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A GPU
GPGPU: General-Purpose Computation on GPUs

M. Harris et al (2002) who coined the name
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NACC

Nagasaki Advanced Computing Center

115,200

If—huilt supercnm‘puwffmm Nagasaki University in Japan
The greenest accelerator-based supercomputer in the world =
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Green500 4 958MFlops/W Green5003 1376MFlops/W
Top500 5 1192TFlops (47TFlops) <
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FORTRAN
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Sy Advanced Institute for Computatlonal Science

Top500/Green500 as of June 2011

Green5006  825MFlops/W ‘
Top500 1 8162TFlops 1’
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value

Inst

data Node vector gauge anot ‘ Source

The Node for the dataflow Graph of the Orthotope machine. The dataflow graph is a
2-part graph consisting of Nvalue and NInst nodes.

Constructors
NValue DynValue anot A value node. An NValue node only connects to
f NInst nodes. An NValue node has one and only
Nval ue one input edge, and has arbitrary number of

output edges.

NInst (Inst vector gauge) anot An instruction node. An NInst node only
| connects to NValue nodes. The number of input
N I nSt and output edges an NValue node has is
specified by its Arity.
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Orthotope Machine

data Inst vector gauge
= Imm Dynamic

Load Name

Store Name

Reduce R.Operator

Broadcast

= =]

shift (wvector gauge)
LoadIndex (Axis vector)
Arith A.Operator

instance Arity (Inst vector gauge) whe
arity a = case a of

Imm )
L /
Load )
Store
- 4
Reduce
Broadcast
(Shift )
LoadIndex,LoadSize
0 J
(Arith N

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
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Builder

State

—— | The 'Builder' monad is used to build 'Kernel's.

type Builder (vector:: * -> *) (gauge:: *) (anot:: *) (val:: *)

= State.State (BuilderState vector gauge anot) val

data BuilderState vector gauge anot = BuilderState
{ setup :: Setup vector gauge anot,

context :: BuilderContext anot
target :: Graph vector gauge anot}p deriving (Show)

data BuilderContext anot =
BuilderContext
{ currentAnnotation :

anot } deriving (Show)
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~ Builder

- | Make a binary operator

mkOp2 :: (TRealm r, Typeable c) =>

A.QOperator
-> (Builder v g a (Value r c¢)) -- "Input 1
-> (Builder v g a (Value r ¢)) -- "Input 2
-> (Builder v g a (Value r c¢)) -- “Output

mkOp2 op builderl builder2 = do
vl <- builderl
v2 <- builder2
let

rl = Val.realm vl
cl = Val.content vl
nl <- valueToNode vl
n2 <- valueToNode v2
n0 <- addNodeE [nl, n2] $ NInst (Arith op)
n0l <- addNodeE [n0] $ NValue (toDyn vl)
return $ FromNode rl cl n0Ol

i

-- "“The operator
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Builder Additive

i

—— | Builder is Additive 'Additive.C'.
-—- You can use "Additive.zero , 'Additive.+' , "'Addi
instance (TRealm r, Typeable ¢, Additive.C c)
=> Additive.C (Builder v g a (Value r c)) where
zero = return $ FromImm unitTRealm Additive.zero
(+) = mkOp2 A.Add
(-) = mkOp2 A.Sub
negate = mkOpl A.Neg

ABuilder
A
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Builder A builder B Builder
Builder A Builder B




Builder

OM

hllc :: Axis Dim -> Hydro BR -> Hydro BR -> B (Hydro BR)
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
rista <- starState shockStar shockRight right
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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 = kKineticEnergy x + 1/(kGamma-1) * pressure x
enthalpy :: a -> ER
enthalpy X = energy X + pressure x
densityFlux :: a -> Dim BR

Dead Code Elimination

L=u L= HJI LA™ [ A o AL B

p— -




instance Applicative Hydro where

{densityHydro = x, wvelocityHydro

Applicative

pure x, pressureHydro = X,
¥, enthalpyHydro = x,
pure x, momentumFluxHydro = pure (pure x),
pure x, soundSpeedHydro = X,

%, internalEnergyHydro = x}

momentumHydro
densityF luxHydro
energyF luxHydro
kKineticEnergyHydro
hf <*> hx = Hydro
{densityHydro
pressureHydro
energyHydro
enthalpyHydro
soundspeedHydro
kineticEnergyHydro
internalEnergyHydro
velocityHydro
momentumdydro
densityFluxHydro
energyF luxHydro
momentumF luxHydro

pure x, energyHydro

densityHydro
pressuredydro

= energyHydro

= enthalpyHydro

= soundSpeedHydro
kineticEnergyHydro
internalEnergyHydro
= velocCltyHydro
= momentumHydro
= densityFluxHydro hf
= energyFluxHydro hf

hf & densityHydro

hf & pressureHydro

hf % energyHydro

hf & enthalpyHydro

hf % soundSpeedHydro

hf & kineticEnergyHydro
hf & internalEnergyHydro

<*= velocityHydro hix
<*= momentumHydro hx,
<*> densityFluxHydro hx,
<*> energyFluxHydro hx,

compose(’i -> compose(j -> (momentumFluxHydro hfli!j)
{momentumFluxHydro hx!1!3270

