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Rich Vuduc (Georgia Tech) says ...

From: "Richard (Rich) Vuduc" <richie@cc.gatech.edu>
Date: Thu, 24 Dec 2015 23:01:49 +0000

Subject: Re: Thank you very much !!

To: "NAKAJIMA, Kengo" <nakajima@cc.u-tokyo.ac.jp>,

| am sorry to miss your Christmas talk
-- you are like the Pope. :)

l.e. Each of us is like the Pope !
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Framework
Appl. Dev.

Math
Libraries

Automatic
Tuning (AT)

System
Software

User’s Program

l | I l | I I l |
ppOpen-APPL FEM FDM FVM BEM DEM

ppOpen-MATH MG GRAPH VIS

ppOpen-AT STATIC DYNAMIC

ppOpen-SYS COMM FT

ppOpen-HPC

Optimized Application with
Optimized ppOpen-APPL, ppOpen-MATH




Finite Element Method

LR

BEM
Boundary Element Method Discrete Element Method
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FY 2 big systems, 6 yr. cycle
05 06 07 08 09 10 11 12 13 14 15 16 17 18 19

Hitachi SR11000/J2
18.8TFLOPS, 16.4TB

Fat nodes with large memory Our last SMP, to be switched to MPP

(Flat) MPI, good comm. performance

Fujitsu PRIMEHPC FX10

based on SPARCG64 IXfx
1.13 PFLOPS, 150 TB

Turning point to Hybrid Parallel Prog. Model

Post T2K

25+ PFLOPS

Peta T (=K) Initial Plan
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v i EHPCE #2 i s% (JCAHPC Joint Center for Advanced
High Performance Computing) : 38 X5, EERKF

v http://jcahpc.jp/
- A=—aF7~R—X (Intel MIC/Xeon PhiZ)
v MPI + OpenMP + X =
- ppOpen-HPCIFFIAEH (R Xt 2—:2 OOOA)O)%‘R/XT.L\
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o TRIFX10, Cray, Xeon7S5RX32—+ 1R EF
— GPU
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http://ppopenhpc.cc.u-tokyo.ac.jp/

FEFEDSC-XYTEF, N6
« Flat MPI, OpenMP/MPI1/\4 ) i 5l
» Multicore/ManycoreZ5 X2 [[][+—Xeon PhigziE{k

b\

P E D E R

« SC12, Nov 2012 (Ver.0.1.0)
« SC13, Nov 2013 (Ver.0.2.0)
« SC14, Nov 2014 (Ver.0.3.0)
« SC15, Nov 2015 (Ver.1.0.0)




@W.—p; New Features in Ver.1.0.0
o http://ppopenhpc.cc.u-tokyo.ac.jp/

« HACApK library for H-matrix comp. in ppOpen-
APPL/BEM (OpenMP/MPI Hybrid Version)
— First Open Source Library by OpenMP/MPI Hybrid

* ppOpen-MATH/MP (Coupler for Multiphysics
Simulations, Loose Coupling of FEM & FDM)

« Matrix Assembly and Linear Solvers for ppOpen-
APPL/FVM

Processor Assigned data ‘ Assign & to P, if &,) in AP ‘ ®

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

~ * Also applicable to full coupling,
multiple applications

eeeeeeeeeeeeeee

L V|2, Send-data extraction from
the buffer, and data sending

Yoy (0 M=T> Coupler procedures
|

and the jth column of a® i =
N : Number of rows of A 1. Data-packing Recv dato ¥

P2

a‘;j: The entry in the i-th row

I

- n : Number of processors into a buffceo: eeeeeeeeeeeeee :

[:,: :: ;I‘l:io:’f;th Erzftf.sfzrzm =N+1 3. Data-packing after the A omsnto et 4. Data extraction
- R: RPD= (i1l i< Ly ) interpolation process | === s mEEa from the buffer
- S:S(a‘ij) = I whena; = A; \ App. B J
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FEMIZH TH1THIERK

BERBOESAEA>ERINI VR (ETI)

