




Parallelization

Element based decomposition

I Dual graph based partitioning
I Overlap represented as ghosted entities
I Low data dependency during FE assembly
I Fully distributed mesh

I Single input file
I All pre/post proc. steps performed in parallel
I Entire problem nor mesh rep. on a single core



Parallel Mesh Refinement

Recursive Rivara Longest Edge Bisection

I Two phase process, local refinement and propagation
I PEs can change state between “active” and “idle”
I Non-centralized termination detection algorithm



Parallel Mesh Refinement

Predictive Dynamic Load Balancer

I Scratch and remap approach
I Weighted dual graph (predicted future workload)
I Longest-edge propagation paths to unroll recursion



DLR F11
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Strong scaling (DLR F11)
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Strong scaling (DLR F11)
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Strong scaling (DLR F11)
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Hybrid MPI+PGAS
Combining PGAS languages with legacy MPI codes

A path forward for MPI only codes

I Too costly to rewrite a large code base
I Rewrite latency sensitive kernels in PGAS

JANPACK
A sparse matrix library written in Unified Parallel C

I General, but influenced by our FEM needs
I Row based data distribution
I CRS like representation

I Algebraic multigrid
I Krylov solvers (CG (std., pipe., async.), BiCGSTAB (std., ro.))
I Preconditioners (block Jacobi, D-ILU, ILU(0), AMG)



Large Scale Sparse Matrix Assembly

Benchmark suite
I Four different problems with various characteristics

I 3D Laplace , 317M elements
I 2D Convection-diffusion, 214 M elements
I 3D Linear Elasticity, 14M elements
I 3D Navier-Stokes (Momentum part), 645M elements

I Compute FEM integrals in DOLFIN
I Compare two different LA backends

I PETSc (MPI)
I JANPACK (UPC)

I Measure reassembly times
I Each reassembly was repeated 100 times
I Cray XC40 Hornet (HLRS)



Sparse matrix assembly
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Sparse matrix assembly
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Aeroacoustic sources for a landing gear
A benchmark problem in connection with the 18th AIAA/CEAS
Aeroacoustics Conference.

I Gulfstream G550 nose landing gear
I Initial coarse mesh 3.6M elements
I Final mesh 23.8M elements
I Ref. target: Lighthill’s source term

Computational resources
Computed on Lindgren a Cray XE6

I 900k core hours for the adaptive process (various #PEs)
I 600k core hours for the final run (2304 PEs)
I 1.5M core hours in total (NASA used approx. 1.7M)
I 1.4TB of raw simulation data (final run)



Aeroacoustic sources for a landing gear



Near Field, dynamic pressure
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Adaptive FEM for noise

Incompressible Navier-Stokes + Lighthill’s wave eq.

u̇ + (u · ∇)u +∇p − ν∇ · ε(u) = f (1)
∇ · u = 0

ρ̈− c2
0∆ρ = ∇ · (∇ · T ). (2)

Adaptive algorithm

1. For mesh Tn: compute Navier-Stokes and adjoint.
2. For mesh Tn: compute Lighthill’s equation and adjoint.
3. Mark ca. 10% of the elements with highest “error indicator” for

refinement for each equation.
4. Generate the refined mesh Tn+1, and goto 1.



Adaptive FEM for noise

What advantages?

I Fully automated, solution-based mesh generation.
I Final mesh has “optimal” size, avoids “over refinement”.
I No need for a “mesh study”.
I No need to choose porous or solid surfaces for integration.
I Less I/O operations.
I No pre-processing of acoustic sources.

Figure: Initial mesh, and mesh after 4 and 6 adaptive refinements.



Adjoint Solution I, flow

Cells marked, Navier-Stokes equations only

Figure: Snapshot of adjoint velocity (left), and cells marked for refinement (right).



Adjoint Solution II, flow + wave
Cells marked, Navier-Stokes + Lighthill

Figure: Snapshot of adjoint velocity (upper left), and adjoint density (lower left), and
cells marked for refinement (right).



Aeroacoustic sources for a landing gear
I New simulations for the 22th AIAA/CEAS Aeroacoustics Conference.
I UFAFF wind tunnel configuration
I Computed on Beskow a Cray XC40 system at PDC/KTH.
I Used resources:

Tsim Twall # cores core-hours
start-up 0.24s 2 days 4,096 ∼ 200,000
sampling 0.19s 1.5 days 4,096 ∼ 150,000
adaptive ref - - 160-1,024 ∼ 100,000

I Mesh sizes
Coarsest mesh: 200K vertices (1M cells)
Finest mesh: 12M vertices (66M cells)



Near Field, dynamic pressure
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Near Field, dynamic pressure

channel# psim[dB] pexp[dB] psim − pexp[dB]

3 134.4 138.6 -4
4 135.3 131.2 4
5 138.7 134.5 4
7 137.9 145.8 -8
8 134.1 141.1 -7
10 135.9 136.5 -1
12 136.1 140.0 -4
13 135.8 136.9 -1
15 137.9 139.2 -1

Table: Comparison of rms of pressure on available channels.



Far Field, sound pressure

Figure: Microphone locations in the UFAFF wind tunnel.



Far Field, sound pressure
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Figure: Far field Sound Pressure Level (SPL) for selected microphones.




