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quick start guide
(I fixed it yesterday, working again!)
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

> 1ls output/OM. txt

output/OM. txt #0OM dataflow graph

> 1s dist/

Life.cpp Life.hpp #an OpenMP implementation
> 1s dist-cuda/

Life.cu Life.hpp #a CUDA implementation

> ./main.out


http://hackage.haskell.org/platform/
http://git-scm.com/

Took a specific domain,
‘took a very specific example,
broke through all walls
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GPU “Cluster” within a PC
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GPU Clusteres | have used so far
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14403 simulation of interstellar medium
turbulence, visualised in 40-face display array
in collab. with Oyamada Lab. Kyoto University




Paraiso Toolchain m

eguation ou LV.F=0 manually
you want to solve 9t

Discrete
solution algorithm described in Algorithm
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Orthotope Machine (OM)

e Avirtual machine much like vector computers,
each register is multidimensional array of
infinite size

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

" No intention of buiding a A ' ' :
real hardware: - '

a thought object to 000] 01

\_ construct a dataflow graph /




Instruction set of Orthotope Machine

data Inst vector gauge /Imm \
= Imm Dynamic load constant value

Load Name /"~ Load (graph starts here)
Store Name read from named array

Reduce R.Operator Store (graph ends here)
Broadcast write to named array

Shift (vector gauge) /" Reduce ™
LoadIndex (Axis vector) array to scalar value
Arith A.Operator Broadcast

. . scalar to array

instance Arity (Inst vector gauge) WherE/Shift \

ar;ty a = casi ?Uﬂf) move each cell to neighbourhood
mm - r Arith
gzzile_ :z E{IJI ;) various mathematical operati@
reduee g (1r1; LoadIndex & LoadSize

- ' et coordinate of each cell

Broadcast -> (1,1) get array size
shift  -> (1,1) \ 8 y /
LoadIndex -> (0,1)
Arith op -> arity op




a Kernel is a bipartite dataflow graph

NValue

Load(“hoge”)

NInst

v

Shift(-1,0)

12"

Add

Reduce(Min)

global value é
(scalar value

local value (Array)

!

Broadcast

> Store(“hoge”)

Mul



Teach Haskell a hydrodynamics and tensor calculus
and let him generate the dataflow graph

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
densityFlux x = momentum X
momentumFlux :: a -> Dim (Dim BR)

momentumFlux x =
compose (1 ->» compose (%] -=
momentum X !1 * wvelocity x '] + pressure x * delta 1 3))
energyFlux :: a -> Dim BR

p— -



The frontend generate a dataflow
graph on arrays that has 3958 nodes.

c.f. https://raw.githubusercontent.com/nushio3/Paraiso/master/examples-old/Hydro-exampled/output/OM.txt

That represents a solver of Navier-Stokes equation.
pe+V-(pV)=0,

8

E¢+"C? {(E+p)V V.- I+ Q) =p( g)

e of WhICh 1908 nodés are fusion candldate

231863147414035989759447909413781665016339039635461710797853897291
467691129628988952894988789846447793390988399384716551223336856806

783982602912691606248364445770172335039545357292419178803113634903 j,”
831379148612749212551289507127347883974086705219509197142098322292

697917713518111953435214333990623513447221563209222201346475070934
362866728885394848451529803078779559205459073953255482226948670514
566096452159327589352442445790848161764700593293407366423372228506
623589519386982982156457177728089208911150864403420064786371774696
72403326343875446350241918444483542305Q06944256(ﬂﬁérent &
implementations are possible just for fusion |



Tuning Target

* C:cuda configuration <<<NT,NB>>>
* M : Manifest/Delay

(Manifest : to store intermediate data on memory
Delayed: not to store and recompute as needed)

e S: syncthreads()



Choice for syncronization

Array index N

Instruction Count

Order of Execution

14



Choice for syncronization
changes reuse pattern in the cache

Array index

>

G

Order of Execution

Instruction Count

(—

<€

15



Manifest/Delay selection

Names inherited from Repa (hackage.haskell.org/package/repa)

data Allocation
= Existing --
| Manifest --
| Delayed --
deriving (Eq,

A This entity is already allocated as a static variable.

~ Allocate additional memory for this entity.
~ Do not allocate, re-compute it whenever if needed.

