The State of MFEM

|l Lawrence Livermore ey Sl
L‘ National Laboratory porsendobis s
MFEM Co unity Workshop Tza N io KO | ev
Georgia Institute of Technology
Global Learning Center + Virtual I_I_N I_

September 22-25, 2026

LLNL-PRES-856457 | Lavyrence Livermore
National Laboratory

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore National Security, LLC




MFEM Finite Element Library

Cutting-edge algorithms for powerful applications on HPC architectures

”l‘l

Flexible discretizations on unstructured grids
— Triangular, quadrilateral, tetrahedral and hexahedral meshes

™
Lo Lo L

— Local conforming and non-conforming AMR, mesh optimization
— Wide variety of finite element methods: Galerkin, DG, IGA, DPG, HDG, ...
High-order and scalable

— Arbitrary-order H1, H(curl), H(div)- and L2 elements HDG convection-diffusion Contact mechanics Core-edge tokamak
— Arbitrary order curvilinear meshes

o

— MPI scalable to millions of cores and GPU-accelerated
— HPC differentiable simulations with dFEM interface
— Enables application development from laptops to exascale machines

Built-in solvers and visualization

— Integrated with: HYPRE, SUNDIALS, PETSc, SLEPc, SUPERLU, ...
— AMG preconditioners for full de Rham complex, geometric MG
— Support for GPU solvers from: HYPRE, PETSc, AmgX, Ginkgo

— Accurate and flexible visualization with Vislt, ParaView and GLVis

Compressible flow

= Open source ——— ]R()?)
— Available on GitHub under BSD license, many example codes + miniapps FASTMATH il

B Lawrence Livermore mf@m MFEM: A modular finite element methods library, CAMWA 2020
National Laboratory High-performance finite elements with MFEM, [JHPCA, 2024



A Brief History

We’ve been doing this for a long time

= 2000 - “VIGRE seminar: Numerical Analysis” Texas A&M University e — — -
- ResearCh COde AggleFEM/aFEM d VXGI;.(umlnav,;;llIDOO:NqurlulAnuly‘ll
_ . ) BLAST: High-Order Finite == Nana b
— Some of the original contributors: @v-dobrev, @tzanio, @stomov Element Hydrodynamics ' Wi s

S\ pvon

— Used in summer internships at LLNL

bkt AV -
Veselin Dobrev <dobrev@dlinl.gc  2010-06-18 11:39:46
Veselin Dobrev <dobrev@glial.gc  2010-06-17 23:33:10
@iin

angle with nodes at the
to

e ter 10 the internal node grid fu | Tzani gov> 2010-06-15 17:48:40 |3
H ator allowing the use <dobrevl@ys 2010-06-10 11:08;50 [
- 201 0 - BLAST t t LLNL x gov> 2010-06-09 16:24:24 |
rO eC a @linl.  2010-06-08 07:45:39
i

xisymmetric mass matrix | Trus < 2010-06-07 15:23:25
Tz 2010-06-04 11:59:57
i3 2035 |
0

— Motivated high-order, non-conforming AMR and parallel scalability developments

— MFEM repository created in May 2010

B3224 .o
[7:59:28 fhown
10:40:10 pyertt

— Some of the original contributors: @v-dobrev, @tzanio, @rieben1, @trumanellis G e o e v Ban

B:24:37
13:21:58
131455
10:30:34

— Project website mfem.org goes live in August 2015 o e

|8:55:27
18:12:08
17:57:51

= 2017 - Development moved to GitHub
— First GitHub commits in February 2017

— Team expands to include many new developers at LLNL and externally
= 2017 - CEED project in the ECP
— Motivated exascale computing developments: GPUs, partial assembly, matrix-free
= 2024 - El Capitan, Differentiable Simulations
P © mfem NYSE
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The Source Code is Growing
SLOC in MFEM releases over the last 16 years

