ = n|x | (St...) | (+¢1)
index sorts v ::= NAT | SHAPE

functions fo=a|lA|(xT)...]e)
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Typing rank polymorphism

2 4 6
. A(Sgg)Num
[1 3 5i|2,3
type indices ¢ = n|x | (St...) | (+¢1)
index sorts v ::= NAT | SHAPE

functions fo=a|lA|(xT)...]e)
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Type equivalence

2 4 6
|:1 3 5]2 3 + fezgium
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Type equivalence

2 4 6
|:1 3 5]2 3 + fezgium

A(s 2 3)A(s)Num A(s 2)A(s 3)Num A(s)A(s 2 3)Num
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Ag)Num Ag)Num — Ag)Num
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+ : AgNum A)Num — Ag)Num

:I . AblA(s)Num [3 5]2 : ALQA(S)NUHI
2,2
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+ : AgNum A)Num — Ag)Num
:I . AblA(S)Num [3 5]2 : ALQA(S)NUHI
2,2

11 =(S22) s = (S 2)
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+ : AgNum A)Num — Ag)Num
:I . AblA(S)Num [3 5]2 : ALQA(S)NUHI
2,2

11 = (S 22) o = (S 2)
V' = Max ([t1,t2] =(S22)  (n.b.prefix max)
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+ : AgNum A)Num — Ag)Num
:I . A,,lA(S)Num [3 5]2 : ALQA(S)NUIH
2,2

11 = (S 22) o = (S 2)
V' = Max t1,t2] =(S22)  (n.b.prefix max)
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+ : AgNum A)Num — Ag)Num
:I . A,,lA(S)Num [3 5]2 : ALQA(S)NUIH
2,2
11 = (S 22) o = (S 2)
V' = Max t1,t2] =(S22)  (n.b.prefix max)
Ag22)AgNum =~ Ao o)Num
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Type Soundness

"Well-typed programs don't have shape errors."
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Type Soundness

"Well-typed programs don't have shape errors."

+ [1 2]2 [3 4 5:|3 Maz|t . . .| requires principal frame
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Type Soundness

"Well-typed programs don't have shape errors."

+ [1 2]2 [3 4 5:|3 Maz|¢ . . .| requires principal frame

I
|
N

function term has single output type
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Type Soundness

"Well-typed programs don't have shape errors."

+ [1 2]2 [3 4 5:|3 Maz|¢ . . .| requires principal frame

1 2
_ d2
"3 4 5] 3 function term has single output type
By i P
result cell shape determined
+ [ 50,4 [2]. i

by function type

119



Extract array programming model
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Extract array programming model

Dynamic semantics: Static semantics:
formalization of iteration space
rank polymorphism known statically
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Extract array programming model

Dynamic semantics: Static semantics:

formalization of iteration space

rank polymorphism known statically
Not shown:

Arrays in function position - MIMD

Partially irregular arrays using 'boxes'
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)
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Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2]
[3 4]
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[1 2] : vec|[vec[int]]
[3 4]
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape
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Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

dot-prod
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod

# s x int-shape -> int-shape
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod

# s x int-shape -> int-shape

iota
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod _ _
# s x int-shape -> int-shape

_ int -> vec|[int]
iota
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod _ _
# s x int-shape -> int-shape

_ int -> vec|[int]
i1ota
not shapeable
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Related work

Jay, C.B.: The FISh language definition. Tech. rep. (1998)

[1 2] : vec|[vec[int]]
[3 4] # 2 x 2 x int-shape

vec[int] -> int
dot-prod

# s x int-shape -> int-shape

_ int -> vec|[int]
i1ota
not shapeable

Regularity enforced too thoroughly
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Related work

Data Parallel Haskell: A Status Report. Chakravarty, et al.
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Related work

Data Parallel Haskell: A Status Report. Chakravarty, et al.

Different programming model: irregular nested vectors
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Related work

Regular, Shape-polymorphic, Parallel Arrays in Haskell. Keller, et al.
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Related work

Regular, Shape-polymorphic, Parallel Arrays in Haskell. Keller, et al.

Trouble lifting already-aggregate operations to higher rank
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Related work

Regular, Shape-polymorphic, Parallel Arrays in Haskell. Keller, et al.

Trouble lifting already-aggregate operations to higher rank

Possible back-end

138



Future goal:

Parallelization like a Fortran compiler

without analysis like a Fortran compiler
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Future goal:

Parallelization like a Fortran compiler

without analysis like a Fortran compiler

Thanks
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