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Abstract. Designing coupling schemes for specialized advanced mono-physics solvers in order to conduct
accurate and efficient multiphysics simulations is a key issue that has recently received a lot of attention.
A novel high-order adaptive multistep coupling strategy has shown potential to improve the efficiency and
accuracy of such simulations, but requires further analysis. The purpose of the present contribution is to
conduct the numerical analysis of convergence of the explicit and implicit variants of the method and to
provide a first analysis of its absolute stability. A simplified coupled problem is constructed to assess the
stability of the method along the lines of the Dahlquist’s test equation for ODEs. We propose a connection
with the stability analysis of other methods such as splitting and ImEx schemes. A stability analysis on a
representative conjugate heat transfer case is also presented. This work constitutes a first building block to
an a priori analysis of the stability of coupled PDEs.
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1. Introduction

The study of complex systems requires simulating the interactions between various physical phe-
nomena involving multiple scales in time and space. The simulation of such multiphysics sys-
tems seldom relies on implementing a new solver for the coupled problem since each physics
already possesses optimized and specialized solvers with an important and long-term legacy. As
a consequence, multiphysics simulations are often built by coupling multiple existing solvers,
which resolve separately each submodel and regularly exchange some quantities (volume or sur-
face coupling terms) that we will refer to as coupling variables. A wide range of applications re-
sort to this approach, e.g. fluid-structure interactions [1], fluid-plasma interactions [2], conjugate
heat transfer [3,4], fluid-fluid coupling for acoustics [5].

So far, the key effort has been put on developing high-performance-computing (HPC) cou-
pling libraries specialised in data transfer and spatial interpolation from one mesh to the other,
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e.g. Cwipl [6,7], and has been applied in an industrial context [8]. The time integration is how-
ever often basic, with the codes being coupled at a fixed rate (constant coupling time step), and
with the exchanged quantities being frozen over each coupling step [9]. This induces a first-order
overall global error in the coupled dynamics. Besides, in most cases the coupling scheme is ex-
plicit since an implicit coupling is more difficult to implement and generally requires an iterative
procedure. Consequently, for each simulation case, a fair amount of work is needed to determine
a coupling time step that leads to a stable and precise coupled computation, which may be even
more difficult if the dynamics and time scales strongly evolve with time. Thus, there is a need for a
more efficient temporal coupling scheme, ensuring high-order accuracy in time, automatic adap-
tation of the coupling time step, and the ability to perform an implicit coupling. Solutions mim-
icking operator splitting [1], although easy to implement and fairly stable despite their explicit
nature, cannot go beyond second-order accuracy. Implicit-Explicit (ImEx) schemes [10] have
been originally designed for the case where multiple operators, e.g. convection and diffusion, act
on a single physical system and spatial domain. They can however be advantageously applied
as coupling schemes [3], solving implicitly the uncoupled dynamics of each coupled model, and
handling the coupling terms explicitly. Still, ImEx schemes require the use of the same implicit
time integration scheme for all solvers and prevent subcycling. Moreover, the coupling remains
explicit and thus prone to instability for strongly-coupled systems.

Multirate time schemes have a long standing history [11] since their introduction in [12,13].
They rely on a separation of time scales between different terms and introduce a fixed time step
ratio that prescribes the amount of subcycling performed for one term compared to the others.
The approach has been used both for coupling [14] and for treating several coupled operators
within the same domain simulation [15,16] in mono-physics solvers. This approach is however
more suited to mono-physics solvers as they require some important modifications to the time
integration procedure. Moreover, the amount of subcycling cannot be changed, thus making it
difficult to cope with configurations where two coupled models may have similar or evolving time
scales, and/or have a varying coupling strength as time evolves.

An interesting alternative approach has been developed in the coupling library Precice [17], in
which the coupling variables are interpolated within a coupling time step, based on their values
at the substeps of the different solvers. This enables a high-order implicit coupling in time with
arbitrary subcycling. However, an explicit variant relying on extrapolation from the last coupling
step is not available, and the coupling time step cannot be dynamically adapted.