EZXRVMNIOREREOLE>EKRTN) VR E/R (BRT1TH)
B -~NMNORER - BEXRE( —a)—@1>—a8
RE)ORER BB

_ BRI AICEERERLILOESS O
HBHT=8, WHEEREIZITT—K

I~

FHEEETIVELDH D, ¢ D
- BER O/ 51+ (Multicoloring) N,
RERIRIR OoTeTe
— Intel Xeon Phi

— NVIDIA Tesla K40
« AtomiciEE/\—KYz7HHR—k [KN et al. HPC-152, 2015]
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OpenACC: AtomiclR{EIZkS[EF

FESIA

I$acc loop collapse(3) independent gang vector (128)

do ie= 1, 8

do je= 1, 8

do I =19
ip = OLDtoNEW (ICELNOD (icel, ie))
kk = | kk(je, ie, icell)

if (kk.ne.0) then
base = 9% (kk-1)
I$acc atomic update

AL (base+1)= AL (base+!) + | _a(je, ie,

1$acc end atomic

else
base = 9% (ip-1)
1$acc atomic update

D (base+|)= D(base+l) + | _a(je, ie,
I$acc end atomic

endif
enddo
enddo
enddo

icell)

icell)

16
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ETEERE  AtomicD A AUSFIL
(coloring) KY3iELY! on K40

' Atomic Bl Coloring
0.7
0.6
S 05 ——
&
=~ 04 ——
£ 03 —
= 0.2 .
0.1 " B
0.0
Hex, ACC, Hex, ACC, Hex, CUDA, Tet, ACC,
atomics coloring atomics atomics
U @750 EH 0.239 0.384 0.218 0.333
B o175k DEtE 0.147 0.156 0.093 0.089
BQ1>7vIAEtE 0.051 0.063 0.026 0.054
B Dyar7 stE 0.069 0.070 0.026 0.026

[KN et al. HPC-152, 2015]



18

ColoringZEL - AtomiciR{ED A HVELVEH

Colored (4f1)
BRILE DERZERFOIE

Ty ahhhigly:[EC
B OMEBR(ZIFI1EIRIZ—
a L AVER S0y AtomiclZ &
AA—Ii\—~\vkZ% @A

S

BNV TIIEEE
Moz

[KN et al. HPC-152, 2015]
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— AtomiCEEN/N\—F D7 Y R—bSNBEITERERBSLLY

« GPU(K40)

— 45317 (coloring) MDA EH S

EC7EY), LOvEELY

« ColoringlZitiF{t AE#A 70 (REXINTLNS)

o T ILAIRZEERIN NS
« CPU, Xeon Phi

GPUDHEZIFIRACPUTET

— ColoringlZ &> T il 5| 1 H¥:

HTEHH, ALy HYHERELHE

B KIEIZIET

o AEY—RIL—TYrERZFFEL
* BULB/FEERICTARELGVDMNE=>THAHNEA
— ZHZFH/8 45T (coloring) IZEEfE AN AV S (Eab)
« Extraction of parallelism by coloring/reordering is very
common for computations on manycore architectures

— Co-Design (including programming env.) is very effective

19
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- EFR80HREFZE

— Lawrence Berkeley National Lab.
- Bi8EXRTF, EIiPRKREFE(FE)
— ESSEX/SPPEXA/DFG, Germany

— IPCC (Intel Parallel Computing Ctr.)
- ER

— K ZaL—ar~D@ER
« CO, i TFETHE, MM
« FEHYE, WEVIaL—I3Yy
* ppOpen-AT, ppOpen-MATH/VIS, ppOpen-MATH/MP
o BIVILIN—FE, HITEISA4D3)

— EEWS (2012,13,15)

- HFHER(EKtVE), EE
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fors RERREEH (113)

