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Efficient use of computa�onal resources

Topic of interest:
Current scope of computa�onal resources allows solving problems ofenormous size
Combina�on with efficient algorithms offers massive poten�al toincrease the accuracy of solu�on on large number of unknowns

Approaches presented in this talk:
Dynamic resolu�on with adap�ve methods

Focus computa�onal resources on areas of interest
Mul�-core architecture suggests paralleliza�on

Use mul�ple processors at once to solve problems
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Adap�ve methods

Focus computa�onal resources on areas of interest
Align simula�on resolu�on with complexity of current solu�on
Finite Element Method (FEM) provides two different possibili�es:
h-refinement: dynamic cell sizes good for irregular solu�ons
p-refinement: dynamic func�on spaces good for smooth solu�ons

Combina�on of both possible

Figure: h–adap�ve methods Figure: p–adap�ve methods
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Adap�ve methods in fire simula�on

Current open-source so�ware features sta�c, structured meshes
All cells have same topologyResolu�on is prescribed from the beginning

Unstructured, adap�ve meshes feature more flexibility
Cell sizes differDynamic resolu�on

Beneficial for mul�–scale simula�on domains
Narrow openingsHVAC systemsSensorsDynamic fire propaga�on...
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Adap�ve methods: Example

Figure: Examplary simula�on of a buoyancy driven flow with a Gaussian heat source.

Member of the Helmholtz Associa�on November 27, 2018 Slide 5



Adap�ve methods: Benefits

Comparison of run�me and accuracy between uniform and adap�velyrefined meshes with the moving vortex example
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Figure: Global L2–errors at each periodicpass–through of the vortex.
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Figure: Execu�on �me of the vortexsimula�on, run in serial on a commondesktop computer.
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Paralleliza�on
Current computer architectures provide mul�-core processors

Supercomputers arrange those on distributed nodes
Using all resources efficiently requires paralleliza�on

Distribu�on of workload and memory demand
Our approach: Distribu�on of domain on several processes

Each subdomain needs relevant part of the global solu�onRequires a layer of so called ghost cellsInvolves communica�on between processors

(a) Domain to be distributed
−→

(b) Subdomain for CPU 0 (c) Subdomain for CPU 1
Figure: Illustra�on of locally owned, ghost, and ar�ficial cells
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Parallel generic adap�ve methods in FEM

Combine both approaches to get parallel hp-adap�ve methods
Develop generic algorithm, applicable for any FEM so�ware

The non-trivial parts are:
1 Enumera�on of degrees of freedom (DoFs)
2 Data transfer across subdomains
3 Load balancing

Reference implementa�on in deal.II library [1]
See pull request #3511 for development log
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Enumera�on of degrees of freedom

Numbering of DoFs necessary to build linear equa�on
Paralleliza�on and p-adap�ve methods require different algorithms
Combina�on of both not trivial

Why not number DoFs locally and handle rela�ons with constraints?
Number of DoFs would vary with number of processorsLarger matrices & vectors, thus higher memory demand
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Distribu�on algorithm

Need for algorithm independent of number of processorsResults independent of number of processors
— Proof that solvers work

Simplifies debugging

Developed 6-phase algorithm
1 Local enumera�on of DoFs
2 Invalidate DoFs on ghost interfaces to processors with lower rank
3 Unifica�on of DoFs on local domain and ghost interfaces

— Ownership of DoFs clarified
4 Global re-enumera�on of DoFs

— Local DoF indices set
5 Exchange of locally owned DoFs
6 Merge DoFs on ghost interfaces

— Global DoF indices set
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Data transfer across subdomains

On distributed triangula�ons, each subdomain needs access to relevantfrac�on of global quan��es
Communica�on between processors required to transfer:

Ac�ve finite element indicesSolu�on...
With p-adap�ve methods, per cell data sizes may differ

Algorithm should be generic, i.e. independent of chosen adap�vemethod, number of callback func�ons, ...
1 Crea�on of memory buffers should be generic as well
2 Use non-blocking MPI communica�on to transfer data of fixed and

variable size
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Structure of data chunk

On each cell:
1 Pack data for each registered callback individually
2 Store memory sizes of each callback’s data pack
3 Store memory size of cell’s complete data pack

A�er each cell is processed:
4 Move each cell’s packed data into con�guous buffer

cell 1 cell 2 ...
callback 1 callback 2 ... callback 1 callback 2 ... ...... ... ... ... ... ...... ...

Figure: Division of con�guous memory chunk.
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Load balancing
p-adap�vity yields differing workload between cells
Weighted repar��oning achieves balanced load per processor
Factors that determine workload:Cell construc�onMatrix & right-hand-side assemblyType of solver
Correla�on to number of DoFs, quadrature formula, ...
How to find a suitable es�mate for a cell’s workload?Open ques�on

Q14 DoFs Q29 DoFs Q316 DoFs Q425 DoFs ...

Figure: Different finite elements and their number of degrees of freedom in 2D.
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Summary & Outlook

New algorithm for massively parallel hp-adap�ve methods, generallyapplicable for any FEM so�ware
Reference implementa�on in deal.II involves:

Enumera�on of degrees of freedom, independent of number ofsubdomainsConsignment of con�guous memory chunks for data transferWeighted repar��oning for load balancing
Future steps:

Heuris�c analysis on reasonable cell weightsSimplify interface for hp-methods in deal.IIProvide tutorials in deal.II as a manual for a broader audience

Thank you for your kind a�en�on!
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