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Chapter 1.
An Introduction to a Problem
we (numerical astronomers) have.
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* Thanks to the architects, today we have access
to huge amount of memory and compute
capability.

* That doesn’t come for free to the

programmers. anymore.
4,386,816 floating operations in Parallel 90°832°896 CUDA Thread in Parallel




What

kind of computations
I’d like to do
with such hardwares?
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Target Problem of Paraiso:
Partial Differential Equations,
Explicit Solvers, on Uniform Mesh

General Relativity

. Magneto-H drodﬁiz:amics Radiative Transfer
Hydrodynamics & Y Y (Relativistic)
* Hyperbolic PDEs that appers in astrophysics
 combinations of these equations
 combinations with chemistry etc..




Partial Differential Equations,
Explicit Solvers, on Uniform Mesh

From computational point of view:

* They are d-Dimensional, real-number cell
automata.

* The state of each cell is a tuple of real numbers.

* The state of the cell at generation (n+1) is defiend
as function of the states of its neighbor cells at
generation (n).

N-th generation n+1 -th generation




What kind of equations?

* For example, the General Theory of Relativity
which only two man on the earth truly
understood, is as follows

it’s easy, isn’t it? ]

Rj.u..-'_l _STTG




i =
What kind of algorithms?

* A description of BSSN
algorithm, to solve the
Einstein’s equations

MASARL SHIBATA AND YU-ICHIROLU SEKIGUCHI

where g = % These constraint equalsoas ane solved o sel
initzal condisons. A metkod in the case of GEMHD is
presenled in Sec. [V

In tke following of tkis subsection, we assumse ikt
Eanstein's equalions &re solvad in the Cartesian copndinabes
(x, w2} for stmphicily. Although we apply the implemen-
tation described here o axisymmetric isees as well as
momaxsymmelne ones, s causes mo problem since
Einstein's eguations in axial symmetry cin be solved using
the so-called Cartoon method in which an axisymmelnc
boundary condition s appropriately impesed oo the
Carteszan coordinates |31-33): In the Cartoon metbod,
the lield equatioms are sobed only in the y = 0 plane,
and grid poants of ¥ = ZAx (A denetes the grd specing
in ke unilioermn grad ) ane used for impasing the axisymmnel-
i boundary conditions.

We solve Eansban's evolulon eguations o our lales)
BEEN lormalism [6.29]. In this formalism, a set of vara-
o AL K F) are evolved. Here, we adopt an
awxiliary varishle ¥, = 854, that is the one odginally
propesed amd different from the varable sdopted in [10] tn
which & F" 18 wsed. Evoladon equatens for F;, g A
and K are

Bt = SF
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R

1
..~2[-5'-'t By ¥ b+ R o+ 28

il (3T
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Fioand Ty = 5,1 Because of the definition det] F, ) =
1 (in the Cartesian coandinates), we use [ = 0
In adidslzon o a fat Laplac volves lerms
lznesr in h,.. as &V h T perform aumerical
slably, we replace these lerms by F o+
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| What kind of code we use?




* BSSN algorithm
Fortran+OpenMP




* My MHD Solver
iIn CUDA+MPI




e SE
What’s wrong?

* what makes our programs this long?




Programming is to choose

algebraic concepts
physical equations

time integration
methods

space interpolation
methods

data structures
optimization techniques
and hardware designs

tensors, its symmetry...
HD| MHD, GR, ...

1st order{an order,] 4th
order, more...

1st, 2nd, TVD, |Shock|..

AoS, distribution,
communication timing...

CPU, what next, ...



To make things worse...
* We write more than one program.

e We make trial & error in search for better
programs

e Suddenly the architecture changes and we are
forced to use SSE, CUDA, AVX ...

 We need to insert communications correctly

To make a single point of change, we have to
grep all over the codes




Modern Parallel Programming is like this

The amount of programs we write in our life is
the product of the factors mentioned

*eo@@

| want it like this

Specify each of the sufficient knowledge modules,
and programs like above are automatically

() B




What a code generator aims for

* Generally you write Ny X N
lines of code

X Ngg X Nipe X Ny,

math

* You find a bug / improvement and want N, = N, + 1; then
you need to re-write Ne X N__ X1 XN, XN,_ ..lines

math

* With code generator you only have to write
Ni+ Noaih + Neg + Nige + Npy--- lines

* Youwant N, =N, +1; then just add 1 line

* You can concentrate on physics




Can’t you do that in existing language

* possibly

e we can define vectors and tensors as classes
* we can overload operators
* we have templates

* we have accumulated sophisticated
techniques such as expression templates




as a result ...

