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STARS3D

OUTLINE

STARS3D:. Software infrastructurefor modeling Structural Acoustic
Radiationand Scattering in 3D.

Part-1 Overvien of STARS3D
featuresapplications
mathematicafoundation
-approximationgor numericallydispersve problems
Part-1l A-posterioriError Analysis
sub-domairresidualestimator
effectivity indices
Part-1ll ScalableParallelization
stagevise concurreng, parallelmulti-frontal, FETI-DP
accurag, scalability(ef ciency) resultson DoD HPC
Closingremarksandfeedback
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STARS3D

Application Areas

Structuralacoustiaesponsef elastic- uid systems

Elastodynamicsgigen-analysis

Interior noiseanalysis

Radiationandscatteringof wavesexterior to elastic(rigid) structures
Scatteringrom buriedobjects

Acoustictransmission-losmodelingfor sandwiched-honeombpanels

infinite
fluid %

inclusions
. m vacuum

PARRN vacuum

Truncation
Boundary
\ Buried -~

Target

Sediment
Interface 3D Composite Panel
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STARS3D

STARS3D: Technical Capabillities

3D domainof arbitraryshapeandcompleity

Supportfor multiple elasticand uid regions

Adaptablehp- nite/in nite elementapproximations
Acoustic nite andin nite elements
PerfectlyMatchedLayer(PML) approximations
Linearisotropicthree-dimensionatlasticity
Residual-based-posteriorierrorestimation
State-of-the-anparallelmulti-frontal solver (NRL, MUMPS)
Scalabledomain-decompositio(FETI) algorithms
Parallelexecutionin singleandmulti-frequeng setting

Generainfrastructuresupportsvide rangeof applications.
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STARS3D

Computational Domain Description

Fluid may Il structureexterior and/orinterior.
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STARS3D

Model Problem:
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STARS3D

Abstract Variational Framework

Exterior Acoustics
Interior Acoustics
Elastodynamics
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STARS3D

Model Problem: Variational-form
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STARS3D

Computed Quantities of Inter est

Interior pressure
wet-surficevelocity (normaldisplacement):

stres )
far eld pressurdorm/pattern:

— Isary closedsurfaceenclosing
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STARS3D

Infrastructur e Overview

_»{ hp-adaptation
7

( analysis engine

¢

error-analysis |

Y

e

+ yes

hp-adaptive loop key software modules

operator interface

Object-orientedmodularandextensible
Supportsarbitrary 3D, geometricdomains
General-purposBroblemSolving Env. for PDE's
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STARS3D

Approximation Issues
Why adaptabldp-FEM ?

Error controlin FEM approximations:

1. h-re nement:elemensizesubdvision,algebraiconvergencesuitablenear
singularitiesanddiscontinuities

2. p-re nement: polynomial-dgree escalation, exponential cornvergence,
suitablefor smoothsolutions

3. hpre nement: enables exponential corvergence for problems with
singularities/discontinuities
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STARS3D

Approximation Impr ovement

—

initial approximation

h- refinement p- refinement hp- refinement

hp-adaptability
feedback-basedpproximationmprovement
smarteroptimal)errorcontrol:low , smaller nearsingularities

preseresexponentialconvergencefor properlydesignedneshes
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STARS3D

Issuesin Mid-to-High Frequencyregime
How to controldispersion(pollution) error?

Dispersionerroranalysis:

wavenumber —

linearapproximation: E—

10 elementgperwavelength

high-orderapproximation— EE—
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STARS3D

Problem

Exponential p-cornvergence:Interior
01 porrrre
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STARS3D

Application: ATC Eigen Analysis
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STARS3D

Application: Interior acoustics

Al

-
Point load

Vacuum
SONAX :50Hz

STARS3D: 50Hz
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STARS3D
Applications: HoneycombBeam Predictive Validation

Courtsg:NASA Langley ResearclCenter Colorsnot to samescale
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STARS3D

Application: AcousticsTransmissionLoss

)& (PML

Periodic
Transmission Loss for 1/2" Steel Plate in Water Transmission Loss for 2" Steel Plate in Water
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Model 0.5inch 2.0inch

Frequeng-sweepvalidationagainstanalytic(plate-theoryyesult
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STARS3D

-Hierar chic BasisFunctions
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STARS3D

Topology-Basedasisfunction decomposition
F : Y
1 X

X3
.
1
X2
Xl

associatednly with meshentity (V,E,ER)
blends over theelementdomain
- elementcoordinates, - entity coordinates
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STARS3D

