Since 2010 ™
0

=
V , .

REKY BB 5

E T e T
MBS, B8 SEERD |

o EATETEFTHOK

e SOFfE] IF=7EHF9E 2 L TOK




F2aEHBH S HmA X THYEFOEH
2011/11/07

Hakubi

D]

)

JAT I3 ELSERD EF

:ﬁiqgﬁ:*:f$é"JEE-tZ:/{;-_-

NERT

check!

M — e

5= http://paraiso-lang.org/wiki/ “



guick start guide

Install Haskell Platform and git, then type

> git clone git@github.com:nushio3/Paraiso.git

> cd Paraiso/

> cabal install

> c¢d examples/Life/ #Conway’s game of life example

> make 1lib

> 1ls output/OM. txt

output/OM. txt #this is analysis result for dataflow graph
> 1s dist/

Life.cpp Life.hpp #an OpenMP implementation

> 1s dist-cuda/

Life.cu Life.hpp #a CUDA implementation

> c¢d ../Hydro/ #hydrodynamics simulator example
> make 1lib #this takes half a minute or so

> 1s output/; 1s dist/; 1ls dist-cuda/ #same as above



http://hackage.haskell.org/platform/
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GPGPU: General-Purpose Computation on GPUs

M. Harris et al (2002) who coined the name
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HOST MEMORY
SSD

Distributed FS (Hard Disc)

Green500 4iL 958MFlops/W
Top500 51 1192TFlops
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Nagasaki Advanced Computing Center
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on the world's Green500 List of computer systems as of

Green500 3{iL 1376MFlops/W

(47TFlops) <

 Green500 6{i 825MFlops/W
Top500 113 8162TFlops
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__global

Fladdr, kunitSize¥) {

sX, 8y, o
depack|addr, gSizeX,

qHiar ;1r51z¢Y 4 AR, oy 82}
int inc_x0 = i i

} % gEizeX:
+ 1) % gSizeX;

1+ gSizeX) ¥ giizeX;
+ gSizeX} % gSizeX;
giize¥, inz xl, gSize¥ - 2 & gMarginSize¥ + gy, sz}
gSizeY, inc_x1, gSize¥ = 2 * guarginsizey + oy, az)
| enpack|g5izeX, gSizeY, dec_x0, inSizeY + oy, sz} |:
enpack|[gSizeX, ;51:4:‘.: dec_xl, inSizey + ays Az}
addrc) = |Mul|1|—d1rnluccmrt real inc} * wval . inch + d:l."'Dl.HC-E:m’:I"t -culi

cnpnckT;Ei;cx,
enpack|gSizex,

M _ine * vnl ined
ml: dec(d * kinitSizeY + addr]

- = displacement_real_dec * wal_decl + [Real|l}=displacement_real @
§dec) + val_deco

jaddr, kUnitSize¥} |

MarginSizeY , ax, sy ,8z};

wl = [mox + d lacement_int_inc } % gSizeX;

lax + 4 J.ucl:m:rt 1M: ine + 1} % gSizex;

= [8X = d1anlnc¢:m:rt int dcc = 1 + gSizeX} % gSized;
(sx = displacement_int_dec + g5izeX) ¥ gSizeX;

8X, S¥
depack|addr, gSizeX,
L]

= welocity x| enpack|gSizeX, gSize¥, inc_xl, gSize¥ - 2 * gMarginSize¥ + ay, sz} @
"N H
Real val_incl = welocity_x| enpack(gSizeX, gSize¥, inc_x1, gSizeY - 2 * gMarginSizey + ay, sz} @
"N H
Real = welooity x] enpack|gSizeX, giizeY, des_xi, :] targinsizeY + ay, sz |2
Rea - w:J.ccltj- x| crnuclcl:]s:tzcx ;Eizc‘.c, dec_xl, gHar :]1r'512c‘.|: + ay, az} |

buf_inc| 1 * It'.:r1l:51zﬂf + ndd
§_inc » \-uJ._u'cu
=relative welocity ine
buf_dec|l * kUnitSizeY + addr] = d1'nlnc¢:ru:rt real dec * wal decl + |Mul|1|-d1'nlucc:|u:r't real i
Sdec) * val_decd
4 clntn-c_w:lccitj-_dcc ]