Sep-2026
Apr-2025 523'(@\:" Dec-2025
va.8 N a2
Sep-2023 458K 491K
Mar-2022 V46 - & May2024
vad |-307k LT [~ VA7
=5 420K
20221 A Mar-2023
Va3 ~_ p/ | - |vas.2
Oct-2020 307K & Qct2022 367K
258K ) 4 365K
Mar-2020
vl ~
Jan-2017 May-2018 >qgk
v33 -~ Vv34 - / May-2019
112 134K\ T V40
Nov-2011| _ . P~ Lok
Sep-2010 | Y20 a1 ="~ Nov-2017
vii 49K 80K B~ 2N ~—y3:3:2
23K ‘ Hﬁ-""{;: Jun-2016 123K
Jul-2010 -‘ = T v3.2
Lo et Apr-2011 N\ [1an-2015 ) oo
22K ~vi2viod i [1¥3.0,.3.0.1
28K 61K
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mfem-4.10tgz  v4.10 Sep 2026 48M 523K

mfem-4.9.tgz va.9 Dec 2025 45M 491K

mfem-4.8.tgz v4.8 Apr 2025 41M 458K

mfem-4.7.tgz va.7 May 2024 38M 420K

mfem-4.6.tgz vad.6 Sep 2023 3.6M 397K

mfem-4,52tgz  v452  Mar2023 33M 367K

mfem-4.5.tgz va4.5 Oct 2022 3.3M 365K

mfem-4.4.tgz va.4 Mar 2022 30M 341K

mfem-4.3.tgz v4.3 Jul 2021 28M 307K

mfem-4.2.tgz va4.2 QOct 2020 24M 258K

mfem-4.1.tgz v4.l Mar 2020 79M 209K

mfem-4.0.tgz va4.0 May 2019 52M 167K GPU support

mfem-3.4.tgz v3.4 May 2018 44M 134K

mfem-3.3.2igz v3.32 Nov2017 42M 123K  mesh optimization
mfem-3.3.tgz v3.3 Jan 2017 40M 112K

mfem-3.2.tgz v3.2 Jun 2016 33M 92K  dynamic AMR, HPC miniapps
mfem-3.1.tgz v3.1 Feb 2016 29M 80K fem « linear system interface
mfem-3.0.1tgz  v30.1  Jan2015 11M 61K

mfem-3.0.tgz v3.0 Jan 2015 1.IM 61K  non-conforming AMR
mfem-2.0.tgz v2.0 Nov 2011 308K 40K  arbitrary order spaces, NURBS
mfem-v1.2.2tgz v1.22  Apr2011 240K 28K

mfem-v12.1tgz v121  Apr2011 240K 28K

mfem-vi2tgz v12 Apr2011 240K 28K  MPI parallelism based on hypre
mfem-viltgz v1l Sep 2010 166K 23K

mfem-v1.0tgz  v1.0 Jul 2010 160K 22K initial release

VS
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The Community is Growing
GitHub, downloads, and workshop stats

GitHub
= 191 contributors

= 805 people in the mfem organization — join
to contribute + receive announcements

= 2249 stars — thank you! Starred 2k
Downloads

= 150+ unique visitors / day

= 200+ downloads + clones / day

= 139 countries total

2026 Community Workshop

= 290 researchers (90+ in person)

= 30+ postdocs, 100+ students

= 140+ organizations

= 35 countries

Lawrence Livermore
National Laboratory

Contributors 191
[ - e
] L. sz .;&”’V‘Mf “\.MW’\W‘/M
“ tzanio n @ g camierjs ” @
1739 commits 2,825 commits
*ﬁ-. J-. - by
pazner 7 @ 0 mistowell @
° v-dobrev "w @ "- km-zfalz . 6 B
4 g 400
ey D | | (- B i
_h‘. 5 * I I,