Advantagesof Topology-Baseddecomposition

mm{%,S} unconstrained
2] @ 1] @
o 2] o 2]
Element centric p mesh Entity centric p mesh
(restrictive) (flexible) -5

totally e xible degreespeci cation; by construction
anisotropicyariable-ordep-adaptvity

easyadditionof: new basis( ), newv elementy )
independent along

Flexible, unconstrained-adaptation!
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STARS3D

A-posteriori error estimation

structure ext

,’dnt

vacuum

(@) (b) (©)

three-dimensionalnterior acoustics
subdomain-baseaesidualestimator
estimate®f errorin and inglobal and norms

effectivity indicesasafunctionof  andp
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STARS3D

p-Err or Analysis Framework
Primaryproblem:

De ne error: and

Residuakeqguations:
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STARS3D

Global Residual Estimator: GRE

enriched-subspace and
, and exacterror

expensve, but usefulveri cation tool
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STARS3D

SubdomainResidual Estimator: SRE
De nitions:

IS globalpiecaviselinearbasisfor vertex

supportfor

in 3D, IS the closureof meshregionsconnectedrertex to
form a partitionof unity andvanishon

naturalsetupfor a Diric hlet-type estimator
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STARS3D

SubdomainResidual Estimator: SRE
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STARS3D

Vacuum Err or estimation: Numerical results

G Ws

semi-analytiageferencesolution

effectivity indices

Thanksto Dr. J.J. Shirron
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STARS3D

Resonancesn frequencyresponse
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STARS3D

Effectivity Indicesfor GRE

Pressure| Radialdisplacement Pressure| Radialdisplacement

1 0.8377 0.9968 9 1.0418 0.6853
2 0.8030 0.9922 10 | 0.9242 0.6813
3 0.7721 0.9795 11 0.6510 0.1413
4 0.9163 0.9045 12 | 0.8200 0.8053
5 0.6518 0.9786 13 | 1.1207 0.6371
6 0.8590 0.9842 14 1.9303 0.0730
7 0.9302 0.8418 15 | 1.1247 0.4155
8 0.5115 0.2937

Numbergan redindicate
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STARS3D

Effectivity Indicesfor Pressue using SRE

ONO OB~ WN P

0.6924
0.5990
0.6846
0.9740
1.7748
1.7382
1.2310
0.9351

0.3946
0.6848
0.4926
1.1176
1.2492
1.0288
0.6539
0.2195

10
11
12
13
14
15

1.4693
0.9220
0.1131
1.0447
2.7795
0.6469
2.2464

0.8138
1.0748
0.0696
0.7675
0.7610
0.1181
0.7834
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STARS3D

Effectivity Indicesfor Radial displacementusing SRE

ONO OB~ WN P

1.0352
1.0246
1.0012
0.9107
0.9626
0.9348
0.7570
0.2424

1.6593
1.6493
1.6226
1.1214
0.5435
0.6421
0.3314
0.0927

10
11
12
13
14
15

0.4852
0.3527
0.0308
0.1126
0.2909
0.0469
0.1755

0.3191
0.2341
0.0103
0.1225
0.1194
0.0153
0.2583

SaikatDey: Code7130,NRL/SFA Inc

30



STARS3D

Brief Aside: Mesh Representation

daptable\esh Database

non-manifold polymorphictopology

on-the- y application-adapie topologicaladjacencies
high-ordergeometryrepresentation
partitionedmeshes

meshentitiesmappedo geometricandpartitionmodels

toolsto corvertlegacgy (element-nodelepresentations
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STARS3D

Brief Aside: Mesh Partitioning

—
Unpartitioned Mesh
(Dual) Adjacency Graph
Partitioned Mesh Partitioned Graph

Alternatie partitioning: greedy octree-basedgecursve-bisection-baseeitc.
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STARS3D

AMD Mesh Database E&ample

NASA ATC model (corverted from Patran NTL)
17664 mesh regins

4 way
partition
(METIS)

8 way
partition
(METIS)

dey@pa.nrl.navy.mil
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AMD Mesh Database Eample
Thin plate with inclusion: 9000 mesh egions

4 way
partition
(METIS)

8 way
partition
(METIS)

dey@pa.nrl.navy.mil
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STARS3D

AMD Mesh Database Eample
Mock submarine: 1985 mesh region:

Geometric 2 Way
Model Partition
4 Way
Partition
8 Way
Partition

dey@pa.nrl.navy.mil

SaikatDey: Code7130,NRL/SFA Inc

34



STARS3D

STARS3D: Schemeof Computation

Stage-1 Compute(cache)element-lgel matrices/ectors.
Stage-2 Assembleandsolve globalsystem of equations.
Stage-3 Post-procesaserrequestedquantitiesof interest.