= |]l-|:||1|1|-di:plnc¢:m:|:t_:¢nl_inc| + val_incO + displacement_real g

Fladdr, kUnitSize¥Y)

t I, g
depack( ndd
x0

+ g5izeX, g¥arginSizeY , ax, sy ,sz)}
i i } % gSizex;
+ 1} % gSizeX;
= 1 + gSizeX) % gSizeX;
+ gSizeX) W gSizeX:
gSize¥, inc_x0, gS5izeY = 2 * gMarginSizeY¥ + oy, oz} @

incl = welocity y| enpack|gSizeX,

= welocity y| enpack|gSizeX, gSize¥, inc_xl, gSizeY - 2 + gMarginSizeY + oy, oz} @

= veloocity y| enpack|gSizeX, gSizeY, dec_x0, gMarginSizey + sy, sz} |:

= velocity_y| enpack|gSizeX, gSizeY, dec_xl, gX¥arginSize¥Y + oy, sz} |:
ml: ing| (2 * kUnitSizer + addr) = [Real{l}-displacement_real_inc) * wal_incd + displacement_real @
§ inc * val inco
buf_dec|2 * kinitSizey + addr] = displacement_real dec + wal_dec + [Real{l}-displacement_real @
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data Inst vector gauge
= Imm Dynamic
| Load Name
| Store Name
| Reduce R.Operator
| Broadcast
| shift (vector gauge)
| LoadIndex (Axis vector)
| Arith A.Operator

*%)(‘J/:Ln )

T Hakubi
B2 AREXDGEEEE (D —
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/Imm
EMfEZA—K3 3%
LoadIndex,LoadS1ize
BRH D RFRH A XEHF

/Load (USTMDIERA)
ZRIMTEZEH#HMNO—FT 5
Store (57D R)

BRI ESERITEECT

Reduce
ERHERHDT—IEIZ

instance Arity (Inst vector gauge) whe Broadcast

arity a = case a of

Imm -> (0,1)
Load -> (0,1)
Store -> (1,0)
Reduce  -> (1,1)
Broadcast -> (1,1)
Shift -> (1,1)
LoadIndex -> (0,1)

Arith op -> arity op

AOT—EZERFI(Z

N

Shift
A ERELLTOT

‘Arith

/,~§i%21745




T T Hakubi__
arith:BIIOFRICHENDERESLDEEEXITD

c <- arith add <- a,b

do j = 1, N-5
doi=1, M-1
c(i,j) = a(i,j)+b(i,3)
end do
end do

b <- arith sin <- a
do j = 1, N-5
doi=1, M-1
b(i,j) =sin(a(i,Jj))
end do
end do

d <- ari

do j =
do 1
if

el

en
end

end do

th select <- a,b,c
1, N-5
=1, M-1
(a(i,3))then

d(i,j)=b(i,3J)
se
d(i,j)=C(i,j)
d if

do




 Shift:EFIZA>TNEF—40
CEXT 59

b <- shift (1,5) <- a

do j = 1, N-5
do 1 =1, M-1
b(i+1,j+5) = a(i,])
end do
end do




reduce:EESZzUOEDNDEIZEZ S

broadcast:{E%I

b <- reduce MIN <- a

b = a(0,0)
do j =1, N
do 1 =1, M
b = min(b,a(i,j))
end do
end do

B ZE5FEL

C <- broadcast <- b




imm EHEZETE
loadIndex:ERHID KA FZEiF
loadSize :E2HIDH A XZHEF

3 <- imm 4.2 b <- loadIndex c <- loadSize
do j =1, N do j =1, N cC O =M
doi=1, M doi=1, M c1l=N
a(i,j) = 4.2 b_0(i,j) =1
end do b_1(i,j) =]
end do end do
end do




load: BRI DS E MM oA IAH
save: BRI DEEHMAEZTIAH

a <- load “density”

save “density” <- b

= density(i,j)

do j =1, N
doi=1, M
density(i,j) = b(1i,J)
end do
end do
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Add

local value (Array) Reduce(Min)

global value é
(scalar value l

local value (Array)

/2 /2 /2 /< Broadcast
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| typelevel-tensor

Einstein’s notation

Cik — Aiijk

notation in standard
mathematics terminology

Cik :Z'Aﬁijk

Notation in Haskell
using typelevel-tensor

a :: Vecd (Veci Double)
b :: Vec3d (Vecd Double)
C = COmpose & 1 -=>
contract 3 \j -=>
compose 3 Wk -
a'i!y * bljlk

