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— GeoFEM, HPC-MW —
— Bk Z2L—4. Flat MPl, FEM GeoFEM, HPC-MW etc.
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— CUDA, OpenCL, OpenACC
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Fortran, C, MPI, OpenMP ...

Vector, Scalar, MPP- ...

HPC-MW for T2K

HPC-MW for
Next Generation Supercomputer
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 Message Passing
— MPI

e Multi Threading
— OpenMP
— CUDA, OpenCL
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Key-Issues for Appl’s/Algorithms

towards Post-Peta & Exa Computing
Jack Dongarra (ORNL/U. Tennessee) at ISC 2013

* Heterogeneous/Hybrid Architecture

 Communication/Synchronization Reducing
Algorithms

* Mixed Precision Computation
o Auto-Tuning/Self-Adapting

e Fault Resilient Algorithms

e Reproducibility of Results
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Oakleaf-FX T2K-Todai Yayoi
(Fujitsu PRIMEHPC FX10) (Hitachi HA8000-tc/RS425 ) (Hitachi SR16000/M1)
Total Peak performance :1.13 PFLOPS ||Total Peak performance : 140 TFLOPS Total Peak performance :54.9 TFLOPS
Total number of nodes  : 4800 Total number of nodes  : 952 Total number of nodes  : 56
Total memory : 150 TB Total memory : 32000 GB Total memory : 11200 GB
Peak performance / node : 236.5 GFLOPS ||Peak performance / node : 147.2 GFLOPS ||Peak performance / node : 980.48 GFLOPS
Main memory per node :32 GB Main memory per node :32 GB, 128 GB ||Main memory per node : 200 GB
Disk capacity :1.1PB + 2.1 PB ||Disk capacity :1PB Disk capacity : 556 TB
SPARCG64 Ixfx 1.84GHz AMD Quad Core Opteron 2.3GHz IBM POWER 7 3.83GHz
(retired, March 2014)
_1’,
4 A
uﬁ r3

“Oakbridge-fx” with 576
nodes installed in April
2014 (separated) (136TF)

Total Users > 2,000
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National Supercomputing Tianhe-2 Intel Xeon E5-2692, TH 33863
Center in Tianjin, China Express-2, IXeon Phi2013 NUDT 3120000 (= 33.9 PF) s
Oak Ridge National Titan
2 Laboratory, USA Cray XK7/NVIDIA K20x, 2012 Cray ~ 200640 17590 27113 8209
3 Lawrence Livermore Sequoia 1572864 17173 20133 2890

National Laboratory, USA  BlueGene/Q, 2011 IBM

K computer, SPARC64 VIlIfx ,

4 RIKEN AICS, Japan 705024 10510 11280 12660

2011 Fujitsu
Argonne National Mira
® | aboratory, USA BlueGene/Q, 2012 IBM fEee sl dmoeg o skae
Swiss Natl. Piz Daint
6 Supercomputer Center, Cray XC30/NVIDIA K20x, 2013, 115984 6271 7789 2325
Switzerland Cray
Stampede
7 TACC, USA Xeon E5-2680/Xeon Phi. 2012 Dell 462462 5168 8520 4510
Forschungszentrum JUQUEEN
8 Juelich (FZJ), Germany  BlueGene/Q, 2012 IBM e sbt) iy ZEl
Vulcan
9 DOE/NNSA/LLNL, USA BlueGene/Q, 2012 IBM 393216 4293 5033 1972
Cray CS-Storm/Xeon E5-
10 Government, USA 2670/2680/NVIDIA K40, 2014 Cray 72800 3577 6132 1499
ITC/U. Tokyo Oakleaf-FX
Japan SPARCS64 IXfx, 2012 Fujitsu (ALY s I
R...:E3h4E8E(TFLOPS)

max

Rpeak: I:o_g'liﬁlé (TFLOPS) ’ POWGI': kW http://mwww.top500.0rg/
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Hitachi SR11000/J2

18.8TFLOPS, 16.4TB

ABEEAEYEHE-TEBAHIE

Hitachi SR16000/M1
based on IBM Power-7
549 TFLOPS, 11.2 TB

Our Last SMP, MPPAR{THHR—k
|

Hitachi HA8000 (T2K)
140TFLOPS, 31.3TB

Peta

MPIZ&AIEFIE, AEBJITENIBEEFRL

Fujitsu PRIMEHPC FX10
based on SPARC64 | Xfx
1.13 PFLOPS, 150 TB

Hybrid~MDE5[E] 5, Flat MPITHE L \VERE

Post T2K

O(10%-102)PFLOPS
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20-30 PFLOPS, FY.2016
Many-core based (e.g. (only) Intel MIC/Xeon Phi)

Joint Center for Advanced High Performance
Computing (JCAHPC, http://jcahpc.|p/)
— University of Tsukuba

— University of Tokyo
Programming is still difficult, \:' CAH Pc
although Intel compiler works.