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.



http://hackage.haskell.org/package/repa

Fusion: which one better?
no one but benchmark knows

Less computation Less storage consumption
& bandwidth
for(;;){ for(;;){
f[i] = calc f(a[i], a[i+1]); 0 = calc_f(a[i-1], a[i]);
} f1 = calc _f(a[i], a[i+1]);
for (;;){ b[i] += f1 - f0O;
b[i] += f[i] - f[i-1]; }
}
d d
f




write grouping:
once manifest/delay is fixed




write grouping
= a Kernel -> subkernels

e all node written by one
subkernel must have the
same array size

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

e greedy




a Kernel

Existing nodes




a Kernel

Existing nodes

write group O

(V=) ready for update!

(=A=) ready for update, but let us assume this

node had a different array size, so cannot be
updated in the same loop as above

(A=) dependency! not yet ready for update



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

0"‘0 .
' ‘ write grouping is done!

see how some nodes are re-calculated
and others not.
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Example of making a manual decision

for a choice

interpclateSingle :: - - - - - {BR, BR)
interpolateSingle order x0 x1 x2 =x3
if order == ]
then do
return (x1, x2)
alse if order == 2
then do
d0l <- bind § x1-x0
dl2 <- bind § x2-x1
d23 <- bind 5 x3-x2
lat absmaller a b = select ({(a*bh) "le” 0) 0 $ select (abzs a "1t abs b) a b
dl <- bind § absmaller 401 dl2
d2 <- bind § absmaller dl2 423
l <= bind 5§ x1 + d1/2
r <- bind § x2 - d2/2
return .add <7> 1, .add <7> r)
alse error 5 show order ++

{<?>) :: (TRealm r, Typeable €) == {(a -» a) -» Builder v g a (Malue r €) -» Builder v g a (Value r c)

(Anot.add AnyAnnotation <?>) hasan identity type on Builder;

you can freely add any annotation at almost anywhere in builder combinator
equation.




| also add annotations here...

hllec :: -> -> -> ( )
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 = wvelocity 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—



None

13108 lines

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

52x N 3.03x10°

HLLC + GTX 460 3417 lines 15 84 xN 22.38 X106
interpolate
[ HLLConly ~ GTX 460 2978 lines 11  68xN 23.37 x10° ]

interpolate  GTX 460 17462 lines 12 68 x N 0.68 X 106¢
only

HLLConly  Tesla 2978 lines 11 68 x N 16.97 X 106¢

M2050

HLLConly ~ Corei7 x8 2978 lines 68 x N 2.48 X 106
Athena Core i7 x8 2.90 X 10°



Automated Tuning
(Genetic Temperature-parallel Annealing)

LO) Database Cluster Computer
0 imize dOM (3)

= i

OMTrans Master WO rke rs

S ® o5

9
S E—
Code code . /

o

The genome and benchmark results are stored in the database
The Master performs “finite temperature draws” from the
database and creates a new genome, launches a worker
Worker generate and benchmark the code w.r.t the genome
The result is written to the database

=

w N




Finite temperature draw(n, T)

p 0
Ao A SO e O
Lo vl

B

 The probability for drawing an individual I with
score u(l) is proportional to
(Ii(ltop)_ﬂ(l)Sl
exp .
e T israndomly chosen per draw




Three kind of children creation

R = R

A-

mutation (1Parent)

ATATATAAATTATATATATAAAAAAAAAAAAT

l
ATATAGCAATTATATCTATAAAAAGTGAAAAT

crossover (2Parents)

triangulation (3Parents)

ATATATAAATTATATATATAAAAAAAAAAAAT
ATATATAAATTATATCTATAAAAAAGTTAAAT
ATATAGCAATTATATCTATAAAAAAAAAAAAT

l
ATATAGCAATTATATCTATAAAAAAGTTAAAT

R

R,
\i/

N



probabilistic & parallel temperature
annealing + genetic algorithm

Cluster Computer

f]]ﬂ[[\

Master Workers
7}

Do e, Q.