« ppOpen-AT BEE X [F] #F3T
— ITERKE BHIHEE

- APHAEZERFEDATAR(d-spline A )DE AXTH EL TppOpen-AT
DATHEBEZ YRR

- BRKFE AHMREE
« BARBEIEDT=O, EHMEEZETHEFRDATAREENAED EE
API1ZF|FL, ppOpen-ATZ AL \-8 hmxiElt A X x 2 ZE (Katagiri et
al. IEEE/MCSoC 2013 Best Paper Award]
- JHPCN* [E T ERRE
- BRETH - THBETIILIVXLIZE TEAESEFEDRF
(EXK, BFEEX) (H24FEE) (LTI SR
s BRETI-TIFERICHEITAH1TI-TIEDEE AR ERICH A
— MERFERTILIVXLOAEFEIZRET HH3E (BRK, EZEK)
(H25F %)
« MR ZAL—LarvRAITERIEFEDMEE/NTAERICATE AR ET

=

=

=
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et SRR BT FEH (2/3)
« JHPCNERIHIFEIERE (Fr )

- BKMEREHAIILIAL—a NEELL(EKXK, EX

fth) (H24-255F &) (

Salb—Ia D

|-

j j‘b&b—c ‘i%l_!fjl. JAMSTEC/A|CS)

« HY MO X, fBIE 7 1E
— IRAMREZR T — )V AT LZEBEELE-ZE bk Bithh BT

T L TIT ST
o BRITHIV)L/N—, dfiFIAJ1E4L

— FEABESAL—1a ) (FEKXK, EX) (H22FE~)
o BRITHIIL/N—, AiFIRTFRAL

— KBBHSESOKRRIES I AL—23 0 | (RRKGHERERZE, [FER

&1

Bt 2—)) (H254

TR FE (RRVE SR, iﬁ)(H%EV)( '

FE~)

o BRITHIIL/N—, AiFIRTFRL
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e R IEH (3/3)

« HY RO XES&E

- BEXHE %E'U‘47)L/\1l/—/3/0)mr1t(3§7<,

JAMSTEC, IHHIAICS, R X E

I—

— BIGEEERIIAL—a) (E K

i)
T)

— R—R=F7A 2314 822 L—3> (University of

Belgrade)
Y12
BRISHET $32L—Say

(JAMSTEC/AICS

Trahscfibed frorh
Ohtani at al (2011)

IR—R=TF A2 31 58
(University of Belgrade )

Transcribed from NIST
Image Gallery



ppOpen-HPCADCO,ith T T EE
Zalb—iar~ADBERA (KRR
CO,ZH T (MkmELE) [ZErEE BB L H REIRICH &

TOUGH2: HIRAFEICLSZHAN - MERE -{LFXR
2o l—A2 (T K) (Lawrence Berkeley Natl. Lab.)

— T RS T HEERFINEDCO,DEE)

— _/kj'l.'.g*ﬁuu.*b(/&ﬁs W‘Zs)ji*z_t‘F /ﬂi#@ﬁ*@@]ﬁ*i_t
— Originala—kIEEIL — R BB KRR ICAztecTA T I ER
HEKS Sal—3 - Sl —22TOFEEEEHY

— KEERR, BFEARFEFEME, NEC, RXIEFEHRERLEVF—,

Lawrence BerkeleyE (L #F TR ATIC &5 1L EIHF

R

o« RYIRIUE FERYVILAN—ER) IZEKYHI50E D ERER £

— 2010 Eth#i T SIS ESE

BE{T 5 JL/\—IZppOpen-APPL/FVM%Z &

] (Block ELL)
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Simulation of Geologic CO, Storage

Yokohama

Point G

CO, Plumes

Groundwater Head (m)
|

O 1 10 20 30 40 50 60 70 80 100

M-4 CO, EA®DHTAKIE (£KERE) 0% (100 Fi&)

B o
2 04 08 ) 14 F 24 28

D0 years

Tokyo Bay

(a) PREDHEERNG T (b) RSB T
E-5 EHERROFmESH (VRSN 60T, EARNED S 100 F8

[Dr. Hajime Yamamoto, Taisei]
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éﬂ# Diffusion-Dissolution-Convection Process

TAISEI

Buoyant scCO, overrides onto groundwater
Dissolution of CO, increases water density
Denser fluid laid on lighter fluid
Rayleigh-Taylor instability invokes convective
mixing of groundwater

Injection Well

Caprock (Low permeable seal)

The mixing significantly enhances the CO,
, _ dissolution into groundwater, resulting in
Native Groundwater (Brine)
Convective Mixing more stable storage