A TR |

[J thrusting::transform(

n_particle,
thrust: imake_transform_iterator(
thrusting: :make_zip_iterator(
thrust: imake_transform_iterator(
thrust::counting_iterator<size_t>(0),
thrusting: : compose(
thrusting: :maoke_uniform_real_distribution<real>(0,1),
thrusting: imake_fast_rng_generator(seed))),
thrust: :moke_transform_iterator(
thrust: icounting_iterator<size_to(n_particle),
thrusting: : compose(
thrusting: imake_uniform_real_distribution<real>(0,1),
thrusting: :make_fast_rng_generator(seed))),
thrust: :moke_transform_{terator(
thrust::counting_iterator<size_t>(2 * n_particle),
thrusting: : compose(
thrusting: :make_uniform_real _distribution<real>(0,1),
thrusting: imoke_fast_rng_generator(seed))),
thrust: :make_transform_iterator(
thrust::counting_lteratoresize _t>(3 * n_particle),
thrusting: :compose(
thrusting: imake_uniform_real distribution<real>(@,1),
thrusting: imake_fast_rng_generator(seed))),
thrust: :make_transform_iterator(
thrust:icounting_iterator<size_t>(4 * n_particle),
thrusting: : compose(
thrusting: imake_uniform_real_distribution<real>(0,1),
thrusting: :moke_fast_rng_generator(seed))),
thrust: imake_transform_iterator(
thrust:icounting_iterator<size_t>(5 * n_particle),
thrusting: : compose(
thrusting: :make_uniform_real_distribution<real>(0,1),
thrusting: :make_fast_rng_generator(seed)))),
detor ] imaxwell_rand(m, T, BOLTZMANN, PI)),
thruscing: imake_zip_iterator{u, v, w),
thmuse 21 dant sveranl 3NN




| want a language that
IS modular
(easy to reuse components)
transplantable
fast
beautiful

* hopeless

orisit..?

if you limit the problem domain




Chapter 2.

The overall design of

Paraiso

PARallel Automated Integration Scheme Organizer

Input: Discretized Algorithms for solving Partial
Differential Equations, in mathematical notations

Output: Implementations on Distributed, Manycore
Machines.




8 building blocks of PDE solvers

data Inst vector gauge
= Imm Dynamic

Load Name

Store Name

Reduce R.Operator

Broadcast

shift (wvector gauge)

Arith A.Operator

instance Arity (Inst vector gauge) where

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

LoadIndex (Axis vector)

Imm
load constant value
Load (graph starts here)
read from named array
Store (graph ends here)
write to named array
Reduce
array to scalar value
Broadcast
scalar to array
Shift
copy each cell to neighbourhood
LoadIndex & LoadSize
get coordinate of each cell
get array size
Arith

various mathematical operations




+V - -F=0

ot
Basic Equations Discrete  PDE Language
| aRE KB Manually 2 <= ..
q_1 < dt *

oml“der Orthotope Machine Code
tld r2, g2C0,0,01

OM Dataflow tld r1, g2C0,0,11]
Graph add r1,r2,r3
st r3,qg1
oM Ctnpller
__shared__ a,b;

Native Compiler a=qlidx]1;
b=qLidx+11;

Executable Files p[-idx]=a+; _

HeBol) S Cyhy o
mx[0,0,1] mx[1,0,1) rmdz 0, u
my[0,0,1] my[1,0,1] myl2,0,1]
m2[0,0,1] mz{1,0,1] mz(2,0,1)
£[0,0,1) E[1,0,1] E[2,0,1]

Shao.a.0] TR
mx[0,0,0] mx[1,0,0]
my[0,0,0) my[1,0,0)
m2{0,0,0] mz(1,0,0]

£[0,0,0] £{1,0,0)
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DEQSOLD K EK - - -

Hi Takayuki,

DEQSOL was originally developped on Hitachi vector machines
/EZ20). Tt seems Hitachi confinued fo provide it as a commercial ]
roduct, at least untill around 2000, but only on shared-memory
machines. See:

http:/’www.cc.u-tokyo.ac.jp/publication/news/NOL4/No2tetsuzuki-qgaivou. pdf
hitp://www.hucc.hokudai.ac.jp/sokuho/2001/08.html

So it seems they could not port the DEQSOL program to distributed

memory machines (or nobody was using It anyway)and there was no
demand?)