Top contributors as of Sep 2026

& mfem
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u M F E M 2026 Participants
COMMUNITY WORKSHOP 289 participants - 145 institutions.
September 22-25, 2026
Mame o P
VIR Magh ua oahadett o Remote
FheEs Loy o Remoee
e Raiden taames i
Viadimis Tomov uN n persen
Wel Ihe Guorgla Tech person
Weang Georgla Tech Bemote
Wen (Wendy) hang Oakland Usiversity Remote
Wenchang in Texss A& iersty Remote
Weshey da S Pered NG Remote
W Pasmer Portiand State Univerwity Remote
‘Wilam Morris Gaorgla Tech person
Remote
Remote
Wilam Taitam persen

2026 workshop has 300+ registrations
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Latest Releases Were a Team Effort
Versions fem-4.9, mfem-4.10, pymfem-4.10, glvis-4.5

|
= Released Dec 2025 / Sep 2026 |

= 8 /9 months in development
= 38 /48 contributors

= 247 /191 PRs merged

= 131/ 58 issues closed

= 53K /48K new lines of code
= 2456 /2529 commits

. camierjs @9 helloworld922 tzanio
- Many new featu res: & 737 commits 516 commits %Y\ 507 commits
_ initi A&~ kmittal2 \ v-dobrev ™ pazner
aFEM Inltlal release 438 commits e 264 commits 256 commits
— AMGEF solver + contact miniapp #B rzhangbq == |signorsil @ S
P . WP 147 commits = m 135 commits 127 commits
— initial support for particle methods |
. 7%, dylan-copeland 4 B % najlkin vladotomov
— improved GPU kernels, TMOP, NURBS, &P 122 commits Fa ¥ 122 commits 113 commits
— parallel nonuniform anisotropic AMR A\ jandrej mistowell 3 IdoAkkerman
/110 commits 92 commits 83 commits

— cuDSS + distributed Ginkgo solvers

_ switch to C++17 Top 15 contributors to the latest release

& mfem

H Lawrence Livermore
National Laboratory
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New GLVis release

J=1

\ =g

= glvis-4.5 released in February

= New features:
— complex data visualization
— color palettes enhancements
— visualization of DOF locations
— new headless mode
— code base refactoring

— glvis-js improvements

New PyMFEM release

= PyMFEM-4.10 released on Monday!
= caught up with mfem-4.10
= MacOS binary packages

' (v
NVYSE
National Nuclear Security Administration



Recent Releases
Stars since mfem-4.0 (2019-2026)

Files

Additions

Deletions

Contributors

Commits

Release Months Workdays Issues Merged PRs

V4.
V4.
V4.
V4.
V4.
2
V4.
2
V4.
I
V4,

RPOONOCURWNPEP® |

0

12

10
8
9
8
7

11
7/

11
8
9

249
197
164
185
159
149
233
152
230
169
181

188.0

ASLOC K

+33

+42
+49
+49
+34
+24
+32
+23
+38
+33
+32

+35.4

277
477
528
s,
833
461
974
1,138
1,105
625
1,243

53,803

105,701
96,297
89,800
75,018
44,341
69,712
60,327
70,196
75,520
64,038

6,600

12,381
25,474
19,147
28,241
Ui/l
22,244
25,342
16,715
20,097
15, 992

36
41
48
54
43
42
39
42
36
38
48

1,537

2,644
3,242
3,806
2,207
1,693
2,180
1,694
21922
2,456
2,529

200
224
243
262
213
148
243
155
283
130

59

160
131
198
241
179
129
234
166
182
1563
191

. 73,159.4

Average

= mfem-4.9 and mfem-4.10 are fairly typical

767.3

18,182.2

42.5

2,446.4

= except for the number of issues: we see a decline, because less issues were opened in the first place

= we don’t see such a drop in the PR stats

M Lawrence Livermore
National Laboratory

&) mitem

196.4

178.5
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Examples
The first stop for new users

Example Codes and Miniapps

Example 1: Laplace Problem

Thi the asimple isg
Laplace problem

h Dirichiet boundary L we discr
mesh (inear by default, quadratic for quadratic curvilinear mesh, NURBS for

The example highlights the use of h finite clement and bilinear forms
i -hand side and right g i system. We also cover the explicit efimination
of essential y conditions, static ion, and LVis tool for i

0 seriol (ex1.cop), 1p.cop), ond HPC versions: Loop 1p.cpp. it aiso has.
i 2 i fginkgo.

oPETSc fpetsc,
Portial assembly and GPU devices are supported.

