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System Configuration of GeoFEM

Utilities

One-domain mesh

Partitioned mesh

Pluggable Analysis Modules

Structure

)

Platform

| .
y PEs

Visualization data




Parallel Programming Model

—)
—)

Each PE Intra NODE | Inter NODE

FO90 + OpenMP *

MPI

F90

MPI

HPF

MPI

HPF

Hybrid
Flat MPI

* Visualization subsystem : C + Pthread




KV

HH

Y-

RE
154

£ BRATE

EXOJIES

S EROMRETE




WFZTETIE (H154E )

EARIKRESH FRID=HD KRR ZaL—30T5vE
74—L.GeoFEMIZDLVT

DA FN REEVIL/N-FERED 22— ILE D ExE1E, TEEEET
QO EILT IV T — LD RBEIL- T —PEYTAREATA
QEAIIRS 2L —a o ~DERGERBITEST)
DEW T 2 RRERENT

BT YR I+ —LDEFRILED-ODEBET —2IE




H 0 %*ﬂ%g
BH155FE tfZ5TIE
BSEEDORR

B S5ROMRETE




REEDRE

Dt

SRIEEVILIN- BT ED 12— ILES

Db, MEreET

I NERNTHEEZ D ST A L=V AT LIZE
W TS REITRFIT—9%1T0Y, 512/—FK

f&

IR (COEEDBITEREIISEBERE)

|2 51E3h3:84%, MiF{E3R0.999955, ZE

A LT=,
Selective Blocking £DJDSA—41) 2512k
L), 1&ARFERE (RS T ST Vik) ICBNEHI

AL E

DHRELS LUV TREBEILZT T,




Re-Ordering Technique for

Vector/Parallel Architectures

Cyclic DUDS(RCM+CMC) Re-Ordering
(/—FRALHNEIUVARY FILE
D= D ExE1L)
(/ — FREES B85 E)

RCM (Reverse Cuthil-Mckee) re-ordering  vector
CMC (Cyclic Multicolor) re-ordering SMP Parallel

DJDS re-ordering : different ordering for

L/U computation
Cyclic DJDS for SMP unit SMP Parallel

Vector
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Elastic Analysis Benchmark

= Computational speed ( Fixed problem size
per node )
0 9.8 TFLOPS ( using 512 nodes, 31 % to peak,
6.4 GDOFs, work rat\i> 95% )

max. number of nodes for users

= Parallel efficienc
0 Compute 0.8 GDOF problem using 256 nodes

and 512 nodes, and estimate the parallel
efficiency by the Amdahl’s law

n Parallel efficiency = 84% when using 512 nodes
( parallelization ratio = 0.999955 )
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Parallel efficiency for 3D linear elastic problem
( estimated with the Amdahl’s law )




Preconditioning for Contact
Problems

« Contact Problems in Simulations for Earthquake
Generation Cycle by GeoFEM.

— Quasi-Static Stress Accumulation Process at Plate
Boundary.

— Non-linear Contact Problems with Newton-Raphson lter's

— lll-conditioned problem due to penalty constraint by ALM
(Augmented Lagrangian).




Preconditioning for Contact

Problems (cont.)

« Assumptions

— Infinitesimal deformation, static contact relationship.
 Location of nodes in each "contact pair" is identical.

— No friction : Symmetric coefficient matrix
« Special preconditioning : Selective Blocking.

— provides robust and smooth convergence in 3D solid
mechanics simulations for geophysics with contact.

e Computations
— Hitachi SR2201 (Univ. Tokyo)

— Earth Simulator O/O’O_Q\O\O




Selective Blocking
Special Method for Contact Problem
Strongly coupled nodes are put into the same
diagonal block.

Contact
Groups




Selective Blocking
Special Method for Contact Problem
Strongly coupled nodes are put into the same
diagonal block. Each block

corresponds to
.l »

a contact group
yAa

Initial Coef. Matrix Reordered/Blocked Matrix
find strongly coupled contact nodes/block
groups (each small square:3x3)




DJDS for Selective Blocking

Dummy elements to maintain a smooth decrease in the
number of off-diagonal components in descending order

Dummy
Components

3x3 blocks Supernode/Selective
Blocking




DJDS for Selective Blocking

Reordering of selective blocks according to block size




South-West Japan (SWJ)

fixed at z=z ., + body force

Pacific




GFLOPS

DJDS for Selective Blocking

1 SMP Node of ES, 64 GFLOPS Peak Performance
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GFLOPS

South-West Japan Model

7,767,002 nodes, 23,301,006 DOF
ES, 10 SMP nodes (Peak= 640 GFLOPS)

As number of colors increases,

- smaller number of solver iterations until convergence

- shorter vector length ... FLOPS rate decreases. g EatMpI
‘Hybrid’ is sensitive to number of colors and

synchronization overhead of OpenMP. O Hybrid
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Parallel Visualization Techniques
on ES

»
o

‘-&'l
1 4

Parallel surface rendering Parallel volume rendering

Visualization examples of MHD (magnetohydrodynamic) simulations




Features

Concurrent with computation
Applicable to complicated unstructured grids
High parallel performance