Preliminary 2D simulation (Yamamoto et al., GHGT11)

0 N
BSupercritical CO,

10 B8

20 g

30
Time = 100000 sec

0 100 200 300 400
Radial Distance, m

[ T I [ T
0.005 001 0.015 002 0025 003 0035 004 0.045

CO, Dissolved in Groundwater
200 28

Radial Distance, m

RESERVED



CO2 Saturation

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

CO, Dissolution in Groundwater

IF

0.002 0.01 0.018 0.026

Mass Fraction

ajection Well

Time = 3.9 year

Injection Well

Time = 3.9 year

Density convections
for 1,000 years:

Flow Model

Only the far side of the vertical
cross section passing through
the injection well is depicted.

* The meter-scale fingers gradually developed to larger ones in the field-scale model
* Huge number of time steps (> 10°) were required to complete the 1,000-yrs simulation
* Onset time (10-20 yrs) is comparable to theoretical (linear stability analysis, 15.5yrs)

29
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"—ﬁ-\ Performance: Heterogeneous, Non-linear models

TAISEI

The scalability may be suppressed depending on the problem size as
well as the severity of heterogeneity and non-linearity of models

100,000

10,000

1,000

Calculation Time (sec)

100

10

Fujitsu FX10(Oakleaf-FX), #J30M DOF : {it kD2~ 35 D MERE

{a) Tokyo Bay Model
—Large scale hydro-geological model-

*

=== TR-MP, Aztec Solver (FX10)

== A== TOUGH2-MP, Aztec Solver (FX10)

=== TOUGH2-MP, BELL-R solver (FX10)

{b) DDC (Diffusion-Dissolution-Convection)
—Highly non linear process model-

®EXE, CRS

Rezervair
Moede|

Native Groundwater [Brine)

(RIBEY)
6 million DoF
’—\\ & 4 ﬁ%ﬂ y C RS P:t—jjﬁ:hlls hMe::::geneous reservoir model
ppOpen-HPC: (RIEEL) 1 3.3 million DoF
ELL (RISEEL)
Reserior odel
10 100 1000 10000 100000 et ooy

Number of Processors

Audigane et al.{2011)

€0, behavior
{No upscaling)

N T
§ |gesmpegezspegagiaes

Yamamote et al. (2013)

2% DOF: degrees of freedom

30

COPYRIGHTOTAISEI CORPORATION ALL RIGHTS RESERVED



* ppOpen-HPC
B T D FH 15
IEPAES/]

SEDREH

AN =
SR X




32

RARL—T ~MITT={RTE EEAfF

Assumptions & Expectations towards Post-Moore Era

Higher Bandwidth, Larger & Heterogeneous Latency
— Memory: 3D Stacked Memory

— Network: Optical Communication

— Both of Memory & Network will be more hierarchical

Larger Size of Memory & Cache
Transaction/Transactional Memory
Application-Customized Hardware, FPGA

Large Number of Nodes/Number of Cores per Node
— under certain constraints (e.g. power, space ...)

EIEFE A, LIELKEIBFIXETD—&Z-ESTHAI,



R RATLIZBFTHRTIT)r—3>
FFERAIL—LT—% :pK-Open-HPC
« TEIFEERT 4TI HIT LT IYREIC
« ROBIBBRERZE BRATEE~DITL
— ELL, Sliced-ELL, SELL-C-Sigma
o« BRFR(XEB) ZERFRILERIEZE
- \RRIET T Vr—2ar~DOX G
— BE1FHEFEFE F (Smoother)
— J&1EHIi (Communication Avoiding/Reducing) 7 /L3 X L
« RARL—FETDDIEE Sel-similar block o 1 cen

* (Cell size becomes half
b e
‘ * The same number of cells

LL]

a2 Pressure

1. 13 + + +

ki
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CRS ELL Sliced ELL SELL-C-c
(SELL-2-8)



Analyses by Detailed Profiler of
Fujitsu FX10, single node, Flat
MPI, RCM (Multigrid Part),