- Discretized PDE Language SE

e
celld =- proceedSingle 1 (dt/2) dR cell cell
cell3d <- proceedSingle £ dt di celld cell
put5trin "testing for theorems on Levi Civita tensor”

print £ s_("i > s_("j -> s_("k -> epsliljlk * eps!iljlklI]) = B
print & c (A1 -= (8] -= s_(m -> s_(n > epslilmin * eps!iimindll) =
i -> e.(vj -> 2 * dellili))

print § c_(\i > c.(\j > s_Ck > €.\l > c(\m > epsliljlk * epsik!1im)))) —
CO - 0\ > €.C\1 > e_(C\m > dellill * del!jim - dellilm * del!j!13)))
* Describe your
numerical algorithm
using natural notations ’ '

e.g. tensor notations,
difference operators. e 7 e 1 s W
» Translates to Orthotope

Machine




i SE]
Orthotope Machine

e A Real number cellular automata

* A virtual machine with multidimensional array
vector register of infinite size

e arithmetic operations work in parallel on each
mesh, loads from neighbour cells,

" No intention of buiding a A
real hardware:
a thought object to
\_ construct a dataflow graph /
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Orthotope Machine Compiler
convert dataflow graph : : :

to real codes

Divide OM registers
onto distributed

memories Orthotope
Generate

: : OM Compiler
Communication codes

The.code generator has wide e et

choice on data layout, -
granularity of communication, Co e BT
computation LS S L N
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mx[1,0,1)
my[1,0,1)
mz{1,0,1]
E[1,0,1]

Nee )
mx[0,0,1]
my[0,0,1]
mz{0,0,1]
E[0,0,1)

A pvioN
mx[1,0,0]
my[1,0,0]
mz[1,0,0]
£{1,0,0]

R T e Reie)f
mx[0,0,0]
my[0,0,0)
mz[0,0,0]

E[0,0,0)

e
TrniLe A,

Le ey
mx{2,0,1]
my(2,0,1]
mz(2,0,1)
E[2,01]

my(2,0,0)
mz[2,0,0)
E[2,0,0]

4

result

Manually

Discretized Form

__shared__ a,b;

Native Compiler

Executable Files

.Ch'apter 3.

Basic Equations

Discrete PDE Language

a_1_3 <- . .
g_i <- dt *
a_1_j * f_3

Orthotope Machine Code

ld r2, g2C0,0,01]
tld r1, g2C0,0,11]
add r1,r2,r3

st r3,g1

*q=cudaMalloc(..);

a=qlidx1;
b=qLidx+11]1;
pLidx]=a+b;

" A'.‘:..._ L2 { M
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" More Details on Orthotope Machine

data OM vector gauge anot
= OM { omName :: Name, setup :: Setup vector gauge anot,
kernels :: [Kernel vector gauge anot] }

data Kernel vector gauge anot
= Kernel { kernelName :: Name,
dataflow :: Graph vector gauge anot }

type Graph vector gauge anot
= FGL.Gr (Node vector gauge anot) Edge

data Node vector gauge anot
= NValue DynValue anot
| NInst (Inst vector gauge) anot
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— SE]
Orthotope Machine

data OM vector gauge anot

POM is Primordial Orthotope Machine.
Constructors

oM
omName :: Name

setup :: Setup vector gauge anot

kernels :: [Kernel vector gauge anot]




Three Type parameters =E
OM components have

Language.Paraiso.OM.Graph

the components for constructing Orthotope Machine data flow draph. Most

components take three arguments: Type Constructor for

vector :: * -> * The dimension of the Orthotope Machine
The array dimension. It is a Vector that defines the dimension of the
Orthotope on which the OM operates.

gauge :: * Type of the Array Index
The array index. The combination vector gauge needs to be an instance of
Algebra.Additive.C if you want to perform shift operation.

anot :: * Type of the Annotation you can apply at graph node

The annotations put on each node. If you want to use Annotation, anot needs
to be an instance of Data.Monoid.




data Kernel vector gauge anot

A Kernel for OM perfor a block of calculations on OM.