— (MPI + OpenMP)

— Tuning for performance (e.qg.
prefetching) is essential

— Some framework for helping users
needed

@H-Hpﬁ Post T2K System

S — S
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Framework
Appl. Dev.

Math
Libraries

Automatic
Tuning (AT)

System
Software

User’s Program

I I I I I I | I
FEM FDM FVM BEM DEM

|
ppOpen-APPL

ppOpen-MATH MG GRAPH VIS MP

ppOpen-AT STATIC DYNAMIC

ppOpen-SYS COMM FT

ppOpen-HPC F@;’n-l—ﬂ:c

\%’/O.r‘*

Optimized Application with

Optimized ppOpen-APPL, ppOpen-MATH

16
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o AT, BEEEEE S D, BRTTS

[ -

FREEE

Finite Volume Method

FRERE

Finite Element Method Finite Difference Method
FEM FDM

TCCCCE

RRERE EVE-E 97

Boundary Element Method Discrete Element Method
BEM DEM
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o FRR4F1BIZTILFATISAZRAITIZRY

IL—T D BEIFELT=ppOpen-APPL, ppOpen-AT,

ppOpen-MATH®D &1 EeZ 22 B (Ver.0.1.0)

— http://ppopenhpc.cc.u-tokyo.ac.jp/

— FRk25411H :Ver.0.2.0

— FRk26511H :Ver.0.3.0

o IHEIIRPEBED B L, ¥EBEIENN, ppOpen-APPL
IZKBT77)r—iavBFEEEDIZ, Intel Xeon/Phi
FAZ——aAT7MIF/N—23 FFHFER




User’s Program

ppOpen-APPL FEM FDM FVM BEM
ppOpen-MATH MG GRAPH VIS MP

ppOpen-AT STATIC DYNAMIC

ppOpen-SYS COMM FT

Optimized Application with
Optimized ppOpen-APPL, ppOpen-MATH

20



|:{:|'—I\|:|E’|'|-HI:|I; ppOpen-APPL

.l
o Aset of libraries corresponding to each of the five
methods noted above (FEM, FDM, FVM, BEM,
DEM), providing:
— 1/O
* netCDF-based Interface
— Domain-to-Domain Communications

— Optimized Linear Solvers (Preconditioned Iterative
Solvers)
» Optimized for each discretization method

— H-Matrix Solvers in ppOpen-APPL/BEM
— Matrix Assembling
— AMR and Dynamic Load Balancing

« Most of components are extracted from existing
codes developed by members



/=3 .= FEM Code on ppOpen-HPC

< Optimization/parallelization could be hidden
from application developers

Program My pFEM
use ppOpenFEM util
use ppOpenFEM_solver

o N
3 y
ey

call ppOpenFEM 1nit
call ppOpenFEM cntl
call ppOpenFEM_mesh
call ppOpenFEM _mat_init

do
call Users FEM mat ass
call Users FEM mat bc
call ppOpenFEM _solve
call ppOPenFEM _vis
Time= Time + DT

enddo

call ppOpenFEM_finalize
stop
end 22
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g% ppOpen
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« Aset of libraries corresponding to each of the five
methods noted above (FEM, FDM, FVM, BEM,
DEM), providing:

- 1/O
e netCDF-based Interface
— Domain-to-Domain Communications

— Optimized Linear Solvers (Preconditioned Iterative
Solvers)
» Optimized for each discretization method

— H-Matrix Solvers in ppOpen-APPL/BEM
— Matrix Assembling
— AMR and Dynamic Load Balancing

« Most of components are extracted from existing
codes developed by members
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How to distribute sub-matrices to each processor

Processor Assigned data Assign a° to P, if Xa°,) in KP)

A : Whole matrix
Ajy: The entryin the /th row
and the /~th column of A
a‘: A small submatrix of A
a‘;; : The entry in the j-th row
and the j-th column of a“
N : Number of rows of A
n : Number of processors

P, : The kth processor
Ik:1=Iﬂ{{Ik{{:£?i+1=N+1

R: RP={i|lx<i<lgsr }
S: S(acij) = | when acij = AU

c/o T. lwashita & A. Ida




c/o T. lwashita & A. Ida

Calculation time of HACApK

B Comparison between HACApK and H-lib
(conventional library)

