Differentiating Large-Scale Finite Element
Applications with MFEM
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Usual approach to Automatic Differentiation

= AD is often perceived as a black-box tool qadratre
— Applied at the highest possible level q
— Low implementation barrier B
Constrain AD to the quadrature point level - —
= AD tool has to work through B!

— Complicated program structures Q-vector
— Non-trivial object types
— Sometimes even communication layers like MPI

Infeasible overhead in our applications even for the smallest problems

— We must balance the implementation effort with AD convenience to ensure the least overhead
possible

— Carefully decide entry points

— Still provide a clear and concise interface for users

GPUs make things worse 100x (underestimated guess)
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Finite Element Operator Decomposition

Decompose A into parallel, mesh, finite element, and components
A=PTGT"B" DBGP|

global domain sub-domains elements quadrature D
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Finite Element Operator Decomposition
Decompose A into parallel, mesh, finite element, and geometry/physics components

VuA(u;p) = PYGYBY v, D(u, p)

quadrature

point values /)

Q-vector
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Why Enzyme for Automatic Differentiation?

= Production codes are compositions of complicated physics
— Variety of domain experts work on parts of the code
— Multiple programming languages

= Material models lead to additional experts that only see
and work on specific parts of the code

= Enzyme allows us to still use the complex combination of
a libraries which
— May be written in a different programming language
— Can’t be modified to allow different approaches of AD
(e.g., type overloading)
— User might be allowed to have a compiled binary, but no clearance
to compile the code himself

. . ".::0’.";:0. ‘ e ‘
Lawrence Livermore National Laboratory 2 S CASC N\ S.;ghﬂ 6

LLNL-PRES-2010944 BT National Nuclear Security Acministration




Current feature set

= Laghos (Lagrangian phase of an ALE Shock Hydrodynamics solver) replicated in dFEM with explicit time
integration

= Extended implementation to support implicit time integration with automated derivatives from dFEM
using Enzyme!

Laghos RK4 CFL 0.5

step 737,t=0.8, dt =0.0011935
Energy difference (initial vs final): 3.60e-05

dFEM Implicit Midpoint CFL 5.0

step 101, t = 0.8, dt = 0.00231807
Energy difference (initial vs final): 5.56e-05
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Comparison of ALE movement from dFEM implicit hydro vs
Laghos explicit time integration
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WIP

= Automatic Element Matrix, Processor local Sparse Matrix and global HypreParMatrix assemble

= Automatic Partial Assembly algorithms
— Takes advantage of derivative knowledge and caches the quadrature point Jacobians as PA data
— Automatically applies PA data to function
— Enables no-overhead linearized operator transpose action (<" Adjoint method)

= JIT (experimental)
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Performance. Collab with Giorgis Georgakoudis

= GPU kernel launch latency is 5us

Function timing average in us
28.1 27.9 27.9

18.3 18.1

4 Ranks 64 (2 nodes) 512 (16 nodes)

B Function ™ JIT Function

.’f‘.’.i“ 4
Lawrence Livermore National Laboratory *: “CASC N AV‘S&% 1
’.'0‘3"..’

LLNL-PRES-2010944 National Nuclear Security Administration




Performance. Collab with Giorgis Georgakoudis

= GPU kernel launch latency is 5us

Derivative timing average in us

28.1
27.9

27.6
27.4

27.1
26.9

26.7

4 Ranks 64 (2 nodes) 512 (16 nodes)

B Manual B Enzyme ®JIT Enzyme

:f"”i“ 4
Lawrence Livermore National Laboratory *: “CASC N AV‘S&% 12
’.'0.3"..’

LLNL-PRES-2010944 National Nuclear Security Administration




Automatic Differentiation overview in MFEM
Jacobians and derivatives of FEM operators in a user-friendly way

Parameters == Meshing === Finite Elements H Solvers H Functional

- 00000

= FEM decomposition = Need to differentiate at only!
A= P'GTBT DBGP VuA(u; p) = PYGTB" Vi D(i, )
e e foca s uﬁﬁu E%%él)) (Jacobian is FEM decomposed linear operator) 8
R -E i 1 O T o - Differentiate the Q-functi ith Enzyme!
SESE [ j=ssarens ifferentiate the Q-function D with Enzyme! T
2 ) B B EE] — Can mix code from different languages MFEM + Enzyme
« Parameters /) = B,G,P,p — Differentiate across function calls (e.g., EOS)

— Many parallel small ADs instead of 1 big one
= Parametric nonlinear operator

A(u; p) = PYG"B" D(u, )

— Differentiate only what is necessary
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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States government. Neither the United
States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States government or Lawrence Livermore National Security,
LLC. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States government
or Lawrence Livermore National Security, LLC, and shall not be used for advertising or product endorsement purposes.
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