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Flat vs Nested Data Parallelism

* Nested Parallelism: \Worker function can be parallel.

thingo xss
= mapP (\xs. zipWithP xs ys) xss

* Flat Parallelism: \Worker function is sequential.

thingo xs
= mapP (\x. X + 1) Xs

» The Flattening / Vectorization transform converts
nested parallelism into flat parallelism.



Vectorization

f x vy z =(x * y ) +

f” ¢ xXs ys zs
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Vectorization with constants
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Vectorization with array constants
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Store a single physical copy
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Array types

Xs :: [Int]
XS = [ee.]

£ :: Int -> [Int] -> [Int]
f 1 =xs | 1

f° :: Int
-> [Int] -> [[Int]] -> [[Int]]
'/\

f°” ¢ 1s = rep ¢ Xxs 1s



Nested array representation

data Array (Array a) = Nested Segd (Array a)

data Segd = Segd (Array Int) (Array Int)

Xs = Array (Array Int)
xs = [[1 2 3] [8 7] [O0] [9 3 9 1]]

seg lens: 3 2 1 4
seqg starts: [ 0 3 5 6
flat data: 1123871019393




Nested array representation

data Array (Array a) = Nested Segd (Array a)

data Segd = Segd (Array Int) (Array Int)

Xs = Array (Array Int)
xs = [[1 2 3] [8 7] [O0] [9 3 9 1]]

seg lens: 3 2 1 4

seqg starts: [ 0 3 5 6 ]

flat data: 1 (2138710913193




Nested array representation

data Array (Array a) = Nested Segd (Array a)

data Segd = Segd (Array Int) (Array Int)

Xs = Array (Array Int)
xs = [[1 2 3] [8 7] [O0] [9 3 9 1]]

seg lens: 3 2 1 4

seqg starts: [ 0 3 5 6 ]

flat data: 1 2 3 8 7 0 9 3 9 3




Nested array representation

data Array (Array a) = Nested Segd (Array a)

data Segd = Segd (Array Int) (Array Int)

Xs = Array (Array (Array Int))
xs = [[[1 2 3][8 7]] [] [[O0J[9 3 9 1]]]

seqg lens: 3 21 4 ] seg lens: [ 2 0 2 ]

seg starts: [ 0 3 5 6 ] seg starts: [ 0 5 5 ]

flat data: 1 2 3 8 7 0 9 3 9 3




Replicated array representation

rep 3 [4 1 6] = [[416] [416] [416]]

seg lens: 3 3 3 ]

seg starts: [ 0 3 6 °

flat data: 4 1 6 4 1 6 4 1 6




Replicated array representation

rep 3 [4 1 6] = [[416] [416] [416]]

seg lens: 3 3 3 ]

seg starts: [ 0 3 6 °

rep count: 3

flat data: 4 1 6 4 1 6 4 1 6




Replicated array representation

rep 80000 [0..90000]
= [[0..90000] [0..90000] ...]

virtual index
overflow
seg lens: 90000 ... 90000 ] ‘///
seqg starts: [ O ee. 1,200,000,000]

rep count: 80000
flat data: 4 1 6 <4 1 6 e« 4 1 6




Replicated array representation

rep 80000 [0..90000]
= [[0..90000] [0..90000]

seg lens: - 90000 ... 90000 7

seg starts: [ O eeo 0 ]

flat data: 4 1 6




Replicated array representation

rep 80000 [0..90000]
= [[0..90000] [0..90000]

rep count: 80000
seg lens: - 90000 ]

seqg starts: [ 0 ]

flat data: 4 1 6




Doubly lifted functions

ZS = |. ]
f x = x + 1
yS = mapP f zs

f" ¢ xs = xs +7 1
VS = £7 (length zs) zs



Doubly lifted functions

f°" ¢ xXxs = xs +7 1

VS = £7 (length zs) zs
ySS = mapP (mapP f) xss
ySS = mapP f” Xxss

ysSs = £f°7 xss 2272

ySS = unconcatP xss (f” (concatP xss))



Xs = Array (Array Int)
xs = [[1 2 3] [8 7]

seg lens:

seg starts:

flat data:

[0] [9 3 9 1]]

[ 3214 already concated!
0 356 /
1|2|3]|8 09393




Functions with closures

zlpWith map (map (+)
[[10 11]

(+)°

[[11 12]

(+) (+) ()

[1 2 37)

(30 31 32]

[32 33 34]
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Lifted indexing

(!) (!) (!)
[0..50k] [0..30k] [0..80k]

(1)~




Segmented Replicate

reps :: [Int] -> [a] =-> [a]

reps [2 3 1] [xXs ys zs]

= [XS XS yS yS yS 2Zs]

rep counts: [2 3 1°

seg lens: 5 3 8]

seg starts: [0 5 8]

flat data: [x1|x2|x3|x4|x5|yl|y2|y3|z1|z2|z3|z4|z5|z6|z7|z8

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




Segmented Replicate

reps :: [Int] -> [a] =-> [a]

reps [2 3 1] [xXs ys zs]

