PROGRAMME
\ DE RECHERCHE

NUMERIQUE

ONERA
/\ POUR 'EXASCALE
THE FRENCH AEROSPACE LAB CMAP

High-order adaptive multistep coupling scheme for
multiphysics applications

[Minisymposium] Méthodes paralléles pour la résolution et la simulation d’équations
différentielles

Antoine Simon'2, Laurent Frangois?, Marc Massot'

TCMAP — Ecole polytechnique, 2ONERA



Code coupling for unsteady multiphysics simulations
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Fluid — structure ([2] Fabbri et al)
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Code coupling for unsteady multiphysics simulations

L] Rt
Fluid — structure ([2] Fabbri et al)

Uy = hl(?/lq?ﬂ)q“Z = hz(yl,yz)
v Interface

dyyr = Fiyr, u1,t) dyys = Falya, ua,t)

Domain 1 (solver 1) Domain 2 (solver 2)

Multiphysics model Coupled space

Coupled
system PDEs discretization

ODEs

i

Palmtwnn(fdappmarh{ diyi = Filyi, @) )
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Parallel integration
of each subsystem @ coupling variables

using a specific solver ui = hi(yr, s yumr)
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The high-order time adaptive multistep coupling scheme

e Usually:

Integration of
dt_yi = ]:i()/i, UF, t)

constant
Convergence
at order 1
"W @ W
o|
v vt

Conventional Parallel Staggered
coupling scheme ([3] Farhat and
Lesoinne 2000)
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The high-order time adaptive multistep coupling scheme

e The high-order multistep coupling scheme (explicit) ([4]

Usually:
o Usudly Francgois and Massot 2023, [5] Simon et al 2025):

Integration of

dry; = Fi(yi, ul, t) Integration of
constant deyi = Fi(yi, 07, t) Convergence
polynomial -
Convergence extrapolated from the past atorder k +1
at order 1 Uk up
k = degree of the interpolation polynomial
}/]" @ y{1+1 Predicteurs 0i(t € [ty t, +1]) de différents degrés de la variable de couplage u; 100 Convergence rates of explicit multistep scheme
- ‘%;z? ' ot Iy
i — degré 2 , —— k=2, order=3.05
[©) :ﬁ — cemés (/ e | = K= orer=a07 )
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The high-order time adaptive multistep coupling scheme

e Usually:

Integration of
dry; = Fiyi, uf', t)

constant

Convergence
at order 1
n @ n+1
" N
Y2 Y2

Conventional Parallel Staggered
coupling scheme ([3] Farhat and
Lesoinne 2000)

e The high-order multistep coupling scheme (explicit) ([4]
Francgois and Massot 2023, [5] Simon et al 2025):

RHAPSOPY

WIPI

Integration of

dry; = Fi(y;, 07, t) Convergence
polynomial
extrapolated from the past at order k + 1
n—k n
U’- B

k = degree of the interpolation polynomial

Implementations:

: v
» C++ HPC coupling library developed at ONERA

(https://w3.onera.fr/cwipi/)

Python coupling library for prototype purposes
(https://github.com/hpc-maths/Rhapsopy)
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https://w3.onera.fr/cwipi/
https://github.com/hpc-maths/Rhapsopy

A representative conjugate heat transfer test case

(—ITZ
P11 —

y S Domain 1 Domain 2

X
¢ Non-uniform Cartesian meshes (finite volume scheme)

e Neumann — Dirichlet interface BCs
¢ Homogeneous Neumann BCs on the exterior
* Non uniform initial temperature field
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A representative conjugate heat transfer test case

«—iT,
q‘)l — i
Time steps size adaptive
; icit multi
y Domain 1 Domain 2 order 3 egpllct ultistep
x coupling scheme

¢ Non-uniform Cartesian meshes (finite volume scheme)

® Neumann — Dirichlet interface BCs Explicit: ® stability issues
* Homogeneous Neumann BCs on the exterior ([6] Simon et al 2026)
Non uniform initial temperature field
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Towards the implicit multistep coupling scheme

th+1
The multistep scheme:  y™ =y + Fi(yi(m), a7(n), m)dn 1)
th
~ interpolates
o Explicit a7 =W(ul, ... 0l Kt tek) ar(t) ~» Memeer

u u:

1 T
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Towards the implicit multistep coupling scheme

thyl
The multistep scheme:  y™™ = y" + Fi(yi(n), af'(n), n)dn (1)
tn

interpolates

o Explicit 07 = W(uf\ ..., uf ™ tn o tai) ar(e) ~ o
. N _ ~ intér oIatles
o Implicit ar = \Il( ..... u? k“,@ ..... tn—k+1) ar(t) ~» UHE__U@H
O A )
Y2 o
t
th tn tni1
Trade-off: computation cost vs stability and accuracy
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Implicit coupling as a fixed-point problem

o U,=(uv],..., u, .., uffk ..... u,'(]k)t
th 1 resent ast
yI =y [ Fiyi(n), 67 (n), m)dn ° 0
Implicit: 07 = \IJ( ul'” k“ o tnkg1)
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Implicit coupling as a fixed-point problem

present past

yrtt=yr +ft"“ i(vi(m), a7 (m), m)dn

Implicit: a7 = \Il( u" "*1 st kg1)