A new generic coupling strategy has been recently introduced to remedy these problems [18-
20], where the coupling variables are approximated by high-order polynomials of time during a
coupling time step, enabling each solver to have accurate exchange terms during their internal
substepping. These polynomials are built by an interpolation procedure involving the values of
these variables at the previous coupling times. The polynomial representation is similar to that
used in some co-simulation algorithms [21,22], which however are more focused on mechanical
systems and assume a different structure for the coupling variables. The multistep coupling
approach allows each solver of each subsystem to use any time integration scheme, potentially
involving subcycling. The polynomial representation provides high orders of convergence and
allows for the derivation of error estimates to dynamically adapt the coupling time step. Both
explicit and implicit formulations of the coupling are available. Owing to its similarity with
multistep schemes for ordinary differential equations (ODEs), this scheme is named multistep
coupling, even if our method does not fall into the class of classical linear multistep methods.

A natural question, while examining the literature, is to investigate if the multistep coupling
can be thought of as a domain decomposition method in space-time, where the space decompo-
sition is prescribed by the physical domains associated with each model. The time decomposi-
tion could consist of (potentially adaptive) discretisation of the overall time interval into multiple
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non-overlapping coupling time windows, solved in a sequential manner, each time with a high-
order approximation of the coupling conditions (transmission conditions). However, the features
of our scheme (non-monolithic method with black-box solvers for each subdomain involving dif-
ferent time integrators and substeps, different models and non-overlapping domains) imply that
it does not fall into any of the traditional frameworks of domain decomposition, which are fo-
cused on the efficient parallelisation of monolithic-like implicit schemes or steady-state prob-
lems, such as domain overlap, optimised transmission conditions and coarse spaces (see [23,24]
and references therein). Our method thus requires a dedicated numerical analysis investigation.

This multistep approach is promising, all the more if integrated within existing coupling
libraries such as Cwipri. However, while for ODE integration schemes, be it one-step or multistep
methods, the notion of absolute stability is well-defined through Dahlquist’s test equation [25]
linked to an eigenvalue analysis of the Jacobian matrix, no such framework exists for coupling
schemes. In general, a much more involved study is conducted, where stability properties are
determined numerically through a large parametric study on simple test cases [22].

The purpose of this contribution is to conduct the numerical analysis of the multistep cou-
pling scheme in terms of order and convergence, and to propose a framework for the stability
analysis of coupling schemes, in the same spirit as Dahlquist’s test equation for ODE solvers. It
provides a first building block for a connection with coupled partial differential equations (PDEs),
as encountered in practical applications, and paves the way for a complete a priori analysis of
coupling stability.

The contribution is organized as follows. In a second section after the introduction, the
high-order multistep coupling is presented and the consistency/order and convergence analysis
conducted. In a third section, we present a simple coupled problem in order to numerically
illustrate the convergence properties. It turns out that this simple problem is an interesting
generalisation to coupled systems of the well-known Dahlquist’s test equation. Its use for the
construction of stability diagrams is discussed in a fourth section, were a comprehensive stability
analysis is conducted. We also conduct a comparison between the multistep coupling scheme
and some splitting [26] and ImEx Additive Runge-Kutta (ARK) schemes [10,27] from the literature.
The last section presents a numerical stability analysis of a conjugate heat transfer problem, and
discussions on the link between the test equation and the conjugate heat model are presented in
a conclusion.