Calculation time of Mat—Vec Multiplication Time (H-lib=1.0)

1.2

€AcA N=2,400 N=2,1600 1
Hacapk | H-lib | Hacapk | H-lib (038 -

1.0E-3 2.29e-3 | 6.64e-3 3.21e-2 2.90e-1 |06 —

1.0E-4 | 2.91e-3 | 7.94e-3 | 4.09e-2 | 3.26e-1 |g4 -

1.0E-5 | 3.42e-3 | 8.60e-3 4.92e-2 3.45e-1 |y,

@WHQE HACAPK  H-lib
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ST Target Applications

Our goal is not development of applications, but we need
some target appl. for evaluation of ppOpen-HPC.
ppOpen-APPL/FEM

— Incompressible Navier-Stokes

— Heat Transfer, Solid Mechanics (Static, Dynamic)
ppOpen-APPL/FDM

— Incompressible Navier-Stokes

— Transient Heat Transfer, Solid Mechanics (Dynamic)
ppOpen-APPL/FVM

— Compressible Navier-Stokes, Heat Transfer
ppOpen-APPL/BEM

— Electromagnetics, Solid Mechanics (Quasi Static) (Earthquake
Generation Cycle)

ppOpen-APPL/DEM
— Incompressible Navier-Stokes, Solid Mechanics (Dynamic)
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e
X1 NICAM & 10 € = —/VOHRRIE



User’s Program

ppOpen-MATH MG VIS
ppOpen-AT STATIC DYNAMIC

ppOpen-SYS COMM )

Optimized Application with

=1
PROpEN HF"E
Qan”

Optimized ppOpen-APPL, ppOpen-MATH

28



n/n\E\J’n/En-HpE ppOpen-MATH

at
e A set of common numerical libraries
— Multigrid solvers (ppOpen-MATH/MG) (Later)

— Parallel graph libraries (ppOpen-MATH/GRAPH)
 Multithreaded RCM for reordering (under development)

— Parallel visualization (ppOpen-MATH/VIS)

29
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ppOpen-MATH/MG (with CR/SR)

[Fine
- NN NI EIEEEENE
- I HHBNNEEEENEN
wo-ns [ HHEEEEENEE
wo-r2 [ [ HH NN ENENENER
R SR S S S SN SN SN SN SN N

+ Communication overhead could . Coarse grid solver on a

be reduced single MPI process (multi-
. threaded, further multigrid)

+ Coarse grid solver is more

/ expensive than original approach.
= If process number is larger, this .
effect might be significant o
CGA (Coarse Grid Aggregation)
- A HBRNEIEEREN

Level=2 ------------
Level=m-3 !!!!!!!!!!!!

] } |
Level=m-3 . . .
Level=m-2
2 “"' !

Coarse grid solver at a
single MPI process (multi-
threaded, further multigrid)

—
HOpE T .
NACGA (Hierarchical CGA)

MGCG Solver with CGA/hCGA on
4,096 nodes (65,536 cores) of Fujitsu
FX10 (Oakleaf-FX)

3D Groundwater Flow through
Heterogeneous Porous Media

Nakajima, K. “Optimization of Serial
and Parallel Communications for
Parallel Geometric Multigrid Method”
(Best Paper Award, ICPADS 2014)




SecC.

DOWN is GOOD

15.0

10.0

5.0

0.0

x1.61

m C3, 512 nodes
@ C4, 512 nodes
m C3, 4,096 nodes
OC4, 4,096 nodes

Flat MPI

HB 4x4 HB 8x2 HB 16x1

Sec.

15.0

125

10.0

7.5

5.0

|:||:||:||:|EF| HI:|I:

Weak Scaling up to 4,096 nodes <~/ , ="
max. 17,179,869,184 meshes (64° meshes/core)

| o

co CRS Single Core
C1 ELL (org) Single Core
C2 ELL (org) CGA
C3  ELL (sliced) CGA
C4  ELL (sliced) hCGA
® Flat MPI:C3
—O—Flat MPI:C4 ¢
-A-HB 4x4:C4 PY
[ A HB 8x2:C3
"~ A HB 16x1:C3 e

100 1000 10000 100000
CORE#

31



FIFIIE:IEFH—":“;
Strong Scaling up to 4,096 nodes ~—/" = ="
268,435,456 meshes, 162 meshes/core at 4,096 nodes
UPis GOOD

Flat MPI/ELL (C3),
8 nodes (128 cores) : 100%

mFlat MPI:C3 @Flat MPI:C4
m HB 8x2:C3 HB 8x2:C4

S
Py
g L
g 80}
. =
T | oo [
= 60
co CRS Single Core g
C1 ELL (org) Single Core E 40
@
C2 ELL (org) CGA T
O 20
C3  ELL (sliced) CGA
C4  ELL (sliced) hCGA 0

1024 8192 65536
CORE#
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F./F.\E.\'F,/Eﬂ == ppOpen-MATH/VIS

..

