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-ar' llel Umtructured Adaptive Mesh Reﬁnement

_Technoloav Descnptlon

;;An advanced seftware hbrary suppomng para!lel
g ,adaptlve mesh refinement in large-scale, adaptive
_ec&ent;ﬂc & engmeenng ,s,lmulatlons.

" ~State of~the-Art Desranf

Eff!clent object-onented desngn in For’rran 90 and MPI
«  Automatic mesh quality control & dynamic load batanc;r;}g
+ - Scalable to hundreds of processors & millions of elements

Application Arena

Computer Modeling & Simulation Applications with
complex geometry

Electromagnetic and semiconductor device modeling
Structural/Mechanical/Fluid dynamics applications

John Z. Lou, Charles D. Norton, & Thomas A. Cwik
High Performance Computing Systems and Applications Group
http://hpc.jpl.nasa.gov/APPS/AMR

Initial geometry courtesy of SCOREC (Rensselaer)
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o ".f'écross prog”ram umts |

"4‘Gener|c lnterfaces

- One call can perform different

actions based on types

Array Syntax

Simplifies whole array, and
array subset, operations

' FOR MORE INFO...

’, ',,,Use-Assocuatlon
~ Controls access to mod 1le

content

Derwed Types -

| User-defined typeé supportmg

abstractlons In programming

PomterslAllocatable Arrays

Supports flexible/dynamic data
structures

Backward compatible with Fortran 77

Fortran 90 Programming. Ellis, Philips, & Lahey; Addison Wesley, 1994
http://hpc.jpl.nasa.gov/PEP/nortonc/oof90.html
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A Minimal PYRAMID Pro
Initialization Section
- * Optional arguments override defaults

PROGRAM pyramid example
USE pyramid module
“implicit none
! Statements omitted... ,
type (mesh), dimension(2) :: meshes
call PAMR INIT()
call PAMR LOAD_MESH_PARALLEL( meshes(1), in file )
call PAMR REPARTITION( meshes(1l) )
! Adaptive refinement loop..
call PAMR ELEMENT_COUNT( meshes(2) )
call PAMR_VISUALIZE( meshes(2), “visfile.plt” )
call PAMR_FINALIZE( mpi_active = .true. )
END PROGRAM pyramid example




A Minimal PYRAMD Progr
- Adaptive Refinement

 PROGRAM pyramid_example

| Adaptive refinement loop...

- do i =1, refinement level

~ call PAMR ERROR EST( meshes(l), &

| meshes(2) )
call PAMR LOGICAL AMR( meshes(1l) )
call PAMR_REPARTITION( meshes(l) )
call PAMR PHYSICAL AMR( meshes(1l), meshes(2) )
end do
END PROGRAM pyramid example

— Users must specify their error estimation method
— Mesh hierarchies can be defined




ﬁﬁ";;bjec -Based Access to Data Structure

“ .... Exphcnt reference to element coordmates is compllcated;'

"!Ttype (mesh) :: thlsiy
‘real, dimension(3) :: xyz pos | , L |
'xyz_pcs = thlsgnodes(thls%elements(2)snode 1ndx(1))ecoord

- PYRAMID sumpliﬁes such referenfces
type (mesh) :: this
real, dimension(3) :: xyz pos
real, dimension(3,4) :: all pos
real, dimension(3,3,4) :: n _normal
Xyz_pos = PAMR ELEMENT COORD(this, element indx=2, &
node indx=1)
all pos = PAMR ELEMENT COORD(this, element_ indx=2)

! Access signed local normal basis for all faces
n_normal = PAMR FACE NORMALBASIS(this, element indx=3)




Data Mlgratlon Vlsuahzatlon Data StructUre Access Mathematlca! '/a,
Auxnhary : :

Almost every command contams optnonah arguments for use customlzatlon

'”PAMR CURRENT TIME
PAMR DEFINE MESH TERMS
PAMR_ELAPSED TIME
PAMR ELEMENT CENTROID
PAMR ELEMENT COORD
PAMR ELEMENT COUNT
PAMR_ELEMENT ID

PAMR ELEMENT VOLUME
PAMR_ERROR_EST

PAMR FACE AREA

PAMR FACE CENTROID
PAMR FACE_COORD

J

‘PAMR FACE INDX

PAMR_FACEEDGE_ID
PAMR_FACEEDGE_INDX
PAMR_FACE_NORMALBASIS
PAMR_FACE_UNITNORMAL
PAMR_FINALIZE
PAMR_GET EDGE_TERMS
PAMR_GET ELEMENT TERMS
PAMR_GET FACE_TERMS
PAMR GET NODE_ TERMS
PAMR_INIT