- SRR

parallel temperature  No annealing schedule management

Database

probabilistic temperature  Utilize dynamic computer resource

Genetic algorithm  merge independent updates



score

Track of history
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Performance figure

(cell/sec)

zoom-in (1)
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zoom-in (2)
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10°000 lines CUDA solver

K X 500’000 instances /
Paraiso @5
| HydroMain.hs

 Navier-Stokes Eq. solver
e 5000 lines of haskell code e 464 lines




Speed

40000000
35000000
30000000
25000000
20000000

5000000
0

Benchmark
Paraiso+F+HEFa1—=>45 Athena

Paraiso+F B F1—=27

Paraiso Core Paraiso Paraiso Tesla Paraiso Tesla Athena Core
i7 920 GTX460 2050 2050 i7 920
2.67GHz (EFFE) 2.67GHz



Statistical Anaylsis of the evolution

RunID | Oth order 1st order 22 33 2252 333
GA-1 2263.22 266.28 | ©118.86 165546 $32.54 @T71.54
GA-S1 1387.93 70.51 ©£23.98 $l07596 ©5.19 PT84
GA-DE 546.42 43.31 @334  S427T.88 ©9.8 B3.68
GA-D 1038.15 88.20) 242,78  $H811.09  &3.90 Pl.34
GA-4 755.63 39.91 e7.98  @580.33 a2.09 82.60
GA-F 122.08 22.24 e2.07  @333.57 @096 o0.25
GA-F2 190.90 86.34 ©£23.63 $381L.72 $16.29 $B6.09
GB-333-0 666.18 47.52 ©12.34 @hl11.62 @1.36 52.52
GB-333-1 030.33 25.26 248.06  @T727.01 &I0).86 &0.90
:B-333-2 1208.20 68.11 | 23934 @937.37 @034 a7.h9
Table 11. Chi-squared test of the family tree being lower-order Markov processes.

The each column of the table shows the X2 statistics of the null hypothesis the family

tree being a n-th order Markov process and having no longer correlation.

Markov chain analysis of the family tree
Family tree being 0t and 15t Markov process rejected
2parent = 2parent is significantly not likely

3parent = 3parent is significantly likely

40



sCore
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1

2+3 parent
2 parent only
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10000 20000 30000 40000
individual 10

mutation
33-12”{1.”[]“]
<] [= [»] [«

CTOSS0VED
15412(1.000)

=l [~

[>]

[«]

triangulation
19261(1.000)

€] [=]

=]

30112 2510 TRE8 4110
(0,901 0.075 0.024) | (0.267

120 313 52 122
(0.013 0.009 0.002) | (0.008
0.014 0,125 0.066 | 0.030

5694 4657
0.370 0.302

204 648
0.013 0.042
0.036 0.139

944
0.061)
125
0.008)
0.132

3899
(0.202
90
(0.005
0.023

R3T2 6382
0.434 0.331

370 1134
0.019  0.059
0.044 0.178

Table A11l. Children relative fitness classification for Experiment GA-D.

e 2parent crossover is
good at making larger
jumps, while 3parent
crossover is good at
accumulating small
updates.

e Having both 2parent and
3parent crossover is
better than having just
either one of 2 or 3-

parent.

41

625
0.032)
86
0.004)
0.138



Automated tuning challenge (?)

class Arbitrary a where

Haskell can - S
andorm generation and shrinking of values.
. generate random instances Methods
arbitrary :: Gen a
¢ {-# De rIVETrave rsa b I e #-} & generator for values of the given type.

e optimize anything that is Traversable

The cmaes package hackage.haskell.org/package/cmaes

minimize :: ([Double] -»> Double) -> [Double] -> Config [Double]
minimizeT :: Traversahle t =» (t Double -» Douhle) -» t Douhle -» Config (t Double)

minimizeG :: Data a =» (a -» Double) -» a -» Config a ary alg

Can Haskell (or your favorite language) provide
automated tuning over arbitrary types by

e define typeclasses for 2- or 3-parent crossover?
e derive instances for such Crossover classes?


http://hackage.haskell.org/package/cmaes

references

* http://arxiv.org/abs/1204.4779

e automated tuning script
https://github.com/nushio3/Paraiso/blob/master/examples-old/GA/make_task.rb

e “gene bank” of initial species
https://github.com/nushio3/Paraiso/tree/master/examples-old/GA/genomeBank

e OM dataflow graph description for Hydro

https://raw.githubusercontent.com/nushio3/Paraiso/master/examples-
old/Hydro-exampled/output/OM.txt

 Generated CUDA program for Hydro

https://github.com/nushio3/Paraiso/tree/master/examples-old/Hydro-
exampled/dist-cuda
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