« ROLIIBEEERFEFERLI-RREL S ATHRIEFE;
[Nakajima & Chen 2006][Z& DK
- ENHEFR/\—T3>2F: ppOpen-MATH/VIS-FDM3D
e UCD single file . N
o JoYRIAH—L
— T2K, Cray
— FX10

— Flat MP!
* Hy brid, QF* ﬁ iﬁ 1:% - é; E }";‘ 5‘% ﬁ”@,

[Refine]

AvailableMemory = 2.0  Available memory size (GB), not available in this version.
MaxVoxelCount = 500 Maximum number of voxels

MaxRefineLevel = 20 Maximum number of refinement levels



Simplified Parallel Visualization
using Background Voxels

e QOctree-based AMR

 AMR applied to the region where gradient of field
values are large
— stress concentration, shock wave, separation etc.

 |f the number of voxels are controled, a single file
with 10° meshes is possible, even though entire
problem size is 10° with distributed data sets.

34



Procedure

ol e

Original Meshes

Background Voxel's
with AMR

Q
Q o
O——0 O~——0

Surface Nodes after
Simplification

35

( @,
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O O O O
Delaunay Meshes
(2D: triangle,

3D: tetrahedra)
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Voxel Mesh (adapted)

36
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~~/*#=="  Flow around a sphere

Pressure

1.32 -
=13
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~0.25




@H-Hpt ppOpen-MATH

_...

e A set of common numerical libraries

— Library for coupled multi-physics simulations (loose-
coupling) (ppOpen-MATH/MP)

» Originally developed as a coupler for NICAM (atmosphere,
unstructured), and COCO (ocean, structured) in global climate
simulations using K computer

— Both codes are major codes on the K computer.
» Prof. Masaki Satoh (AORI/U.Tokyo): NICAM
» Prof. Hiroyasu Hasumi (AORI/U.Tokyo): COCO

* Developed coupler is extended to more general use.
— Coupled seismic simulations

38



@H-Fﬁ; ppOpen-MATH/MP

0° 30" 60" 90° 120" 150° 180°-150-120"-90° —60" -30" 0"

¢« FVMYFEMZZE R HERILF AT
DEBDETIVEEES, RIRET—2ER
=, T—AEBRD-ODFEERHYT)
27— )LppOpen-MATH/MP % B %
— BEEEIETILTY R LB (H2520 )

— EFILOBEAE)TILEALTZELBFE
BB I7FAIVIZH AT SI0a R—FRk

o F—ZRAFAELCEZAEHBFR ©
SETILNICAMEBEFETILCOCO%F -

#EE (H24)
— H25LA[F L — & F i ~HLaR

-30°

i
0° 30" 60° 90" 120° 150° 180°-150-120°-90° -60" -30° O°

0 30° 60° 90" 120" 150° 180" -150" -120° -90° -60" -30° O

u = =
0° 30" 60" 90" 120° 150° 180" -150° -120° -90° -60"° -30° O°

X/ 1 NICAM & 1O €3 = — /L Om=T:

c BETEBEBFEHRELIARMNES, ERDARIFLVET
XA THO-EREESIESaL— 30 DO AEEMEZFHL,

39



NICAM:
Semi-Unstructured Grid

MIROC-A:

FDM/Structured Grid

NICAM-
Agrid
NICAM-
ZMgrid

Atmospheric

J-cu

Mode -1

Mode [-2

MIROC-A

ppOpen-MATH/MP
Coupler

* Grid Transformation
* Multi-Ensemble

10

*Pre- and post-process
* Fault tolerance

*MXN

Post-Peta-Scale

COCO
Regional
Matsumu
model

cocol ™.,
ra-

System
-System S/W
—-Architecture

c/o T.Arakawa,

120 180 COCO: Tri-Polar FDM

Regional Ocean Model
Non Hydrostatic Model M.Satoh

40



Weak-Coupled Simulation by the
ppOpen-HPC Libraries

Two kinds of applications (Seism3D+ based on FDM, and FrontISTR++
based on FEM) are connected by the ppOpen-MATH/MP coupler.