Implementation in C++

double a[4]1[3], b[3]1[4];
double c[4][4];
for (int 1 =0; 1 < 4; ++1) {
for (int k = 0; k < 4; ++k) {
c[i][k] = @;
for (int 1 =@; j < 3; i) {
c[ilfk] += a[il1[3i]1 * bLJ1CkI;
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hllc :: Axis Dim -> Hydro BR -> Hydro BR -> B (Hydro BR) v
hllc i left right = do

densMid <- bind $ (density left + density right ) / 2

soundMid <- bind $ (soundSpeed left + soundSpeed right) / 2

let

speedLeft = velocity left !i
speedRight = velocity right !i
presStar <- bind $ max 0 $ (pressure left + pressure right ) / 2 -
densMid * soundMid * (speedRight - speedLeft)
shockLeft <- bind $ velocity left !i -
soundSpeed left * hllcQ presStar (pressure left)
shockRight <- bind $ velocity right !i +
soundSpeed right * hllcQ presStar (pressure right)

shockStar <- bind $ (pressure right - pressure left
+ density left * speedLeft * (shockLeft - speedLeft)

- density right * speedRight * (shockRight - speedRight)

/ (density left * (shockLeft - speedLeft ) -

density right * (shockRight - speedRight) )

lesta <- starState shockStar shockLeft left
rlsta <- starState shockStar shockR; ht r1-ht
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class Hydrable a where

density :: a -> BR
velocity :: a -> Dim BR
velocity X =

compose (1 -> momentum X !1 / density x) '<:
pressure :: a -> BR
pressure ¥ = (kGamma-1) * internalEnergy x
momentum :: a -> Dim BR
momentum X = <

compose (1 -> density x * welocity x 1)

energy :: a -> BR

energy X = kineticEnergy x + 1/(kGamma-1) * pressure x
enthalpy :: a -> ER

enthalpy X = energy X + pressure x

densityFlux :: a -> Dim BR
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» & & TDead Code Ellmlnatlonﬁsil‘él?’ﬁ\bjtii

L=u L= HJI LA™ [ = = AL B




372 RS XUNE D 1Z Applicativel 295

instance Applicative Hydro where

pure x = Hydro
{densityHydro = x, wvelocityHydro = pure x, pressureHydro = x,
momentumHydro = pure X, energyHydro = X, enthalpyHydro = x,
densityFluxHydroe = pure x, momentumFluxHydro = pure (pure x),
energyFluxHydro = pure X, soundSpeedHydro = X,
kineticEnergyHydro = x, internalEnergyHydro = x} v

hf <*> hx = Hydro
{densityHydro = densityHydro hf & densityHydro hx,
pressureHydro = pressureHydro hf & pressureHydro hix
energyHydro = energyHydro hf % energyHydro hx,
enthalpyHydro = enthalpyHydro hf & enthalpyHydro hix,
soundspeedHydro = soundSpeedHydro hf % soundSpeedHydro hix,
kineticEnergyHydro = kineticEnergyHydro hf & kineticEnergyHydro hx,
internalEnergyHydro = internalEnergyHydro hf & internalEnergyHydro hx,
velocityHydro = velocityHydro hf <*= welocityHydro hix
momentumdydro = momentumHydro hf <*= momentumHydro hix,
densityFluxHydro = densityFluxHydro hf <*> densityFluxHydro hx,
energyF luxHydro = energyFluxHydro hf <*> energyFluxHydro hx,
momentumFluxHydro =

compose( 1 -> COomp

ose("j -> (momentumFluxHydro hfli!j)
{momentumFluxHydro hx!1!3270
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interpolate :: Int -> Ax1s Dim -> Hydro BR -> B (Hydro BR, Hydro BR)
interpolate order 1 cell = do

let shifti n = shift 3 compose (%] -> 1f 1==] then n else @)

a@ <- mapM (bind . shifti { 2)) cell

al <- mapM (bind . shifti { 1)) cell

a <- mapM (bind . shifti { @)) cell

a3 <- mapM (bind

shiftl (-1)) cell

YV

intp <- sequence > interpolatebingle order <> a@ <*> al <*> a <*> a3
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let selector a b c d =
select (@ Lt shocklLeft) a 3
select (@ Lt shockStar) b 3
select (@ 1t shockRight) c d
mapM bind 3 selector <3> left <*> lesta <*> rista <*> right

LD RARERZARET —ITAE

1l

e CN1DT. &

-

- EBORITTAFBDH I
. —HTEIFS




EARDHEZEROHHINE

proceedSingle :: Int -> BR -> Dim BR -> Hydro BR -> Hydro BR -> B (Hydro
proceediingle order dt dR cellF cells = do
let calcWall 1 = do
(lp,rp) == interpolate order 1 cellF
hllc 1 1p rp
wall «<=- sequence » compose calchall
foldll (.) (compose (1 -> (=== addFlux dt dR wall 1))) % return cells
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« YEYEBOTTHLERE -« 5THEZZLTTHLAE!
EROLIZIEIANEN?  pEmgaaisg L= A5