Single-frequency Execute Stage-1,2,®nce.
Multi-fr equency Independengxecutionof Stage-1,2,3or eachfrequeng.

Stage-Icachereusabldor x ed
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STARS3D

STARS3D: Stage-1Computation

vesr Po nilll PO‘ "t
| RS Pz .

Partitioned {1,2}{

Entities t1.2.34.56.7.8) {5.6}{

Integral < >

Cache h‘ % »94
Serial Concurrent

Eachpartition:

Creatests own approximationelements)
Computesandcacheslemenitntegralsfor its approximation
Naturally high scalability
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STARS3D

STARS3D: Stage-2Computation

Integral < — ) —

Cache »"4 0 15
' L

\ / 3

Solve Linear AXx=Db

System ¢

Solution D

Cache a

Unpartitioned Partitioned

Assemblyprocessiealswith (multiple) partitioncache(s)
Linearsolve: highly irregular, data-dependent
Challengingfor scalableparallelization
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STARS3D

STARS3D: Stage-3Computation

Example

Far eld projection
Norm (error)computation
Field output

Partitioneddomain

Globalintegralsbrokeninto sumof partitionintegrals
Processorsomputefor their assignegartition
Global-reduceperationgetsthe nal result
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STARS3D

Parallel Scheme:Multi-Fr equency

P1

wl

—

P2

—

P3

—

Pm
—

Stage-1

OO 0O

~N

Vs

~

~

~N

-

P
Post-process

x1

Post-process

X2

Post-process

P1 Solve P1

1 fA(kl) X = b(kl)/ f
P2 [ Solve P2 [
. fA(kZ) X = b(k2)/ f
P3 [ Solve P3 [
3 ~A(k3) x = b(k3) §
Pm N | Pm

Solve

fm

Naturally high scalability
Canusemulti-frontal or FETI-DPfor Stage-2
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Stage-2
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STARS3D

SingleFrequencyParallel Multi-Fr ontal Performance

P1 _ )

WL | —e Q Ax=b [ Partition P1 ]
N Multi Frontal

P2 7] Parallel Solver
w2 Q P1 P2 P3 Pm Compute

P3 Stage 2 P1| P2| P3| Pm
W3 — Q J ~ 4
wWm _Pm Q ( Aggregate and

Output P1
Stage 1 Stage 3
Stagel andStage3 scaleswell

Stage2: Matrix-factoringhighly irregular; rapidly decreasingoncurrenwork-load
Parallelmulti-frontal haslimited scalability(4 to 8 processors)

Example:1.2M dofs,seepdugei®ciency): 3.4/4(85%), 4.8/8(60%)

Utilize scalableDD method:FETI-DP
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STARS3D

FETI-DP

Scalabledomaindecompositiorscheme

Independensolve of sub-domairproblems(“Tearing”phase)
Sub-domairsolutions‘interconnected’by Lagrangemultipliers
Two (FineandCoarse)evel iteratve-substructuringcheme

— Coarseoroblemby de ning “corner’ DOF atagloballevel
Augmented-ETI-DP

— Enforceoptionalconstrainton residualsat eachiterationstep

FETI-DP: Therecipeitself is algebraian nature

Large bodyof literature on FETI andits variants

SaikatDey: Code7130,NRL/SFA Inc
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STARS3D

FETI-DP Formulation

c: Corner dofs

r : Remaining dofs

b: Remaining dofs on interface bounc
| : Lagrange Multipliers

Subdomairequations:

SaikatDey: Code7130,NRL/SFA Inc
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STARS3D

FETI-DP Formulation (contd)

Subdomainnterfacecontinuity condition:

where Is asignedbooleammatrix suchthat

Enforcecontinuityatthe subdomainnterfacesoy Lagrange Multipliers
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STARS3D

FETI-DP Formulation (contd)

Interfaceproblemby eliminating and

where

2.
2. 2.