R X X %R



interpolate :: Int

-> AxX1s D1m ->

interpolate order i cell = do

let shifti n =

shift & compose
a@d <- mapM Cbind .
al <=- mapM Cbind .
aZ <- mapM Cbind .
a3 <- mapM Cbind .

shifti ( 220
shifti 1))
shifti @)D
shifti (-1))

Hydro BR -> B (Hydro BR, Hydro BR)

(%3 -» if i==]j then n else @)
cell
cell
cell
cell

intp <- sequence 3 interpolateSingle order <3> a@ <*> al <*> g2 <*> a3

A
A
A




let selector a b Cc d =

select (@ 1t  shocklLeft) a 5
select (@ 1t shockStar) b 5
select (@ 1t shockRight) c d
mapM bind $ selector <i> left <*» lesta <*> rista <*=> right

A
A
A




proceedSingle :: Int -> BR -> Dim BR -> Hydro BR -> Hydro BR -> B (Hydro BR)
proceediingle order dt dR cellF cells = do
let calcWall i = do
(lp,rp) <- interpolate order i cellF
hilc i 1p rp
wall <- seguence > compose calcWall
foldll (.) (compose (i -» (>>= addFlux dt dR wall i))) 5 return cells

Fold
Haskell

Do o o To Ix
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OMTrans

. Plan |

PlanTrans

. Claris |

ClarisTrans

Native Code

Analysis= (Annotation

)
Optimization:: OM -> OM
Plan=

A
A

Claris
A c++ CUDA
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Annotation

A Allocation( ), Alive
, Ballon
, Boundary , Comment, Dependency

-- | a type that represents valid region of computation.
newtype Validg = Valid [Interval ( NearBoundary @)]
-- | the displacement around either side of the boundary.
data NearBoundary a

= Negalnfinity | LowerBoundary a

| UpperBoundary a| Posilnfinity

deriving (  Eg, Ord, Show, Typeable)

data Allocation

= Existing -- A~ This entity is already allocated as a static variable.
| Manifest  -- ~ Allocate additional memory for this entity.
| Delayed -- "~ Do not allocate, re - compute it whenever if needed.

deriving ( Eqg, Show, Typeable)
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Allocation

data Allocation

= Existing  -- " This entity is already allocated as a static variable.
| Manifest  -- 7 Allocate additional memory for this entity.
| Delayed -- " Do not allocate, re - compute it whenever if needed.

deriving ( Eg, Show, Typeable)

A

@ Manifest

)\ Delayed




a Kernel

Existing nodes




W

a Kernel

Existing nodes

write group 0

( A ) not dependent but different boundary

( A) dependency




a Kernel

Existing nodes

subkernel O




a Kernel

Existing nodes

subkernel O

write group 1




a Kernel

//,/ Existing nodes

subkernel O

subkernel 1




a Kernel

/ Existing nodes

subkernel O

subkernel 1

write group 2




a Kernel

Existing nodes

subkernel O

subkernel 1

subkernel 2




A A
for(;;){ for(;;{
fli] = calc_f(a[i], a[i+1]); fO = calc_f(ali - 1], ali]);
} f1 = calc_f(ali], a[i+1]);
for (;;){ b[i] += f1 Z 10;
b[i] += f[i] Z fli -1]; }
} a a
N 2N
f 3N f 2N
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875446350241918444483542305006944256
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Paraiso HydroMain.hs
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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 = do

densMid <- bind % (density left + density right y [ 2
soundMid <- bind $ (soundSpeed left + scundSpeed right) /7 2
lat
speedleft = velocity left !i
speedRight = velocity right !i
presStar <- bind 5 max 0 5 (pressure left + pressure right )} [/ 2 -

densMid * soundMid * (speedRight - speedLeft)
shockLeft <- bind $ wvelocity left !i -
soundSpeed left * hllc) presStar (pressure left)
shockRight <- bind § wvelocity right !i +
soundSpeed right * hllcQ presStar (pressure right)

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

- dengity right * speedRight * (shockRight - speedRight) )
/ {density left * (shockleft - speedLeft } -
density right * (shockRight - speedRight) )
lesta <- starState shockStar shockleft left
rizta <- starState shockStar shockRight right
lat selector a b ¢c d =
( . add <> ) %
select (0 "1t  shockleft) a 3
select (0 "1t shockStar) b §
select (0 "1t° shockRight) ¢ d
mapM bind $ selector <5> left <*> lesta <*> rizta <*> right

o, e p—



B Manifest Hardware | sizeof .cu file | number | memory |speed
of CUDA consumpt WESIS)
kernels

none

HLLC

HLLC

HLLC

HLLC

Athena

4

GTX 460
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GTX 460
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13108 lines
3417 lines

2978 lines

17462 lines

2978 lines

2978 lines

15
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11
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84xN 22.38%

68 x N 23.37X

68x N 0.68X
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A OpenMP Athena
A CUDA CPU

A Annotation




Paraiso

A MPI