Seism3D+ FrontiISTR++

ppOpen-APPL/FDM PpOpen-APPL/FEM
Velocity ppOpen-MATH/MP Displacement

Principal Functions

v' Make a mapping table

v Convert physical variables

v' Choose a timing of data
transmission




1995 Kobe Earthquake M.7.3
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Large—Scale Coupled Simulations in FY.2013-2014

A test of a coupling simulation of FDM (regular grid) and FEM

(unconstructed grid) using newly developed ppOpen-MATH/MP

Coupler

c/o T.Furumura

x|

Earthq uake
Source

Basement-I
(engineering
classification)

e

Sedimen\t

~ [

.""'-‘\Sedimentary Rock

Bed rock

(seismologica
classification)

|
#

FDM: Seismic Wave Propagation
Model size: 60x60x32 km

Time: 90 s
Resolution (space): 40x40x20 m

Resolution (time) : 1.00 ms

Sedimentary Rock

(FDM-mesh)

FEM: Building Response
Model size: 400x400x200 m

Time: 90 s
Resolution (space): 1 m, 6M
Resolution (time) :0.2 ms

-

10-50 m

nodes

ppOpen-MATH/MP: Space-temporal interpolation, Mapping
between FDM and FEM mesh, etc.



2,560 nodes for FDM, 2,000 nodes
for FEM = 4,560 nodes of FX10

% Epicenter

RIKEN AICS Building
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User’s Program

FEM FDM FVM BEM DEM

MG GRAPH VIS

PpOREn-HEC

\%yhnu“

Optimized Application with
Optimized ppOpen-APPL, ppOpen-MATH
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=1

@n-Hp: ppOpen-AT

ale

s"

Automatic Tuning (AT) enables development of
optimized codes and libraries on emerging
architectures

ppOpen-AT automatically and adaptively generates
optimum implementation for efficient memory
accesses in procedures of scientific computing in
each component of ppOpen-APPL

A directive-based special AT language is developed
— Well-known loop transformation techniques are utilized

PpOpen-APPL/FDM, ppOpen-APPL/BEM

AT applied to 3D FDM code for seismic simulations
developed on ppOpen-APPL/FDM for Intel Xeon/Phi
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c/o TKatagir ppOpen-AT System

R ittt ettt ~.
[ ﬁ User @ Before

[ S Release-time
: Library @v eknowledes 0) AT Automatic |
I Developer L pptpen- '
: = Directives Code :
\ Generatlon l

@

ppOpen-AT
Auto-Tuner

Auto-tuned

=
i ' Execution Time

Ei;:iion@ @ Library Call
N :Target
il wd

T~ ;;m Computers
T

Library User\‘,
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Seism3D on ® Space difference by FDM.

&o-pq(x Y,Z)

M /2

:Aizc [0, {x+(m +—)Ax Y, 2}=o {x— (m——)Ax Y, 73],

o Epricit time expansion by central
difference.

i nl 1(00y do) oo
_ 1( 0'xp+ O'yp+ gzp+ fpﬂJAt,(p:x,y,Z)
z

— — .
[ Velocity PML condition (update_vel_sponge)

[ Velocity Passing (MPI) (passing_vel) ]
‘ \
..
Stress Update (update_stress)

p Ll
Stress Derivative (def stress) ] d '
“', 9 ] "‘""

OX oy
’j‘,‘. 7
m B )

Stress PML condltlon (update stress sponge)

Stress Passing (MPI) (passing stress
)“-\\‘“ l - g ( ) (p g_ )

Stop Iteration?

YES
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End



Seism3D: Code for Seismic Wave Sim.
Triple-nested loops, Most Expensive

DOK=1, NZ
DOJ =1, NY
DO I =1, NX

RL = LAM (1,J,K)

RM =RIG (I,J,K)

RM2 = RM + RM

RMAXY = 4.0/(1.0/RIG(I,J,K) + 1.0/RIG(I+1,J,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(1+1,J+1,K))
RMAXZ = 4.0/(1.0/RIG(1,J,K) + 1.0/RIG(1+1,J,K) + 1.0/RIG(1,J,K+1) + 1.0/RIG(I+1,J,K+1))
RMAYZ = 4.0/(1.0/RIG(I,,K) + 1.0/RIG(1,J+1,K) + 1.0/RIG(1,J,K+1) + 1.0/RIG(I,J+1,K+1))
RLTHETA = (DXVX(I,J,K)+DYVY(1,J,K)+DZVZ(l,J,K))*RL
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)
SXX (1,J,K) = ( SXX (1,,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,J,K) = (SYY (1,J,K) + (RLTHETA + RM2*DYVY(],J,K))*DT )*QG
SzZ (1,),K) = (SZZ (1,J,K) + (RLTHETA + RM2*DzVZ(l,J,K))*DT )*QG
SXY (1,J,K) = ( SXY (1,J,K) + (RMAXY*(DXVY(l,J,K)+DYVX(1,J,K)))*DT )*QG
SXZ (1,,K) = ( SXZ (1,J,K) + (RMAXZ*(DXVZ(1,J,K)+DzZVX(1,J,K)))*DT )*QG
SYZ (1,J,K) = (SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(l,,K)))*DT )*QG
END DO
END DO
END DO