Example 2: Linear Elasticity
'S:(mlh,mwmimm‘lhcw;ak |evmo€. zid > " : ‘ R

~div(o(u)) =0
where
o(u) = Adiviu)/ + u(Vu + Va')

is the st feld u, and 4 and u are the material Lame constants. The
boundary conditions are u = () on the fxed part of the boundary with attribute 1. and a(u) - n = f onthe
remainder with f being a constant pull down vector on boundary elements with attribute 2, and zero
otherwise, The ge y in i s follows:

mfem.org/examples

Lawrence Livermore
National Laboratory

This page provides a bei MFEM: hed ion of including les, see the online Daxygen
documentation, o the doc directory in the distribution.
The goal of ole to provide a step-by lon to MFEM in simple model settings. i and
of the. t Y We new users start with ple codes bef

S it . fsplay . - oact) . §
spoces. The numerical result wple codes ized using the GLVis visualizati {based on MFEM). See the GLVis website for more details.
Users to submit any le codes iapps that they

of the MFEM bugs or post questions or comments.

2] Discretization Solver
[ ) (A ) (A :) (A )

= Tutorials to learn MFEM features
= Starting point for new applications

& mfem

Show integration with many external packages, miniapps

40+ example codes, most with both serial + parallel versions

National Nuclear Security Administration


http://mfem.org/examples

Miniapps

More advanced, ready-to-use physics solvers

Volta, Tesla, Maxwell and Joule Miniapps
Static and transient electromagnetics

= Volta —V-eV(p=p—V-1-5

« Tesla VXu'VXA=T+Vxu ' yM

= Maxwell - transient full-wave EM .
HE) _ % (u'By— oE—J "

ot
e =-VXE "

ot

= Joule - fransient magnetics + Joule heating

= Arbitrary order elements + meshes

= Adaptive mesh refinement

mfem.org/electromagnetics

Hl Lawrence Livermore
National Laboratory

Navier Miniapp

Transient incompressible Navier-Stokes equations

%—?—l—(u-V)u—uAu—l—Vp:f

V-u=0

Arbitrary order elements

3D Taylor-Green
vortex, 7th order

Arbitrary order curvilinear mesh elements

Adaptive IMEX (BDF-AB) time-stepping
algorithm up to 39 order

State-of-the-art HPC performance

GPU acceleration

Double shear layer,

Convenient user interface 5th order, Re = 100000

mfem.org/fluids

\/ v}
A Ceo)
National Nuclear Security Administration



Applications

Some of the large-scale simulation codes powered by MFEM

Ay

Inertial confinement Topology optimization for Hot strip mill slab Core-edge tokamak EM wave
fusion (BLAST, LLNL) additive manufacturing (LiDO, LLNL) modeling (U.S. Steel) propagation (SciDAC, PPPL)

e e ot A1t o g gt 1

Electric aircraft MRI modeling Tsunami warning Quantum Computing Adaptive MHD island
design (RPI) (Harvard Medical) (Cascadia, UT/UCSD) Hardware (Palace, Amazon) coalescence (SciDAC, LANL)

\fermmiiemr ® miem NYS4

juclear Security Admini:



GPU Support as a First-class Citizen % CEED
MFEM has provided GPU acceleration for over 7 years (since mfem-4.0)
Library Kernels ~> Backends Hardware
C++ lambdas
CUDA
Memory
iinal HIP
ras |l v o [ o
09VA
mesh
fem CPU
\ RAJV
OpenMP
= Matrix-free partial assembly (PA) = runtime-selectable backends = ready for future hardware

| awrence Livermore & mfem NYSE



. . . = o :
Real-Time Tsunami Early Warning OTEXAS [QEF, UCSanDiego

. : . . : S. Henneking, S. Venkat, M. Fernando, O. Ghattas (UT Austin)
MFEM-bases acoustic-gravity simulations on El Capitan V. Dobrev, 1. Gamier, Tz, Kolev (LLNL), A Gabriel (JGSD)

Longitude
-132 -130 -128 -126 -124 -122 -120 -

Latitude

pOu/0t +Vp =0
K 10p/ot +V -u =0 in Q x (0,7)
p = pgmn, 877/8t =u-n on 1—‘surface X (07 T)

Sea bottom pressure (MPa)
-1.0 -0.5 0.0 05

- :: u-n=—-0b/0t on Iyottom X (0,7)

u-n = p/pC on I'apsorb X (Oa T)

Left: locked part of the plates at the Cascadia subduction zone (CSZ); Center/Right: sea bottom pressure/sea surface wave

height for a realistic partial rupture scenario computed with the acoustic-gravity PDE model implemented in MFEM. Mixed formulation for pressure, velocity and wave height, 4" order elements, RK4.
0.5 I T T T T I T 1
. +@+ Observed weak scaling | _ Weak Scaling:
Weak Scalin i i |
: el U nknowns per GPU
% 0.45 - 5
& 1,275,068,416
1]
upper
£ oal = (upper)
g % 1,207,959,552
g ] (lower)
= o
035 ¢ 1
3 S ]
« s Scale to 40K+ GPUs, 50T+ dofs, 5PB : Largest Total
os |  GPUs | | | - 55.5T unknowns
' 340 680 1360 2720 5440 10880 21760 43520 Lol
M Lawrence Livermore 9 mf@m Real-time Bayesian inference at extreme scale: A digital twin for tsunami early
National Laboratory warning applied to the Cascadia subduction zone, SC25 Gordon Bell Prize



FEM Operator Decomposition + Partial Assembly for HPC
Decompose A into parallel, mesh, basis, and parts
A=P"G"BT DBGP)

global domain sub-domains elements quadrature »,
all (shared) dofs device (local) dofs element dofs point values /)

T-vector L-vector E-vector Q-vector

= Partial assembly = store only D, evaluate B X“‘,;g‘gif;g’;‘ = Enabled AMR, High-Order methods, GPUs

= Optimal memory, near-optimal FLOPs compared to A = Enables Differentiable Simulations

- 'ﬁg‘gg?,g‘,’?_;-,i,‘gig{‘o‘:;e @ mien Scalability of high-performance PDE solvers, |/HPCA 2020



GPU kernel optimizations for Cascadia on El Capitan and Alps

30

== |nitial PA

== Shared PA
" | === Optimized PA
m— Fused MF
= Fused PA

N
A

N
o

Throughput (GDOF/s)
=) o

=

AMD MI300A
(El Capitan)
3.21 TFLOP/s
3.37 TFLOP/s

y

=0 TCI
Zaid 1L

7\ (» ] 4 -~
{1/ Q
\ ¥ 4 B~

R e T

4

===

2.35 TFLOP/s |

0.18 TFLOP/s

£
,.'ly
n / !