Constructors

Kernel
kernelName :: Name

dataflow :: Graph vector gauge anot

type Graph vector gauge anot = Gr (Node vector gauge anot) Edge S

The dataflow graph for Orthotope Machine. anot is an additional annotation.




bipartile graph consisting of
value nodes and inst nodes

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
NInst nodes. An NValue node has one and only
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
and output edges an Nvalue node has is
specified by its Arity.




8 building blocks of PDE solvers

data Inst vector gauge
= Imm Dynamic

Load Name

Store Name

Reduce R.Operator

Broadcast

shift (wvector gauge)

Arith A.Operator

instance Arity (Inst vector gauge) where

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

LoadIndex (Axis vector)

Imm
load constant value
Load (graph starts here)
read from named array
Store (graph ends here)
write to named array
Reduce
array to scalar value
Broadcast
scalar to array
Shift
copy each cell to neighbourhood
LoadIndex & LoadSize
get coordinate of each cell
get array size
Arith

various mathematical operations




\ Nvalue Load(“hoge”) NINnst
A

9 // l,
/1 /< Shift(-1,0)
5 4 -

/95 /1 / ‘l'v

Add

/15 /17 /16 / ‘L

) Reduce(Min)
global value é

(scalar value l

local value (Array)

/' 3,/3 /3 /< Broadcast
L -

/27 /33 /30 /- > Store(“hoge”)




- DynValue = Array (data container)
with realm and element type information

data DynValue | Source

dynamic value type, with its realm and content type informed as values

Constructors

DynValue

realm :: Realm

P Local Realm = Array
Global Realm = Scalar data

class TRealm a where
tRealm :: a -> Realm
unitTRealm :: a

data TGlobal = TGlobal

data TLocal = TLocal

data Realm = Global | Local



- Type-level representation

of Array

data (TRealm rea, Typeable con) => Value rea con Source

-

value type, with its realm and content type discriminated in type level

Constructors

FromNode data obtained from the dataflow graph. realm carries a
type-level realm information, content carries only type
information and its ingredient is nonsignificant and can be

undefined.
realm :: rea
content :: con
node :: Node

FromImm data obtained as an immediate value. realm carries a
type-level realm information, content is the immediate value
to be stored.

realm :: rea

content :: con




Value : type-level
DynValue : value-level

-- value type, with its realm and content type
-- discriminated in type level
data (R.TReal rea, Typeable con) =>
Value rea con
= FromNode {realm :: rea, content :: con, node :: G.Node}
| FromImm {realm :: rea, content :: con}

-- dynamic value type, with its realm and content type
-- informed as values
data DynValue

= DynValue {realm :: Realm, typeRep :: TypeRep}

-- Convert 'vValue' to 'DynvValue’
toDyn :: (TRealm r, Typeable ¢) => Val.Value r ¢ -> DynValue
toDyn x = mkDyn (Val.realm x) (Val.content x)




/Value TLocal Float

[

YA A4

User space\

Internal
DynValue Dataflow

Graph

\

Value TLocal Float
-> Value TGlobal Int

Qlalue Tlocal Float

Value TGlobal Int

DynValue

/

* User interface is in Type-level
* The type-checker helps user

>

DynValue
-> DynValue
-> DynValue

* and assures type-consistency for the backend

* Dataflow graph under cover is Value-level

e can handle the graph in one type. -



LU o .Ch'apter 4.

ot
Discrete PDE Language

Manually

B KA

a_1_]
a_i <-
a_1

\I |
|
iy
|
W

Orthotope Machine Code

ey’ EerTy ld r2, g2C0,0,0]
maot I it l OM Dataflow ld r1, g2[0,0,1]
E[0,0,1) Ef1,0,1] E[2,0,1] Graph a d d r 1 , r 2 , r 3

e EH E . °t rs.9l
J 000 00 B 200 / oM C Pl Ier
result Native Code *g=cudaMalloc(..);
__shared__ a,b;

Native Compiler a=qlidx]1;
b=qLidx+11;

Executable Files p[-idx]=a+; _




Builder Monads

constructs dataflow graph

the interface has type-level info on Realm and Type
but internal representations are value-level on Realm and Type