c/o T.Katagiri



Loop Splitting

DO K =1, NZ
DO J =1, NY
DO T =1, NX
RL = LAM (I, J, K)
RM = RIG (I, d, K)
RM2 = RM + RM
RLTHETA = (DXVX(I, J, K)+DYVY (I, J, K) +DZVZ (I, J, K) ) *RL
QG = ABSX(I)*ABSY (J) *ABSZ (K) *Q (I, J, K)
SXX (I,Jd,K) = ( SXX (I,J,K) + (RLTHETA + RM2xDXVX (I, J, K))*DT ) *QG
SYY (I,J,K) = ( SYY (I,J,K) + (RLTHETA + RM2xDYVY (I, J, K) ) *DT ) *QG
SZ7 (1,4,K) = (SZZ (I,J,K) + (RLTHETA + RM2xDZVZ (I, J, K))*DT )*QG
ENDDO; ENDDO; ENDDO
DO K =1, NZ
DO J =1 NY
DO T =1, NX

STMP1 = 1.0/RIG(I, J, K)

STMP2 = 1.0/RIG(I+1, J, K)

STMP4 = 1.0/RIG(I, J, K+1)

STMP3 = STMP1 + STMP2

RMAXY = 4.0/ (STMP3 + 1.0/RIG(I, J+1,K) + 1.0/RIG(I+1, J+1,K))

RMAXZ = 4.0/ (STMP3 + STMP4 + 1.0/RIG(I+1, d, K+1))

RMAYZ = 4.0/ (STMP3 + STMP4 + 1.0/RIG(I, J+1,K+1))

QG = A SX (1) *ABSY (J) *ABSZ (K) *Q (I, J, K)

SXY (I,J,K) = ( SXY (I,d,K) + (RMAXY*(DXVY(I J, K)+DYVX (I, J, K)) ) *DT ) *QG
SXZ (I,J,K) = ( SXZ (I,d,K) + (RMAXZx (DXVZ(I, J, K)+DZVX (I, J, K)))*DT )=*QG
SYZ (I,J,K) = ( SYZ (I,J,K) + (RMAYZ%x(DYVZ(I, J K) +DZVY (I, J K)))*DT ) *QG

END DO; END DO; END DO;

c/o T.Katagiri




Loop Fusion: Double-nested

DO KK = 1, NZ * NY Longer loops
K = (KK=1)/NY + 1 B p
J = mod (KK-1,NY) + 1
DO I =1, NX ﬁ : :
RL = LAM (I, J, K) Inner loop: nice for prefetching
RM = RIG (I, J,K)
RM2 = RM + RM

RMAXY = 4.0/(1.0/RIG(I, J,K) + 1.0/RIG(I+1,d,K) + 1.0/RIG(I, J+1,K) +

1. 0/RIG(I+1, J+1,K))

RMAXZ = 4.0/(1.0/RIG(I, J,K) + 1.0/RIG(I+1,d,K) + 1.0/RIG(I, J,K+1) +

1.0/RIG(I+1, J, K+1))

RMAYZ = 4.0/(1.0/RIG(I, J,K) + 1.0/RIG(I, J+1,K) + 1.0/RIG(I, J, K+1) +

1.0/RIG(I, J+1,K+1))

RLTHETA = (DXVX (I, J, K)+DYVY (I, J, K) +DZVZ (I, J, K) ) *RL
= ABSX (1) *ABSY (J) *ABSZ (K) *Q (I, J, K)