2. The multistep coupling scheme
2.1. Explicit and implicit formulations of the multistep coupling scheme

The multistep coupling scheme is a strategy to integrate a set of coupled ODEs, in particular those
arising from the spatial semi-discretisation of coupled PDEs. For such systems, the global state
vector y: [0, T] — R™ with T € R} and m € N* can be formally decomposed into components
as y= (ylf...y]tw)t (M € N*). The component y;: [0,T] — R is the state vector of the i-th
subsystem (associated with one particular solver in the multistep coupling scheme) with m; € N*.
In the framework of coupled equations arising from a multiphysics problem, the dynamics of
each subsystem i = 1,..., M depends both on the state vector y; and on the coupling variables
u;: [0, T] — R% (I; € N*) which may depend on all subsystems j = 1,..., M. We assume the form
u; = hij(y1,..., ym), with h; a Lipschitz function. In general, the coupling involves only a lower-
dimensional interface between spatial domains so that in most cases /; < m;, e.g. coupling a
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3D fluid flow to a 3D wing model by pressure and displacement terms defined on the 2D wing
surface. The whole coupled system’s dynamics is described by:

deyi(0) = Fi(yi(0), ui(0), 1)

ui=hi(yy,...,ym)

yi € €([0, T1,R™)

yi(0) = yi0 €R™
where, to ensure well-posedness of this equation, %;: R" x [0, T] — R™ are continuous functions,
Lipschitz in terms of y; and u;, and h; are Lipschitz functions. For each i, the problem described
in equation (1) is called a mono-physics problem, or subsystem.

The multistep coupling scheme consists in building, for the n-th coupling step [t,, tn+1],
polynomial predictions ﬁ:l (th, tha1l — R of ui(t), i =1,...,M. These predictors are obtained,
in the explicit case, by an extrapolation of the past states u,j, j € {0,..., k}, k € N. The prediction
operators are denoted V;. In the explicit case, they are defined by:

fori=1,....M (1)

v R [0, 71— € ((1y, 111, RY)
i (un—k un t t ~Nn (2)
i [ARERRtd I n—kr--» n)’_’ui
where
=n n—k n k n—j S In-1
ui (t):\Pi(ui )-“rui!tnfk;-'-vtn)(t):Zui 1_[— (3)
j=0 j=0 tn—j — In-1
I#j

These predictors allow to integrate all subsystems independently over a coupling time step of size
Aty:

deyi(6) = Fi(yi(0), @} (1), 1) 4)
for all i = 1,..., M, using M mono-physics solvers. These solvers can use any reasonable time
integration technique, potentially involving subcycling.

As mentioned in the introduction, the simplest and ubiquitous coupling scheme consists in
setting @} (r) = u'. This corresponds to a constant extrapolation (k = 0) in equation (3). This
strategy results in a first-order global error. We will show in Theorem 9 that the multistep coupling
technique has a global error of order k+ 1, with k the polynomial degree of the predictions. Thus,
it provides a relatively simple way to improve the time accuracy of a coupled simulation.

The definition of #; in equation (3) leads to an explicit scheme, since data is produced by
extrapolating from the past. An implicit formulation can be obtained by using the future (and
yet unknown) value u?“ as an additional node to define 7, so that ¥; becomes an interpolant
of u;:

O =W U ke 1) ().
Applying this to all subsystems, a nonlinear system on u?“, i=1,...,M, is obtained, which can
be solved by Picard iterations or Newton-like schemes [28]. Some model-specific techniques
stemming from the domain decomposition community [23] may also be applied to precondition
the fixed-point operator, for instance by adopting optimized Robin-type coupling conditions if
applicable. The solution method for the fixed-point problem in the implicit case is however
beyond the scope of the present paper.

In the following, it will be useful to recast the multistep coupling scheme as a one-step method
by writing it in vector form. For n =0,..., N — 1, the overall state vector at time ¢, is denoted
yi=(hh..., (yI’\‘,I)t)t and the concatenation of the last k + 1 values of y at times ..., t,_ is:

Ya= (M., ") eE 5)

where E = . We denote as ®;, i = 1,..., M, the mono-physics integrators associated
with each mono-physics problem, which we assume to be zero-stable as will be defined in