104 10° 10°

107

108 10104 10° 10°

== |nitial PA
== Shared PA

" | === Optimized PA

m—— Fused MF

= Fused PA

V.
&
&7

=
e

&
S—
%

/4‘(
&
7

NVIDIA GH200
(Alps)

3.30 TFLOP/s |

3.32 TFLOP/s

2.48 TFLOP/s
e

2.33 TFLOP/s |

o

0.21 TFLOP/s

107 108 10°

Degrees of freedom

H Lawrence Livermore
National Laboratory

Degrees of freedom

& mfem

Fused PA
Fuses operators into
single kernel

Fused matrix-free MF
Computes entirely
matrix-free

Uses explicit launch
bounds

Shared PA
Exploits GPU shared-
memory

Partial assembly (PA)
Stores data at
quadrature points

Real-time Bayesian inference at extreme scale: A digital twin for tsunami early
warning applied to the Cascadia subduction zone, SC25 Gordon Bell Prize



Additional improvements with FP64 tensor cores

Tensor-core-enabled Double-precision Matrix-Multiply-Accumulate (DMMA ) contractions with
MFEM on Grace-Hopper and Grace-Blackwell Superchips

50 | | I T T T T
e Fused MF = Fused MF "

_ 40 | | == Fused PA | | | mem Fused PA P |
G .= DMMA PA .=DMMA PA ¢ R E——
L | |====DMMA Fused MF Y == = = DMMA Fused MF /o

Q = = =DMMA Fused PA O i) —==DMMAFusedPA | /%7 .-

30 - A . -

9)

-

=

5

5 20 - -

-

o

}

£

=10 L i -

NVIDIA GH200 NVIDIA GB200
0 | | | | — I L L
10 10° 10° 10’ 10® 10° 10* 10° 10° 10’ 10® 10°
Degrees of freedom Degrees of freedom
B Lawrence Livermore @ mf@m Accelerating High-Order Finite Element Simulations at

National Laboratory Extreme Scale with FP64 Tensor Cores, ISC, 2026



<

High-Order Finite Elements on High-Order Meshes v CEED
Nodal basis for high-order spaces in the de Rham complex N o
High-order geometry High-order spaces and degrees of freedom
$ *m i--4 B
N
v ND RT o
Lagrangian 8" order example Q‘l : 0 Qo
< o)
Q3 0,

TR © mfem NYSH

National Nuclear Security Administration



High-Order Mesh Optimization (TMOP) eth@s

MFEM provides both geometric and simulation-driven adaptivity

= User-controlled specification of the target mesh
— Control over: size/skew/aspect ratio/rotation

= Variational minimization through FE operations

— Generality: dimension/element type/mesh order
— Facilitates matrix-free formulations and GPU porting

Minimizes Z/ ,U(T(xt)) mesh quality metric
Ey

computed at g-points
EeM P b

+. AR

\“ f
S 1\“ 0.75
\,\IW’" )
il h“l\\\ —
‘ \ 0.25
\ I _
Adaptivity of shape and size to a discrete interface Adaptlv:téylna hlgl;:;;lgclty |mpacts:1ulat|on in MARBL IMR Best Paper

B Lawrence Livermore & mfem NYSE



Matrix-free Preconditioning

Optimal memory and near-optimal computations

Memory usage and comput. complexity: scaling with p

3D
Number of DOFs O(p?) p?

Matrix-based methods

Nonzeros in system matrix

O(p*) 6
O(p*®) ops p’
O(p***)ops | p’
O(p) p’
O(p™*")ops | p*

Traditional (naive) assembly

Sum-factorized assembly

Optimal memory usage

Sum-factorized operator application

Goal: lterative solvers with:

optimal O(p) memory || O(p?*") operations

— Cannot assemble the matrix

O(1) iterations

= Must construct preconditioners without access to matrix entries

E Lawrence Livermore
National Laboratory

& mfem

Main preconditioning approaches
= p-Multigrid + FEM-SEM

Orszag (1980), Canuto and Quarteroni (1985, 1994, 2010,... ), Deville
and Mund (1985, 1990), Fischer (1997), Munz (2014), Vilar (2019)

Low-order refined (LOR)

8 8 AN AN s =5
1
A i
g ]
SO g
ST
s el A
R FHH
il . gyl
) X 5;“1 ”’,
NS )
CNSSAA M W
=.\ i ” 1y9g2z
8 3 974