_ state coupling
* H'= vector  variables

>

e
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Implicit coupling as a fixed-point problem

present past

yr = yr +ft"“ (vi(n), a7 (n), n)dn

_ state coupling
* H'= vector  variables

e ¢ = partitionned integration operator
Implicit: a7 —\IJ( cou™ k+1 st kg1)
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Implicit coupling as a fixed-point problem

y _ y’ + ftn+1 :(77) n(n)’ n)dn present past

_ state coupling
* H'= vector  variables

e ¢ = partitionned integration operator
Implicit: a7 = \IJ( cou™ k+1 st kg1)
e V¥ = interpolation operator
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Implicit coupling as a fixed-point problem

y _ y’ + ftn+1 :(77) n(n)’ fl)dn present past
e | — state _, coupling

~ vector ’ variables
e ¢ = partitionned integration operator
Implicit: a7 = \IJ( cou™ k+1 st kg1)
e V¥ = interpolation operator

— Un—l—l — H o q> O W(Un—i—L tn—|—11 ey tn—k+1) (2)

~ In practice, assembling the jacobian of such system is not possible
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Fixed-point acceleration necessity

Back to the conjugated heat transfer test case

dt (s)
5
&

10710 4

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 030
tis)

Time steps size implicit multistep coupling scheme (Picard iterations)
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Fixed-point acceleration necessity

Back to the conjugated heat transfer test case

Order 3 implicit multistep coupling scheme (tr = 0.2s)
Number of calls to the fixed-point function
[green: per time step ; blue: cumulated]

Inexact Newton solver

Picard iterations
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= Inexact Newton unusable in practice BUT useful for comparison on small test case
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Acceleration procedures for fixed-point problems

Low-order steady / unsteady code coupling + acceleration ([7] Ramiéere and Helfer

Y 2015)
v High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)
X High-order adaptive implicit multistep coupling scheme + acceleration
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Acceleration procedures for fixed-point problems

Low-order steady / unsteady code coupling + acceleration ([7] Ramiére and Helfer

v 2015
High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)

x High-order adaptive implicit multistep coupling scheme + acceleration

Broad range of techniques with many variants:
e Extrapolation methods: Anderson Acceleration ...
¢ Krylov methods: GCR, GMRES ...
e Jacobian approximation methods: Quasi-Newton, Interface Quasi-Newton ...
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Acceleration procedures for fixed-point problems

Low-order steady / unsteady code coupling + acceleration ([7] Ramiére and Helfer

v 2015)
High-order implicit non-adaptive code coupling + quasi-Newton acceleration ([8]
Rodenberg and Uekermann 2025)

x High-order adaptive implicit multistep coupling scheme + acceleration

Broad range of techniques with many variants:
e Anderson Acceleration / GCR / Quasi-Newton methods

At what cost ?
e Storing a Jacobian / set of iterates

e What parameters for AA, nITGCR etc ?
e Scaling of coupling variables ?
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Numerical results

Back to the CHT test case: the setup and the references

Constant time steps At = 3 x 10~3s, final time tf = 0.3s, order 3 implicit.
Number of calls to the fixed-point function
[green: per time step ; blue: cumulated]

e Reference: Picard iterations e Reference: Inexact Newton method

. Inexact Newton
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Numerical results
Generic nITGCR method ([9] He et al 2024)

nITGCR m =«
16 500
14 i
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12 4 T
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Numerical results
Quasi-Newton: IQN-MVJ ([10] Lindner et al 2015)

Evaluated in the context of code coupling in ([10] Lindner et a/ 2015).

IQN-MV) m = o
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e 3008
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Numerical results

Anderson Acceleration with reuse strategy

Myeep: NUMber of vectors kept from last time step(s)

Anderson m = Meep = ®
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Numerical results

Anderson Acceleration with reuse strategy

Myeep: NUMber of vectors kept from last time step(s)

Towards realistic choices for m and myeep

Anderson m = ®, Meep = 20 Anderson m = Myeep = 20

16 500 16 500
14 14
400 400
12 12
L0 300 © — 300 ©
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: 3 = 3
o 13 o 13
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100 100
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AA(m = 00, Mkeep = 20): Nealls ~> 5 AA(m = Mkeep = 20): Nealls ~> 6
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Adaptive multistep coupling order 3 accelerated

Adaptive tolerances : atol = rtol = 102 and atolwr = rtolwr = 10~*

107t

1072
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i
Z 104
<
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g
@ 107°
o
E —— Explicit solver
10-¢ —— Picard iterations
—— Inexact Newton solver
107 —— nITGCR
—— IQNMV)
100 ~— Anderson solver

—— Anderson solver with reuse

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time t (s)

Time steps At for adaptive order 3 multistep coupling scheme (embedded 4t"-order error estimate)

H ‘Picard Inexact Newton nITGCR IQN-MVJ Anderson Anderson reuse H
[ Total n.,;. | 8403 3341 472 682 388 594 [
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Conclusion and perspectives

Result:
¢ A first overview of acceleration methods with the present benchmark

Ongoing investigation:

e Understanding the effect of the partitionned approach on the convergence of the
different methods

Information reuse when time step changes
Domain of convergence of acceleration methods
Effect of the scaling of the coupling variables

® Enhance benchmark with nonlinear solid — fluid coupling
® Precise characterization of “strong” / “stiff” couplings
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Questions ?
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