—- | The 'Builder' monad is used to build 'Kernel's.
type Builder (vector:: * -> *) (gauge:: *) (anot:: *) (wval:: *)
= State.State (BuilderState wvector gauge anot) val

data BuilderState vector gauge anot = BuilderState

{ setup :: Setup vector gauge anot,
context :: BuilderContext anot,
target :: Graph vector gauge anot} deriving (Show)

data BuilderContext anot =
BuilderContext
{ currentAnnotation :: anot } deriving (Show)




o a helper function to define SE
binary operators for Builder Monad

- | Make a binary operator

mkOp2 :: (TRealm r, Typeable c¢) =>
A.Operator -- "“The operator
-> (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 <- builder?2
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
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~ Builder monad being an Additive SE

Builder monad being a Ring

—— | 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

- | Builder 1s Ring 'Ring.C’.
- You can use ‘'King.one’, 'Ring.*".
instance (TRealm r, Typeable c, Ring.C ¢) == Ring.C (Builder v g a (Value r c)) where
one = return > FromImm unitTRealm Ring.one
(*) = mkOp2 A.Mul




* programing language Paraiso lacks
frontend (lexer, parser, AST
analyzer ...)

* Instead, Paraiso components are
first-class objects of a widely-used
language (Haskell)

(the (ultimate (source (of (programmability)))))
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Example : Implement Hydro Solver




- An HLLC Riemann-solver

in Builder Monad

It looks like usual mathematics, but every terms appear here
are Builder Monads, and the expressions are as themselves code

generators for Orthotope Machine.

hllec :: 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

o ey A



o sample

hydrodynamics solver in Paraiso

density att=0.0

1 S i 4
09 r
08 F . 3.5
07 F
06 F 3
0.5
04 23
0.3
0.2 2
0.1

0 1.5

0 0102030405060708089 1




LU o .Ch'apter 5.

ot
Discrete PDE Language

it KB Manually a_ i j <- wou
q_i < dt *

ilder

Orthotope Machine Code

Ld

rmd! 0, l]

ety
mx[1,0,1)
my[0,0,1) my[1,0,1) myl2,0,1]
mz[0,0,1] mz{1,0,1] mz(2,0,1)
E[0,0,1) E[1,01] E[2,01]

B tAoeH
mx[0,0,1]

8,001 it 4,0,0)
mx[0,0,0] mx[1,0,0]
my[0,0,0) my[1,0,0]
mz{0,0,0] mz[1,0,0]

r2, g2C0,0,0]
r1, g2C0,0,11]

OM Dataflow Ld
Graph add r1,r2,r3

r3,gfl

£{1,0,0]

£[{0,0,0]

g E
s B oM Ctupller

result Native Code

Native Compiler

Executable Files

*q=cudaMalloc(..);
__shared__ a,b;
a=qlidx1;
b=qLidx+11]1;

pLidx]=a+b;



old code generator...

runBinder graph® n@ binder = unlines $ header ++ [bindStr] ++ footer
where
(header, footer) = case context state of
CtxGlobal -> ([1,[])
CtxLocal loopIndex ->
([loop (symbol Cpp loopIndex) ++ " {"], ["}"])
loop 1 =
"for (int " ++ i ++ " =0 ; "
++ 1 ++ " < " ++ symbol Cpp sizeName ++ "() ; "

++
OM Dataflow
Graph
di‘tly
* not so productive

++" ++ 1 ++ )"




code generator ver. 2

OM Dataflow
Graph

[ Annotated and ]

Optimization/Analysis

Optimized OM

Optimization :: OM -> OM

OMTtans Analysis = add annotation
Plan = decisions made upon
[ Plan ]
* how much memory to allocate
PlanTrans * which part of calculation to
take place in same subroutine
[ Claris ] Claris
ClarisTrans e a C++ -like syntax tree with

CUDA extension.

Native Code



- M e

Annotation

e Allocation, Ballon, Boundary, Comment,
Dependency

-- | a type that represents valid region of computation.
newtype Valid g = Valid [Interval (NearBoundary g)]
-- | the displacement around either side of the boundary.
data NearBoundary a
= NegaInfinity | LowerBoundary a
| UpperBoundary a | PosiInfinity
deriving (Eq, Ord, Show, Typeable)

data Allocation

= Existing -- ~ 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 (Eq, Show, Typeable)




optimize level = case level of
00 -> gmap identity . writeGrouping . gmap boundaryAnalysis .

gmap decideAllocation
-> optimize 00

e decide allocation
* boundary analysis

* dependency analysis and write grouping




Allocation
data Allocation
= Existing -- ~ 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 (Eq, Show, Typeable)
e some of the dataflow

graph nodes are
marked ‘Manifest.