QG
SXX
SYY
SL7
SXY
SXZ
SYZ
ENDDO
END DO

(I,

(I,
(I,
(I,
(I,
(I,

J. K =
J, K)
J.K)
J, K)
J, K)
J, K)

= ( SXX (I,J,K) + (RLTHETA + RM2#DXVX (I, J, K))+DT )*QG
= (SYY (I,J,K) + (RLTHETA + RM2#DYVY (I, J, K))+DT )*QG
= (SZZ (I,J,K) + (RLTHETA + RM2xDZVZ (I, J, K))*DT )=*QG
= (. SXY (I,J,K) + (RMAXY* (DXVY (I, d, K)+DYVX(I, J,K)))=*DT ) *QG
= (SXZ (I,J,K) + (RMAXZ* (DXVZ(I, d, K)+DZVX(1, J,K)))=*DT ) *QG
= (SYZ (I,J,K) + (RMAYZx(DYVZ(I, J,K)+DZVY (1, J,K)) ) *DT ) *QG

c/o T.Katagiri




Example of Directives of ppOpen-AT

loat$ install LoopFusionSplit region start

I $omp Bgrﬁlle{ dﬁzprivate(k,j,i,STMP1,STMP2,STMP3,STMP4,RL,RM,RMZ,RMAXY,RMAXZ,RMAYZ,RLTHETA,QG)
DO J =1, NY
DOT =1, NX
RL = LAM (I,J,K); RM =RIG (I,J,K); RM2 = RM + RM
RLTHETA = (DXVX (I, J, K) +DYVY (I, J, K)+DZVZ (I, J, K) ) *RL
loat$ SplitPointCopyDef region start
QG = ABSX(I)*ABSY (J)*ABSZ (K) *Q (I, J, K)
loat$ SplitPointCopyDef region end
SXX (I,J,K) = ( SXX (I,J,K) + (RLTHETA + RM2xDXVX (I, J, K) ) *DT ) *QG
SYY (I,J,K) = (SYY (I,J,K) + (RLTHETA + RM2xDYVY (I, J, K))*DT ) *QG
S7Z2 (1,J,K) = (SZZ (I,J,K) + (RLTHETA + RM2xDZVZ (I, J, K) ) *DT ) *QG

loat$ SplitPoint (K, J, I)

STMP1 = 1.0/RIG(I, J,K) ;  STMP2

= 1.0/RIG(I+1,J,K); STMP4 = 1.0/RIG(I, J, K+1)

STMP3 = STMP1 + STMP2
RMAXY = 4.0/ (STMP3 + 1.0/RIG(I, J+1,K) + 1.0/RIG(I+1, J+1,K))
RMAXZ = 4.0/ (STMP3 + STMP4 + 1.0/RIG(I+1, J, K+1))

RMAYZ = 4.0/ (STMP3 + STMP4 + 1.
loat$ SplitPointCopylnsert

0/RIG(I, J+1,K+1))

SXY (I,d,K) = ( SXY (I,d,K) + (RMAXY=*(DXVY (I, d, K)+DYVX(I, J, K)))=*DT ) *QG

SXZ (I,d,K) = ( SXZ (I, d,K) + (RMAXZ*(DXVZ(I, J, K)+DZVX (I, J, K)))*DT ) *QG

SYZ (I,J,K) = (SYZ (I,d,K) + (RMAYZ+(DYVZ(I, J, K)+DZVY (I, J, K)))*DT ) *QG
END DO; END DO; END DO

I'$omp end parallel do
loat$ install LoopFusionSplit region end




Automatic Generated Codes for N .

the kernel 1 FROpFm RS
ppohFDM update_stress

[=]

o #1 [Baseline]: Original 3—nested Loop

o #2 [Split]: Loop Splitting with K—loop
(Separated, two 3—nested loops)

o #3 [Split]: Loop Splitting with J-loop

o #4 [Split]: Loop Splitting with I-loop

o #5 [Split&Fusion]: Loop Fusion to #1 for K and J—-loops
(2—-nested loop)

#6 [Split&Fusion]: Loop Fusion to #2 for K and J—-Loops
(2—-nested loop)

o #7 [Fusion]: Loop Fusion to #1
(loop collapse)

#8 [Split&Fusion]: Loop Fusion to #2
(loop collapse, two one—nest loop)
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Automatic Generated Codes for =
ppIEPEH-Hl:'[;
the kernel 2 Sean"

ppohFDM update vel
 #1 [Baseline]: Original 3-nested Loop.

e #2 [Fusion]: Loop Fusion for K and J-Loops.
(2-nested loop)

 #3 [Fusion]: Loop Split for K, J, and |-Loops.
(Loop Collapse)

e #4 [Fusion&Re-order]:
Re-ordering of sentences to #1.

e #5 [Fusion&Re-order]:
Re-ordering of sentences to #2.

e #6 [Fusion&Re-order]:
Re-ordering of sentences to #3.