PAMR_LOAD MESH_COMP

~PAMR LOAD MESH SERIAL

PAMR _LOAD MESH PARALLEL
PAMR LOGICAL AMR
PAMR_MAP_MESH_TERMS

PAMR_PHYSICAL AMR

PAMR REPARTITION

PAMR _SAVE_MESH
PAMR_SET EDGE_TERMS
PAMR_SET ELEMENT TERMS
PAMR_SET FACE_TERMS
PAMR_SET NODE_TERMS
PAMR _VISUALIZE

— Most commands are generic based on the mesh component applied




- Mlgratxon handles :rregular COmmunlcatnon patterns w1th a
scalable and efficient non- blockmg algonthm

ﬁ
i i
i

We are investigating Zoltan (Sandia National Labs) as an
additional option for partitioning




e Modlfy coarse element reﬂnement |f successive
refmements cause poor aspect rat:os Y

No quality control

Refinement
: RV .

Orlglnal Refnement Muaodified Refinement

/N AN A AD £

Possible Refinement Patterns

— Controls quality at the expense of additional elements
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Automatic Mesh Quality Control
- — Benefit of quality control applied to tetrahedral elements

Poor Mesh Elements Without Good Mesh Elements With
Quality Control Quality Control

Note : Tecplot shows some edges in the backplane that do not exist in the mesh...
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Parallel Uniform Refinement




Beowulf-Class
Clusters




- Pentium i Beowu If Cluster
- vs. SGI O2K Parallel AMR
— 02K scales well although the processor is
slower than the 800 Mhz Beowulf PIII

— Beowulf competes well, but performance
is limited by 100 BaseT network e

Waesia

Repartitioned Muzzle Brake
Pentium Il Beowulf vs. SGI 02K Performance

Pentium 11l Beowulf vs. SGI 02K Hetwork
Performance on Exchange Test

wall Clock Time {sec.)

MB per second

[167es [ 52res [ 40Fes | oapes | o
964.68 8B S12B 1KB BKB £4KkB SMB

Message Size in Bytes

1091.15




'pjdeshnaubh

Clrcular-Shlft “MPI SENDRECV(...)”

. A!I processors inspect au of the data

\ “Guarantees handling of cyclic deadlock dependencies
Irregular data sizes affect pipelined flow performance

MPI implicit buffering, due to poor pipeline structure, leads
to poor performance

Direct Data Transfers

» Processors send/receive specific messages

« Send continuously while checking for receives

»  “Arbitrary” message ordering can flood the network switch,

leading to poor performance

Pentium [l Beowulf vs. SG1 02K Performance

wall Clock Time (sec.)

Beowuif SGI Beowult feie]]
Refinement |Refinement | Migration | Migration
0.23

031
5.59

Earthguake Mesh Refinement and Migration on
32 Processors




Redu _tlon schemes can tmprove

nce’/ if. lmplemented wﬂh Cate '

san “

Note : Broadcasts simplify handling
cases where the number of
processors is not a power of two

 Scattercollective PEdata

| ’,’Reduce to' O'W|thy Broadcast
Scheme

- Not scalable and very |neff|cnent for

Earge data sets

Gather partial PE data

Exchange within levels

Reduce (or Exchange) to level 2
Leader with Subset Broadcast level 1 .
Scheme lovel § e |

» More scalable and efficient, but
still requires multiple broadcasts
at each tree level

level 2 I

+ + I

Broadcast within exchange subset




Compatison of Migration Algorithms for 8
Processor Earthquake Mesh Generation

m0ld Algorithm O Mew Algorithm

C r"'/algorsthm ;S non blocklng, scalab!e a,
uses full- duplex commumcatlon L

Yrall Clock Time [sec.}

Our Algorlthm Improvements

; Maxum;ze exchanges at each level
without repeated calculations

- Reduce data volume at each level
with full-duplex communication level 2

Minimum number of broadcasts are
required to support an arbitrary
number of processors

level 1 TR D U S

Processors which do not contribute to
the calculation at a given level are
idle (not shown in this example)

level 0 .

Maximum number of pairwise exchanges
are performed




-vs. SGI O2K Migration

~ — Beowulf performs well, but network stil
- dominates with increasing processors
— 02K is also affected for large (>30MB)
- messages

Pentium [t Beowulf vs. SGI 02K Performance

R s
SN

EX
5

1000

Yrall Clock Time (sec.)
Ak

ol B . o Adaptively Refined Artery Segment with 2 Million Elements
| 4Pes | 8Pes [16Pes | 32Pes [40Pes | 64 Pes

206.91

Note : New migration algorithms are applied




32 port M3 E32 Swntch

PCI 64B, Lana: 9, SuperMscro 370 DLE
Motherboard Serverworks LE rev 5

chipset R |
RedHat linux 6.2 Kernel 2.2.19 SMP
MPICH-GM 1.2.4 (latest 1.2.8)