643cells/core, 1-node

L1 D SIMD

1.53x10%  2.32x107 1.67x10”  30.14%

OEQL'Ea' 4.91x108  1.67x107 127x107  93.88% 6.99
SId 491x108  167x107 9.14x10° 9388% 856

[KN ICPADS 2014]
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GW Flow Simulation with up to 4,096

nodes on Fujitsu FX10 (GMG-CG)
up to 17,179,869,184 meshes (643 meshes/core)

20.00
| ®@HB 8x2:C0
[ | AHB 8x2:C1
15.00 | AHB8x2:C2 o] CRS
| AHB 8x2:C3 ° o9
i o
o
31000 L ® Py o N A AAA X1.90
©" " le @ A 4 4 2 A A AA
A A A A AAA SELL
[, A A A A A
5.00 +
CGA
0.00 [ 2 » 2 P 2 M EEE | » 2 2 5 32 a2
100 1000 10000 100000

CORE#

T Watx | Coarso rid

CO CRS Single Core

C1  ELL (org) Single Core
C2 ELL (org) CGA

C3 ELL (sliced) CGA

[KN ICPADS 2014]
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pK-Open-HPC

pK: Post K or similar manycore architectures

* pK-Open-FVM
— (FVM+Block-AMR) IZ¥ELT=7 7 r—avHFEIL—

LT—H
* pK-Open-SO

— R ES

15 )L IN—

— Multigrid, H-Matrix, Low-Rank Approximation
— ELL, SELL-C-c

* pK-Open-AT

— ppOpen-AT D5k
— pK-Open-SOLIZH TS ezl / 3T A—FE R
— |$ﬁl:.n:|:ﬁﬁ:ET)l/*%ﬁ 91‘ﬁB|$ﬁI:n:Hﬂﬁ:ET)l/2FF/-\



38

User’s Program

l | | l | | | | |
MG  GRAPH VIS MP

ppOpen-HPC

Optimized Application with

Optimized ppOpen-APPL, ppOpen-MATH



pK-Open-HPC DB % (1/2)

« IRAMRACRESTYEAR] (~2016.3)
o IHAICS-B KIEHER X — H R

BEVRRREFEEA

J'I‘-l-?-ﬁﬂﬂlmf.ﬁ;#ﬂ%

Japan Scie dThIgyAg cy

L AR OO RS IR EE =SS 2
Core Research for Evolutionary Science and Technology
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pK-Open-HPC DB % (2/2)

FY.2016-FY.2017

JST/CREST & DFG/SPPEXA (Germany)

Collaboration

ESSEX: Equipping Sparse Solvers for Exascale

— http://blogs.fau.de/essex/

— Leading PI: Prof. Gerhard Wellein (U. Erlangen)

ESSEX I
— ESSEX
— IRAMRAZCREST : #8HT, 0BT

BEVRRREFEEA

*—la—ﬁf‘rﬂmf.ﬁ;#ﬂ% JF

and Technology Agency

%%HEIRB’J;E’J P =] Eﬂﬁ}ﬁlﬁg ==
Core Research for Evolutionary Science and Technology

Deutscne
Forschungsgemeinschaft

PPEXA
2=

—_—



PPEXA +

oA £ 1|32
Core Research for Evo

* lterative Solver for Quantum Chemistry
— pK-Open-SOL
— Multgrid/Low-Rank Approximation

— Dr. Achim Basermann (DLR, German Aerospace Research
Center)

« Performance Model for Stencil Computation
— pK-Open-AT
— Dr. Georg Hager (U. Erlangen)

— kerncraft: Loop Kernel Analysis and Performance Modeling
Toolkit

* https://github.com/cod3monk/kerncraft

« SELL-C-c for Preconditioned lterative Solvers
— pK-Open-SOL




* ppOpen-HPC
o« IRITDHH
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o IRRAML—THIFRE
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« EZ . E&TH/\T

secC.
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R BIF=8IZ/i o= A ELLY?