7
7L
Tmmwmmae

NS

National Nuclear Security Administration



Low-Order-Refined Solvers o [A- PG {YP

Matrix-free preconditioners for PA operators

B=10"6

Copper
p=1
VxVxu+pu=Ff

LOR-AMS

P Its. Assembly (s) AMG Setup (s) Solve (s) # DOFs # NNZ

2 41 0.082 0.277 0.768 516,820 1.65 x 107

3 63 0.251 0.512 2.754 1,731,408 5.64 x 107

4 75 0.679 1.133 7.304 4,088,888 1.34 x 108

5 62 1.574 2.185 11.783 7,968,340 2.61 x 108

6 89 3.336 4.024 30.702 13,748,844 4.51 x 108

Matrix-Based AMS

P Its. Assembly (s) AMG Setup (s) Solve (s) # DOFs # NNZ

2 39 0.140 0.385 1.423 516,820 5.24 x 107

3 44 1.368 1.572 9.723 1,731,408 4.01 x 108

. . . 9
= Pick LOR space and HO basis so P=R=I (Gerritsma, Dohrmann) ol Py opeen i B or g o R oy
6 56 502.607 40.128 424.100 13,748,844 1.59 x 10

= Aoris sparse and spectrally equivalent to Ayo

Theorem 2. Let M, and K, denote the mass and stiffness matrices, respectively, where x represents one
of the above-defined finite element spaces with basis as in Section 4.3. Then we have the following spectral
equivalences, independent of mesh size h and polynomial degree p.

V@V-u)-pu=7f

My, ~ My, Ky, ~ Ky,
Mw, ~ Mw,,  Kw, ~ Kw,, LOR-ADS Matrix-Based ADS
Mx, ~ Mx,, Kx\ ~ Kx,, p | Runtime (s) Memory (GB) | Runtime (s) Memory (GB) | Speedup
My, ~ M: 3
MY" N MY"“ o 2 2.11 0.04 2.98 0.20 1.41x
ok Gy 3 6.64 0.15 22.58 1.84 3.40x
4 17.40 0.35 114.35 9.13 6.57%
1 1 ) % 5 43.70 0.68 422.74 32.21 9.67x
= (Ano)™ = (ALor)™ = Biog - can use AMG, AMS, ADS s 6| 92.76 1.18 1324.94 91.09 14.28x

M Lawrence Livermore mf@m Low-order preconditioning for the high-order
National Laboratory de Rham complex, SISC 2022



Bounding High-Order FEM Functions

Piecewise linear bounds on high-order multi-dimensional polynomials

-

= Global minima and maxima of high-order functions

= Piecewise linear bounds of the basis functions are used
to bound their weighted combination.

08 4
1 s(m0.43)

¢z(x)

= Computationally cheap

—Bounds are computed once

= Provides much tighter bounds than convex-hull type
approaches (e.g., Bernstein coefficients).

= Method extends to nodal and non-nodal bases on
different element types in 2D and 3D

L Li
8 Ktrence Livermore & miem

Determinant of the Jacobian

of the transformation Piecewise linear bounds +
(Pmesh = 2, Paet = 3) recursion to determine validity

Piecewise linear bounds on ] i .
simplices Advection with bounds preserving limiter

A method for bounding high-order finite element functions: Applications to
mesh validity and bounds-preserving limiters, Arxiv 2504.11688



OFEM: Autodiff for Partially Assembled Operators

Jacobians and derivatives of FEM operators in a user-friendly way

Meshing

Parameters —ﬁ

T

H Finite Elements H Solvers

A= PTGT.BJ?

H Functional

= FEM decomposition

A= PTGTBT DBGP

global domain sub-domains elements

-]

juadrature

o
>a

all (shared) dofs device (local) dofs element dofs point values
EEEE)
P G _8 BEIEE]
HH BB

= Parameters 0= B,G,P,p

= Parametric nonlinear operator

A(u; p) = PTGT BT D(u, p)

H Lawrence Livermore
National Laboratory

Need to differentiate at only!