= [XS XS yS yS yS 2Zs]

virt seg ids: 00111 2]
phys seg lens: 5 3 8°

phys seg starts: [0 5 8]

flat data: [x1|x2|x3|x4|x5|yl|y2|y3|z1|z2|z3|z4|z5|z6|z7|z8

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




Pack

pack :: [Bool] -> [a] -> [a]
pack [T FTTVF] [as bs ¢cs ds es] = [as cCs

virt seg ids: 0 1 2 3 4]
phys seg lens: (3 2 5 1 5]

phys seg starts: [0 3 5 10 11]

flat data: |alla2la3|bl|(b2|cl|c2|c3|cd|c5]|dl|el|e2|e3|ed|e5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




Pack

pack :: [Bool] -> [a] -> [a]
pack [T FTTVF] [as bs ¢cs ds es] = [as cCs

[T F T T F]
virt seg ids: 0 1 2 3 47
phys seg lens: 3 2 5 1 5]
phys seg starts: [0 3 5 10 11]

flat data: |alla2la3|bl|(b2|cl|c2|c3|cd|c5]|dl|el|e2|e3|ed|e5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




Pack

pack :: [Bool] -> [a] ->

[a]

pack [T FTTVF] [as bs ¢cs ds es] = [as cCs

[T T T]
virt seg ids: 0 2 3]
phys seg lens: 3 2 5

phys seg starts: [0 3 5

1 5]
10 11]

flat data: |alla2la3|bl|b2|cl|c2

c3|cd|c5|dl|el|e2|e3|ed|e5

0O 1 2 3 4 5 6

7 8 9 10 11 12 13 14 15




Pack

pack :: [Bool] -> [a] -> [a]
pack [T FTTVF] [as bs ¢cs ds es] = [as cCs

[T T T]
virt seg ids: 0 1 2
phys seg lens: '3 5 17

phys seg starts: [0 5 10]

flat data: |alla2la3|bl|(b2|cl|c2|c3|cd|c5]|dl|el|e2|e3|ed|e5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




Operators

rep ::  Int -> a -> [a]

reps t: [Int] -> [a] -> [a]

concat t: [[a]] -=-> [a]

unconcat :: [[a]] -> [a] -> [[a]]

pack :: [Bool] -> [a] -> [a]
combine2 :: [Bool] -> [a] -> [a] -> [a]
index :: Int -> [a] -> a

indexl :: [Int] -> [[a]] -> [a]

append :: [a] -> [a] -> [a]
appendl :: [[a]] -> [[al] -> [[a]l



Functions with closures

map” :: Int -> [a -> b] -> [[a]] -> [[b]]
map” ¢ (AClo £ f£© envs) xss
= unconcat xss
(fl (replicates (map length xXss) envs)
(concat XxXss))



Nested Arrays

xs = [[1 2 37 [8 7] [0] [9 3 9 1]]



Nested Arrays

xs = [[1 2 3] [8 7] [0] [9 3 9 17]]

seqg lens: 3 2 1 4 °
seg 1dxs: 0 3 5 6 ]
flat data: 112138171093 ]9]|1

o 1 2 3 4 5 6 7 8 9



Nested Arrays

xs = [[1 2 3] [8 7] [0] [9 3 9 17]

seqg lens: 3 2 1 4 °
seg 1dxs: 0 3 5 6 ]
flat data: 112138171093 ]9]|1

o 1 2 3 4 5 6 7 8 9

replicate 4 [5 2 9]
= [[5 2 9] [5 2 9] [5 2 9] [5 2 9]]




Nested Arrays

xs = [[1 2 37 [8 7] [0] [9 3 9 1]]

seqg lens: 3 2 1 4 °
seg 1dxs: 0 3 5 6 ]
flat data: 112138171093 ]9]|1

o 1 2 3 4 5 6 7 8 9

reps [1 3 2 1]
[[1 2 3][(8 7][0][9 3 9 1]]

= [[1 2 3][8 71[8 71[8 71[0]1[0][2 3 3 1]]



Nested Arrays

xs = [[1 2 37 [8 7] [0] [9 3 9 1]]

seqg lens: 3 2 1 4 °
seg 1dxs: 0 3 5 6 ]
flat data: 112138171093 ]9]|1

o 1 2 3 4 5 6 7 8 9

pack [T F T F]
[[1 2 3] [8 7] [0] [9 3 9 17]

= [[1 2 3] [O]]



UVSegd
reps: [1 3 2 1]

vsegs: [0 1 1 1 2 2 3]
[[1 2 3][8 7]1[8 7][8 7][0][0][9 39 17]

AN \ f
USegd \J
[3 1 4] |

lens: 2
idxs: [0 3 5 6] [[1 2 3][(8 7][0][9 3 9 1]]
\ | /
\ [/
USSegd
srcsg [0 1 1 1] #{ #{
starts: [3 4 7 12] /// //w \
\

. \

\
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Questions?