55

loat$ install LoopFusionSplit region start
1Somp parallel do
private(k,j,i,STMP1,STMP2,STMP3,STMP4,RL,RM,RM2,RMAXY,RMAXZ,RMAYZ,RLT

S 0 HETA,QG)
B Speedup [%] |5t
DOJ=1,NY
DOI=1,NX
RL = LAM (1,J,K); RM =RIG (1,J,K); RM2=RM +RM
RLTHETA = (DXVX(I,J,K)+DYVY(1,J,K)+DZVZ(1,J,K))*RL
loat$ SplitPointCopyDef region start
QG = ABSX(I)*ABSY(J)*ABSZ(K)*Q(l,J,K)
. . loat$ SplitPointCopyDef region end
E Xxam p I e Of d ire Ctlve SXX (1,J,K) = ( SXX (1,J,K) + (RLTHETA + RM2*DXVX(1,J,K))*DT )*QG
SYY (1,J,K) = ( SYY (1,J,K) + (RLTHETA + RM2*DYVY(1,J,K))*DT )*QG
$zZ (1,3,K) = ( Sz (1,J,K) + (RLTHETA + RM2*DZVZ(1,J,K))*DT )*QG

fo r p pO pe n -AT loat$ SplitPoint (K, J, 1)

STMP1 = 1.0/RIG(1,J,K); STMP2 = 1.0/RIG(1+1,J,K); STMP4 = 1.0/RIG(1,J,K+1)

: I 1 : /f 1 STMP3 = STMP1 + STMP2
L O O p S p | |tt| ﬂ g U S | O n RMAXY = 4.0/(STMP3 + 1.0/RIG(1,J+1,K) + 1.0/RIG(I+1,J+1,K))
RMAXZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(I+1,J,K+1))
RMAYZ = 4.0/(STMP3 + STMP4 + 1.0/RIG(1,J+1,K+1))
loat$ SplitPointCopylnsert
SXY (1,J,K) = ( SXY (1,J,K) + (RMAXY*(DXVY(1,J,K)}+DYVX(1,J,K)))*DT )*QG
SXZ (1,J,K) = ( SXZ (1,J,K) + (RMAXZ*(DXVZ(1,J,K)+DZVX(1,J,K)))*DT )*QG
SYZ (1,J,K) = ( SYZ (1,J,K) + (RMAYZ*(DYVZ(1,J,K)+DZVY(1,J,K)))*DT )*QG
END DO; END DO; END DO
1Somp end parallel do
loat$ install LoopFusionSplit region end

S e
%) AN\
\Z &7 % o
& S % &
&7 3
J° Q
R &

85@,’“ Effect of AT on each kernel
(Xeon Phi 8-nodes)
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/'_'\’-l—u:u: '
S Schedule of Public Release

(with English Documents, MIT License)
http://ppopenhpc.cc.u-tokyo.ac.jp/

e Released at SC-XY (or can be downloaded)

e Multicore/manycore cluster version (Flat MPI,
OpenMP/MPI Hybrid) with documents in English

 We are now focusing on MIC/Xeon Phi
e Collaborations with scientists are welcome

History

« SC12, Nov 2012 (Ver.0.1.0)
« SC13, Nov 2013 (Ver.0.2.0)
« SC14, Nov 2014 (Ver.0.3.0)
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@H-Hp.; New Features in Ver.0.3.0
™ http://ppopenhpc.cc.u-tokyo.ac.jp/

 ppOpen-APPL/AMR-FDM: AMR
framework with a dynamic load-
balancing method for various FDM
applications

« HACApK library for H-matrix comp.
iIn ppOpen-APPL/BEM

. Akl h”’O |da (Kyoto U ) Plﬁso.r Assigned data Assign a° to P, if Sla°,) in KP)

A : Whole matrix
Aj;: The entry in the /th row
and the /~th column of A
a®: A small submatrix of 4
a‘;j: The entry in the /-th row
and the j-th column of a®

 Ultilities for pre-
processing in

pPpOpen-
APPL/DEM

N : Number of rows of 4

n : Number of processors

P, : The A-th processor
lpi1=l<<lh<w<lyyy=N+1
R: R(PY={i|lx <i<lgsr }
S: S(aci]-) = [ when aci}- = A”

o W W] —



@nwg Collaborations, Outreaching
'\/ an”
e Collaborations
— International Collaborations
» Lawrence Berkeley National Lab.

« National Taiwan University

 |IPCC (Intel Parallel Computing
Center)

e Outreaching, Applications

— Large-Scale Simulations
Geologic CO, Storage
Astrophysics

Earthquake Simulations etc.
ppOpen-AT, ppOpen-MATH/VIS,
ppOpen-MATH/MP, Linear Solvers
— Intl. Workshops (2012, 2013) -

— Tutorials, Classes - |

CO, Plumes

Pl
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