Dual-PE 800 Mhz Pentium-lll 52 Node
System

MPICH-GM Performance

— 225 MBytes/s (1.8 Gbit/s) 9.3 usec
latency

— 130 MBytes/s (1.0 Gbit/s) 1.5 usec
latency shared-memory communication




Artery Mesh Repartitioning
- Improvement for larger numbers of
- _processors compared to 100-BaseT
- Etheret

- — The is essentially a communication

~ benchmark B | '

Performance Comparison Across Architectures y -
for Artery Mesh Repartitioning Hetwotk Performance for Ping-Pong Tests

Yrall Clock Time [sec.)

‘ o

252757 [ 53702 | 244.85 | 19589 | 215.88 ' : i
@ Beownlf 100BaseT |2176.99 | 72146 | 321.21 | 27562 312B 1KB B8KB 64KB S5MB 1MB
OBeowulf Myrinet |2137.84 [ 671.39 | 25232 | 156.31 | 154.45 Message Size in Bytes

16 Pes




Communication Within and Across Dual-
Processor Nodes (MPICH-GM)

Dua ,CPU‘ Pent|Um m

~ Shared- -Memory processors access data
from cache quickly for small messages, |
but performance is cache limited

New PCI chlpsets reduce the need for

MBytesis

shared-memory communication (Our PCI - L ALRTE
Bandwidth is 455 MbyteS/S) e 5;2 K18 @ o 5; W o P:B MB MB

Message Slze in Bytes

‘_ B e L
G4 32-bit, - —r AN | . Myrinet-
66/33MHz, DMA ink | SANIFiber 2000
335V [ Bridge [ |Controllerf T +—— Conversion Fiber
PCl Bus ‘ . L _ : o Link




Comparison of Old and New Migration
Algorithms Across Systems

Muzzle Refinementand

~ Earthquake Generation
~ Meshes
~ — Mpyrinetimproved communication, but |

~ computation still holds back overall =~ ‘ |

VYall Clock Time {sec )

improvement
' i 5 R R S 8t 5 @ 0ld Alg, 217.35
— Perhaps Pentium Il bandwidth to memory?

Performance Comparison far 3 Adaptive : Performance for 3 Adaptive Refinement Levels
Refinements of Muzze-Brake Mesh : of an Earthquake Mesh

2500 ¢

2000

1500

1000 2

[wres [ Gper [ 16res [32Pes [ 0Pes |

086! 02K 22955 | 96468 | 486.32 48.42 Beowulf SG1 02K aeoyulz
yrine

HBe 960.

EBeowulf 100BaseT |1091.13 | 96071 | 607.56 | 52958 | 303.9 e ”;_E;Bg;” o o
OBeowulf Myrinet |1054.09 | 841 | 503.13 | 263.96 pavRLevel 5] 5209 | 1775 | 2774 |

Wall Clock Time [sec.)
Wall Clock Time {sec ]




Performance Comparison Between Beowulf and
SGI 02K on Artery Wesh Refinement

eryRefmement Blsectloﬁ
and the Cray T3E Network

- AMR performance varies based on partlt;onmg, ,
~ but Myrlnet helps

Blsectlon bandwrdth drops with mcreasmg
‘numbers of processors (no shared memory)

Elements Elements Elernents

Cray T3E network remains the benchmark '  Beowulf Myrinet|  350.09 134712 740,31

OSGI 02K 361.84 607.42 924 .02

Processors

Yall Clock Time [sec.)

4,594,751 7,478,205

Bisection Bandwidth (Normalized by Processor Count) Across Network Performance for meg Pong Tests
Dual-Processor Nodes Using MPICH-GM Between Cray T3E and Beowulf Myrinet Cluster

—— 16 Processors —0— 32 Processors —o— 48 Processors

L #Cray T3E OBeowulf Myrinet

32B 128B 512B 1KB 8KB 16KB 32KB 256KB S12KB 1MB 4MB 1{6MB 2Z2MB 8B 512B 1KB 8KB £4KB 5MB 1MB
Message Size in Bytes Message Size in Bytes




Ievelo'pment is User-lrlven T

~ Used for adaptive refinement of multi- | Lo o
= _,_ale meshes for actnve dewce modeling .

' Addltlonal Work Dlrechons

- User-controllable boundary zone
~ definition

- Interpolation methods among mesh
levels

Straightforward approaches for
incorporating error estimation

Coarsening

NASA Jot Propulsion Laboratory
Callfornia Instltute of Technology

Demonstration Release
— hpc.jpl.nasa.gov/APPS/AMR

Note : Functionality is limited in demo release