SaikatDey: Code7130,NRL/SFA Inc
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STARS3D

FETI-DP Iin STARS3D

Workswith higherorderhierarchicabasisandin nite elements

— Lagrangemultipliersenforcematchingof coefcients of -approximation
Sparsanulti-frontal solver to factorizesubdomairmatrices
GMRESandGCRfor iterative solutionof theinterfaceproblem

Lumpedpreconditioner: )

MPI-basedmplementation

Firstknown applicationof FE TI-DPto p- ®nite+in®niteelementapproximations
in 3D
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STARS3D

CHSSI Problem SetOverview
SingleFrequeny:

Problem1 Exteriorscatteringrom smoothelasticcylindrical shell
Problem 2 Exteriorscatteringrom stiffenedelasticcylindrical shell

Multiple Frequeng:

Problem 3 Exteriorscatteringrom smoothelasticsphericakhell
Problem4 Interioracousticof uid- lled elasticsphericakhell
Problem5 Interioracousticof uid- lled elasticcylindrical shell

Testproblem 1 2 3 4 5
Problemtype exterior exterior exterior interior interior
Excitation planewave planewave planewave elastictraction | elastictraction
Referencesolution numerical numerical analytical analytical numerical

SaikatDey: Code7130,NRL/SFA Inc
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STARS3D

DoD HPC Platforms Used

SGIAltix 3900 | SGIOrigin 3800 | Linux-Cluster | IBM p690SP
OS GNU/Linux IRIX 6.5 GNU/Linux AIX
Processors |IA64 MIPS R14000 |A32 Powver 4+
Memory Shared Shared Distributed Distributed
Compilers GNU MIPS GNU IBM
M1 M2 M3 M4

STARS3D easilyportsto ary platformthathas:

Unix-like OS, ,

ANSI C, F77and(optionally) F90compilers

MPI1 and(optionally) OpenMPsupport

SaikatDey: Code7130,NRL/SFA Inc
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STARS3D

Multi-fr equency(multi-fr ontal) Parallel Scalability

P3
M1 M2 M3 M4
2 2.0(1.00) | 2.0(1.00) | 2.0(1.00) | 2.0(2.00)
4 | 3.8(0.95)| 3.3(0.81)| 4.0(1.00) | 3.4(0.84)
8 7.5(0.94) | 6.7(0.83)| 7.6(0.95) | 7.5(0.93)
16 | 14.2(0.87) | 16.1(1.00) | 15.9(0.99) | 14.3(0.90)
32 | 19.9(0.62) | 20.3(0.63) | 29.4(0.92) | 23.4(0.73)
P4
M1 M2 M3 M4
2 2.0(1.00) | 2.0(1.00) | 2.0(1.00) | 2.0(1.00)
4|1 4.0(1.00) | 3.9(0.97)| 2.8(0.69)| 3.4(0.84)
8 8.0(1.00) | 7.8(0.97) | 4.8(0.60) | 6.5(0.81)
16 | 15.9(0.99) | 15.0(0.94) | 14.3(0.89) | 12.1(0.75)
32 | 31.0(0.97) | 29.0(0.91) | 18.7(0.58) | 24.0(0.75)
SpeedugEf®cienagy)
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Single-frequencyParallel Scalability (FETI-DP)

P1 P2

M1 M3 M4 M1 M3 M4
2 | 1.00(1.00) | X X 1.00(1.00) | X | 1.00(1.00)
4 | 1.05(1.04) | 1.00 | 1.00(1.00) | 1.04(1.01) | X | 0.95(0.84)
8 | 0.96(0.86) | 1.09 | 0.79(0.81) | 0.91(0.91) | X | 0.66(0.60)
16 | 0.84(0.81) | 1.32 | 0.62(0.63) | 0.75(0.74) | X | 0.50(0.48)
32 | 0.66(0.65) | 0.90 | 0.52(0.52) | 0.47(0.46) | X | 0.31(0.26)

®xedtotal work (32 partitions)
'X': lack of enoughmemorypernode
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STARS3D
Closing Remarks

STARS3D:generaburposeyet ef®cientfor linear PDE's
-versionsuperiorfor wave-dominategroblems

Error-analysisa mustfor reliableveri®cation

Domain-decompositio(FETI-DP)typeapproacHeadsto betterscalability

Ongoingandfuture efforts: transientproblems adaptvity

new application/interestsseismic-acoustic§chiddingerequation
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Contact: , 202-767-732TThankyou!  Questions?
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