L AZIES M EI I MDY
o« Bk ZaL—2 ()X, ~NEC SX-6) h'\B/F=4

oo

—

i 5 B RZEFRZDH#EE XIFEITHRITESH CRE L)

— ALYREHO(103) L EIZZ o= &S ITIEEREH M E RN 7R

12.00 |
10.00 |
8.00
6.00
a00 |

2.00 L

® MIC: AR-1
AlvyB: AR-1 ®
®
o
® o
& °
Aﬁ%

DR7ZY YV ILIN—

3

» BRZNERER

ICCG with CM-RCM(kK)

reordering

RS

« MIC(KNC, 240XLwk) &
HLWNERPAF —/\—~bk

THEREET

e vy Bridge: 10X LWk
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Domain-to-Domain Communication
Exchange Boundary Information (SEND/RECYV)

subroutine SOLVER_SEND_RECV
(N, NEIBPETOT, NEIBPE,
IMPORT_INDEX, IMPORT_NODE,
EXPORT_INDEX, EXPORT_NODE,
WS, WR, X, SOLVER_COMM, my_rank)

@O @o o o

implicit REAL*8 (A-H, 0-2)

include "mpif.h'

parameter (KREAL= 8)

integer IMPORT_INDEX (0:NEIBPETOT), IMPORT_NODE (N)
integer EXPORT_INDEX (0:NEIBPETOT), EXPORT_NODE (N)
integer SOLVER_GOMM, my_rank

integer reql (NEIBPETOT), req2 (NEIBPETOT)

integer stal (MPI_STATUS_SIZE, NEIBPETOT)

integer sta2 (MPI_STATUS_SIZE, NEIBPETOT)

real (kind=KREAL) X(N), NEIBPE (NEIBPETOT), WS(N), WR(N)

do neib= 1, NEIBPETOT m

istart= EXPORT_INDEX (neib-1)

inumn = EXPORT_INDEX (neib ) - istart

do k= istart+1, istart+inum

WS (k)= X (EXPORT_NODE (k) )

enddo

call MPI_ISEND
(WS (istart+1), inum, MPI_DOUBLE_PRECISION, &
NEIBPE (neib), 0, SOLVER_COMM, &
reql (neib), ierr)

enddo

istart= IMPORT_INDEX (neib-1)
inum = IMPORT_INDEX (neib
call MPI_IRECV
(WR (istart+1), inum, MPI_DOUBLE_PRECISION, &
NEIBPE (neib), 0, SOLVER_COMM, &
req2 (neib), ierr)

do neib= 1, NEIBPETOT W
) — istar

enddo

call MPI_WAITALL (NEIBPETOT, req2, sta2, ierr)

do neib= 1, NEIBPETOT
istart= IMPORT_INDEX (neib-1)
inum = IMPORT_INDEX (neib ) - istart
do k= istart+1, istart+inum
X (IMPORT_NODE (k) )= WR (k)
enddo
enddo

call MPI_WAITALL (NEIBPETOT, reql, stal, ierr)

return
end

[KN, 2007]
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= Synchronization Overhead

Earth Simulator

Comm.
Latency

h -

[KN, 2007]
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Communication Overhead
Weak Scaling: Earth Simulator |
in 2002 (B/F=4)

'P.

- 2
:43 . gggéﬁﬁ

10 100 1000
PE#

10000

@ O 3x503 DOF/PE
A A 3x323 DOF/PE
@ A Flat-MPI O A Hybrid

Effect of message size
is small. Effect of latency
Is large.

Memory-copy is so fast.

[KN, 2007]
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Hitachi SR11000, IBM-BG

Memory

| Copy

Comm.
BWTH

[KN, 2007]
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Communication Overhead

Weak Scaling: IBM BG/L-Prototype

Comm. Overhead (sec.)

0.06

o
(=)
r

o
=)
N

in 2004

o o @ 3x44% DOF/PE
¢ oo A 3x243 DOF/PE
(Flat-MPI only)

i o
K 1 PE/node
-, A A Effect of message size
A is significant.
10 100 1000 10000

PE#
[KN, 2007]
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Communication Overhead
Weak Scaling: Hitachi SR11000/J2
in 2007

@ O 3x503 DOF/PE
A A 3x323 DOF/PE
@ A Flat-MPI O A Hybrid

Effect of message size
is significant.

Difference between
Flat-MPIl and Hybrid
Is small.

[KN, 2007]