High visualization quality




Concurrent with Computation

Mesh
Files

FEM+Visualization
on ES

VIS-module1-#0
VIS-module2-#0
VIS-modulem-#0

Vis method

loop in one
time-step <

Simplified
; Patches

VIS-module1-#1
VIS-module2-#1
VIS-modulem-#1

VIS-module1-#n
VIS-module2-#n
VIS-modulem-#n

Visualization Input

Result Files Output

; Communication

Viewer
Server-client

Server-only

Feedback Loop




Applicable for Complicated Grids

Unstructured
Hybrid (tetrahedra, hexahedra, and prism)
Hierarchical

Grids generated by Dr. Yoshitaka Wada in GeoFEM




High Parallel Performance

Optimization Strategies

e Suitable design of visualization methods

» Suitable for parallelization
» Coupling well with computation data structure

e Three-level hybrid parallelization

* Inter-SMP node MPI
* Intra-SMP node  OpenMP for parallelization
* Individual PE Compiler directives for vectorization

e Dynamic load balancing




Test Application 1

Dataset : 495-Pin Grid Array (PGA) dataset
6,263,201 Nodes, 5,886,640 Elements
(Data courtesy of H. Okuda, S. Ezure, N. Kushida)
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Trrrrrrrrrrrrerrrrraiririee
Crbnrbbrrrrrrbiricrnive e
Frrerrrrrrrrbrrernnireiriveie
FrrrrrrrrrRrrrErFsrra e
Frrrrbsrrnrrrerrrererrer
Terrrrrrrrrrreverrireirenir
Trrrrbrrhirrrrrbrrrrvirrere
Frerrbrrebebrrrbrbirrirnein
TrerrrrerreerheRrrerREw
Trrvrrrwrirbverrrerrrree
wrrprrrrrrrrresrrrrrreve
Frbrrbrrvrrrrobrerrrreve
CrvorrrrbrrbrrrrrvirEnrire
ErrrrErrsrrrrrabarirrrinire
Frbrrrrrrrbrrraverrreere
FrrrrrrrrbrererrErrsrree
CThrdrrrrrrrrrrerrrrrrere
Erbrricrroirvrsrivrivrnirivinie
e e e e = S
Fewvwee L L

495-pin Micro-PGA package intel® Mobile Pentium® iii Processor
Photo : http://www6.tomshardware.com/cpu/00g4/001107/mobilecpu-19.html




Animation for 495-pin PGA Dataset

|- 11E+00
I .05E-0O1
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EB-24HE-03
Y.32E-03

B.57E-OB

Volume rendered animation to show the mises stress by the linear elastostatic analysis for a
495-pin PGA dataset. It took about 64.312 seconds to generate 32 frames animation with
resolution 400*400 using 4 SMP nodes on the ES.




Parallel Performance
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SMP node #

—&— Pure MPI Hybrid —€— Three-level

Comparison in elapsed time of three parallelization models for parallel volume rendering
the thermal stress analysis dataset of a mobile Pentium Ill on the ES




Test Application 2

Dataset: Earthquake Simulation of Southwest Japan in 1944
(Data courtesy of Mikio lizuka in GeoFEM)
Data size: 2,027,520 nodes

Fault position in
the earthquake of
1944




Test Application 2

Parallel volume rendering image for a large Earthquake simulation dataset of Southwest
Japan in 1944, with 2,027,520 unstructured grid elements. The displacement data attribute is
mapped to color. On the ES, with 8 SMP nodes, it took about 1.092 seconds to generate a
single image (Image resolution: 400190 pixels), and about 4.975 seconds to generate 16
animation images with a rotation of the viewpoint along y axis.




High Visualization Quality (1)

Detail-preserving voxel resampling PVR

Attach some original mesh element information in some
IMPORTANT voxels to keep all the DETAILs in voxel resampling

Four important details

Volume
Interval
Boundary
Isosurface

(a) Original voxel resampling (b) Detail-preserving




High Visualization Quality (2)

Better automatic color mapping by inverse
histogram transform of data distribution

e

I Trrees

(a) Linear color mapping (b) Inverse histogram transform




High Visualization Quality (3)

Good transfer functions

Many convenient transfer functions are provided to get better visualization quality

(a) constant opacity + (b) Highlight important intervals +
linear color mapping non-linear color mapping




Extension to Regular Datasets

Our method is mainly designed for unstructured datasets, but also available
for regular datasets.

Wave Propagation Visualization
module on ES

Co-work with Prof. Takashi Furumura
ERI at the University of Tokyo

Earthquake simulation at Kushiro, Japan in 1993




Partitioned & Refined Mesh
(15t-Level Refinement)

Initial Mesh

Partitioned Mesh Partitioned & Refined Mesh
(29-Level Refinement)

Mesh Generation of “South West Japan” Model
By PMR ( Parallel Mesh Relocator )
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Hazasron Orzanization For Information Science and Technology
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Pin Grid Array Model (Large Model [495-pin] : 6,263,201 Nodes, 5,886,640 Elements)
[495-pin Micro-PGA Package : Intel® Mobile Pentium® iii Processor]

SE3CHR 1 495-PIN AND 615-PIN MICRO-PGA ZIF SOCKET DESIGN SPECIFICATION, Intel®
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Partitioned Mesh Refined Mesh
Total # of Nodes : 6,215,681 Total # of Nodes : 48,379,905
Total # of Elements : 5,886,640 Total # of Elements : 47,093,120

10/—F (80PEs) Z e FAL #9245 TR

Hesazren Oezanization for Information Science and Technology
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