LN7?
for(;;){ for(;;){
f[i] = calc f(a[i], a[i+1]); 0 = calc f(a[i-1], a[i]);
} 1 = calc_f(a[i], a[i+1]);
for (;;){ b[i] += f1 - f0;

b[i] += f[1i] - f[i-1]; }
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interpclateSingle :: - - -
interpolateSingle order x0 x1 x2 =x3
if order == 1
then do
return (x1, x2)

alse if order == 2

than do
d0l <- bind § x1-x0
dl2 <- bind § x2-x1
d23 <- bind 5 x3-x2
lat absmaller a b = select ({a*h)
dl <= bind 5 absmaller 401 d4dl2
d2 <= bind 5 absmaller dl12 423
l <= bind 5§ x1 + d1/2
r <= bind § x2 - d4d2/2
return ( .add

alse error 5 show order ++

“1a®

<7> 1,

0)

0 5 zelact

Ladd

(abs a

STE

abs b)

<7> r)

a b



hlle :: - - - {
hlle i left right =
densMid <- bind $ (density left + density right )
soundMid <- bind $ (soundSpeed left + =soundSpeed right)
lat
speedleft = wvelocity left !i
speedRight = velocity right !i
presStar <- bind § max 0 § (pressure left + pressure right ) / 2 -
densMid * soundMid * (speedRight - speedLeft)
shockLeft <- bind 5 velocity left !i -
soundSpeed left * hlleQ presStar (pressure left)
shockRight <- bind $ velocity right !i +
soundSpeed right * hllec( presStar (pressure right)
shockStar <- bind § (pressure right - pressure left
+ density left * szpeedleft * (shockleft - speedLeft)
- density right * speedRight * (shockRight - speedRight) )
/ (density left * (shockleft - speedleft ) -
density right * (shockRight - speedRight) )
lesta <- starState shockStar shockLeft left
rista <- starState shockStar shockRight right
let selector a b c d =
{ .add <?> ) 8
gselect (0 "1t° shocklLeft) a 5
select (0 "1t* shockStar) b &
select (0 "1t shockRight) ¢ d
mapM bind 5 selector <%> left <*> lesta <*> rista <*> right
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* mutation

ATATATAAATTATATATATAAAAAAAAAAAAT

l

ATATAGCAATTATATCTATAAAAAGTGAAAAT

®* Cross

ATATATAAATTATATATATAAAAAAAAAAAAT
GGCCGCGLCCLCCGLCGCGLCCCGELGLCGLCCEELGE
l

ATATGCGAATTATATATACGCGCGCCCGGCGT

* triangulation

ATATATAAATTATATATATAAAAAAAAAAAAT
ATATATAAATTATATATATAAAAAAGTTAAAT
ATATAGCAATTATATCTATAAAAAAAAAAAAT

l

ATATAGCAATTATATCTATAAAAAAGTTAAAT
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Hardware | size of .cu file | number memory | speed
of CUDA | consumpt | (mesh/s)
kernels ion

Athena

none

FEF21—
=452
none

FEFa1—
=472

BEjF1—
=2

R

Core i7 x8
ERE

Corei7x8 13108 lines
ERE

Core i7 x8 2978 lines
ERE

GTX 460 13108 lines

qTx 460 2978 lines
HEE
Tesla 3103 lines
M2050

11

15

2.90 X 10°

52xN 0.38xX10°

68x N 2.48 X 10°

52x N 3.03x10°
68 x N 23.37 X 10°

73x N 35.30 X 10°



Hardware | size of .cu file | number memory | speed
of CUDA consumpt (mesh/s)
kernels

none GTX 460 13108 lines 52xN 3.03X%x10°
?EJH:':L— GTX 460 3417 lines 15 84xN 22.38 X10°
=271 BERE
?E)ﬁfl— GTX 460 2978 lines 11 68 x N 23.37 X 106¢
— 52 HEE
?EJH:':L— GTX 460 17462 lines 12 68 x N 0.68 X 106°
-3 HEE
FEFa1— Tesl 2978 lines 11 68xN 16.97 X 10°
=>/%+2  M2050

ERE
QEJJT:L— Tesla 3103 lines 15 73 x N 35.30 X 106¢
=>4 M2050

BERE
Athena Core i7 x8 2.90 X 106¢
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