(Jacobian is FEM decomposed linear operator)

Differentiate the Q-function D with Enzyme! MIFEN+ Enzyme

— AD at LLVM level, after compiler optimization =
— Can mix code from different languages ﬁ . :’ @:} MB
— Differentiate across function calls (e.g. EOS) ® D .

— AD with minimal code changes S

Performing AD at low-level lets us
work on optimized code!

/ Optimize .

— Differentiate only what is necessary

& mfem

Differentiable Multiphysics Codes, doi.org/10.2172/2513976, 2024



Roadmap for Next Year
Plans for FY27

4

GPU computing - —

* ENZRGY

— Kernels using tensor/matrix cores

NYSA

— Mixed precision algorithms

tlﬁaabonallm

— Efficient high-order methods on mixed meshes - including simplices

Differentiable Simulations

— Additional dFEM features in next release - support for coupled simulations

— More examples, miniapps and documentation

Adapt to Al changes

— Meshing and discretizations for Al workflows (Fp (1, 0),0) = /Q D, Vu, p) - (v, V)

— Use Al to improve MFEM - make MFEM more useful for Al tools and agents 1® D
= New releases Fp(u,p) = TF D,(Tu,T,0) —> %(u*,p*) =TF 8;D, (@, 5")T,
— glvis-4.6 in Dec - open to feature requests eth Os
— mfem-5.0 in Jun - code modernization, API fixes - expect breaking changes " = A B
= What would you like to see? -
— Slack: #meet-the-team - GitHub: github.com/mfem/mfem/issues - Email: mfem@Ilinl.gov #2 #2

- © mfem NS4
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https://mfemworkshop.slack.com/archives/C02J42P29K6
https://mfemworkshop.slack.com/archives/C02J42P29K6
https://mfemworkshop.slack.com/archives/C02J42P29K6
https://mfemworkshop.slack.com/archives/C02J42P29K6
https://mfemworkshop.slack.com/archives/C02J42P29K6
http://github.com/mfem/mfem/issues
mailto:mfem@llnl.gov

MFEM Resources

& mfem.org

MFEM Features Examples Documentation ~ Community ~ Gallery Download [ GitHub

MFEM is a free, lightweight, scalable C++ library for finite element
methods.

Features

« Arbitrary high-order finite element meshes and spaces,

* Wide variety of finite element discretization approaches.

» Conforming and nonconforming adaptive mesh refinement.
» Scalable from laptops to GPU-accelerated supercomputers.
* ..and many more.

MFEM is used in many projects, including BLAST, Cardioid, Palace,
Visit, RF-SciDAC, FASTMath, xSDK, and CEED in the Exascale
Computing Project.

We host an annual workshop and FEM@LLNL seminar series series.

See also our Gallery, Publications, Videos and News pages.

News

Jun5,2024 Register for MFEM tutorial on Aug 22,
May 7,2024 Version4.7 released.

May 2,2024 New MFEM paper in JHPCA.

Oct 26,2023 2023 MFEM Community Workshop.
Feb 22,2023 AWSreleases Palace based on MFEM.

Latest Release

New features | Examples | Code documentation | Sources

Older releases | Python wrapper
Documentation

Building MFEM | Getting Started | Finite Elements

Performance
New users should start by examining the example codes.

We also recommend using GLVis for visualization.

Contact

Use the GitHub issue tracker to report bugs or post questions or
comments. See the About page for citation information.

= Contact us with questions + feedback

H Lawrence Livermore
National Laboratory

& mfem

Website:
mfem.org

Software:
github.com/mfem

Publications:
mfem.org/publications

Email:
mfem@IInl.gov

= Contribute to the code = Explore our publications

S

National Nuclear Security Administration


http://mfem.org/
https://github.com/mfem
http://mfem.org/publications
mailto:mfem@llnl.gov

Thank you from the MFEM team at LLNL!
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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.