® Manifest nodes are
stored in memory.

O Delayed nodes are re-
computed as needed.




* Less computation

* Less storage
consumption & access

for(;;){
f[i] =
}

calc_f(a[i], a[i+1]);

for (5;5){
b[i] += f[i] - f[i-1];
}

for(;;){
fo = calc_f(a[i-1], a[i]);
f1 = calc_f(a[i], a[i+1]);
b[i] += f1 - fo;

}




Valid Boundary Analysis

- NInst
ST 785 ) ¥

2 7 3 Znany € Shift(-1,0)
5 6 nan_
/ 8/ 9 Anan~ ‘l'v

Add

» Shift operations create undefined regions in value.

* Boundary analysis trace this to find out valid regions for
every node in the graph.

* How many additional mesh we need to obtain valid
answers for desired region.

* To generate boundary-region communications.



write grouping

Kernel
* a user-defined API of the generated class

Subkernel
e a set of calculation executed in a loop

e = Fortran subroutine
* = CUDA __global__ kernel

void Life::proceed () A
Life sub 2(static_2 cell, manifest 1 67);
Life sub 3(static_1 generation, manifest 1 67, manifest 1 69,
manifest 1 74);
(static_© population) (manifest 1 69);
(static_1 generation) = (manifest 1 74);
(static_2 cell) = (manifest 1 67);

}




a Kernel




T T Hakubi
write grouping

= a Kernel -> subkernels

* all node written by one
subkernel must have the
same valid region

* nodes written by one
subkernel must not depend
on each other

e greedy




a Kernel

Existing nodes




a Kernel

Existing nodes

write group O

(=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
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Diffusion Equation

* an example of code manipulation




T
, diffuse :: BR -> B BR %ZQE
diffuse field = do
neighbours <- fmap (map return) 5 forM adjVecs (w -» shift v field)
num <- bind % foldll (+) neighbours
ret == bind 5 ({1760 * num 3
return % ret

buildFroceed :: B ()

buildProceed = do
pink <- bind % load Rlm.TLocal (undefined::Real) § mkName “pink"
black =- bind % load Rlm.TLocal (undefined::Real) % mkName "black"”

pinkl <- diffuse black
blackl =- diffuse pink

pinkZ <- diffuse blackl
blackZ <- diffuse pinkl

pink3 <- diffuse blackZ
black3 <- diffuse pinkZ

store (mkName "pink") % pink3
store (mkName "black™) % black3




s - é

Diffusion Equation Example

Annotation size of .cpp file number of memory
subkernels consumption

no annotation 1019 lines 5xN
Manifest 301 lines 6 9x N

diffuse :: BR -> B BR
diffuse field = do
neighbours <- fmap (map return) % forM adjVecs (w -» shift v field)
num <- bind & foldll (+) neighbours
ret <- bind % ({1760 * num 3
return * ret

diffuse :: BR -> B BR

diffuse field = do
neighbours =- fmap (map return) 5 forM adjVecs (w -> shift v field)
num <- bind 5 foldll (+) neighbours
ret <- bind % (Anot.add Alleoc.Manifest <7> (1/6) * num )

return > ret




loopMakar ::

loopMakar envi(

> loopContent

homework

I PR Be

v og == L -

setup plan) realm subker = casa realm of

loopCounter (intImm 0) )
( laopCounter) (C.toDyn (product boundarySize)))
{ lopopCounter)) %
a Con codac .
ARSI EEi SR | all Paraiso-generated code
become OpenMP Compatible

in one line!



top = 10:15:37 up 56 days, 23:55, 6 users, load average: 6.79, 3.86,
Tasks: 172 total, 2 running, l65 sleeping, 5 stopped, 0 zombie
Cpu(s):100.0%0s, O0.0%sy, 0.08%ni, O0.0%1d, 0.0%wa, O0.0%hi, 0.0%s1,
Mem: 12324684k total, 8167996k uszed, 4156688k free, 508816k buffers
Swap: 265068k total, 4032k used, 261036k free, 6746332k cached

HR S %CPU %MEM
nushio 2 - 2 R 2 . 27:20, kh.out
nushio - - . : 00, top

root 10 : . :21. init

root 10 . : 00. kthreadd
root 2 . :02.32 ksoftirgd/0
root L ' . : 00. migration/0
root L ' . 04, watchdog/0

3
2
1
E

=] 0 L