(Rm) k+1
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Section 2.2.1. The integrator ®; corresponds to the application of the i-th solver for the time
integration of equation (4) for subsystem i over a coupling time step:

o, { [0, T] x R™ x €°([ty, tns1],R")x]0, T] — R™ ©
¢,y al, Aty) — ©; (¢, ¥, 4, Aty)
such that, for a time step Af,, the multistep coupling procedure is:
Yl = Yl Aty @i (8, Y1, A, ALy). (7)
This last equation allows to rewrite the whole scheme as follows:
{ Y1 = Yu+ Atp® (i) bn, Yo, Aly) (explicit) -
Y1 = Yu+ Aty ®(y—gi1s-- - Inwl, Yne1,AlLy)  (implicit)

where @ denotes the concatenation of all ®; operators composed with the ¥; operators. Note
that the initial value y,, is contained within Y},4;, thus ® need not depend on Y, for the implicit
case. Assuming a solution to the implicit formulation exists (see Lemma 4), the implicit scheme
can be written in the usual one-step form:

Yni1= Yn"‘Atn&)(tn—k;---rtn» Y, Aty) 9

where ®@ involves the corresponding solution operator.

Note that the multistep coupling scheme is not self-starting for k > 0 in the explicit case
or k > 1 in the implicit case. Just as for multistep ODE integrators, multiple solutions can be
considered. A first one is to perform the first k coupling steps with another high-order coupling
scheme. Another solution is to simply start at k = 0 with a very small time step, and increase k
(and potentially the time step) at each subsequent step, until the targeted value of k is reached. A
final solution for the implicit scheme is to perform the first k steps in a strongly coupled manner,
i.e. solving a more complex interpolation problem involving the first k values of the coupling
variables, used to define a single high-order interpolant for these first steps.

2.2. Convergence of the multistep coupling scheme

We now demonstrate that the multistep coupling scheme, either in explicit or implicit form, is
zero-stable and consistent as long as each mono-physics integrator ®;, i = 1,..., M, satisfies the
usual Lipschitz properties leading to their zero-stability. Convergence of the scheme can then be
obtained. The result is valid for exact or approximate subsystem integration. In this section,
we assume that the coupling time step is constant, set to Af. The overall simulation time is
T = NAt, where N € N*. Using a constant coupling time step allows to simplify the dependency
of operators defined above, ‘f,- then only depends on (uf"C ,.-, Ui, Iy, AT), and identically, @ only
depends on (¢, Y, At) and @ on (£, Y41, At).

2.2.1. Zero-stability

A scheme is said to be zero-stable if the amplification across multiple steps of perturbations is
bounded according to the following definition.

Definition 1 (Zero-stability). Let| || be any norm on E, and ¢ be an integration scheme expressed
as Yn+1 =Y, + At(ty, Yy, At). This scheme is said to be zero-stable if there exists a constant K > 0
independent of At such thatV Yy, Zy € E andV (€,) =0, N-1 € EN, the sequences:

Yie1 = Y+ Ato(ty, Yn, Al)
Zns1=Zn+Atp(ty, Zy, At) + €,
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satisfy the following inequality:

N-1
max ||V, — Zull <K|1Yo—Zoll+ ) llenl|. (10)
0<nsN n=0

Note that this definition is classical for one-step schemes [29, Section 3.2] and may sometimes
be referred to simply as stability [30, equation (16.1.7)]. When applied on the one-step reformu-
lation of a linear multistep ODE scheme, this definition is equivalent to the traditional root con-
dition from the linear multistep literature [30, Section (17.3)]. Since our scheme does not belong
to the category of linear multistep methods, but is a generalisation thereof, the more general Def-
inition 1 should be used. This definition can also be used more directly to study the convergence
of the method (see Theorem 9.).

Let us stress that zero-stability is a prerequisite for an integrator to be convergent. As already
mentioned, all subsystem integrators ®; are assumed to be Lipschitz operators and thus corre-
spond to zero-stable time integrators.

To establish the zero-stability of the multistep coupling scheme, we first need to show that the
multistep coupling integrator ® defined by equation (8) constitutes a Lipschitz operator.

Lemma 2 (P is Lipschitz). Provided that the integrators ®; are Lipschitz operators, the multistep
coupling operator ® from equation (8) is continuous and Lipschitzin'Y .

Proof. We first show that the extrapolation/interpolation operators ¥; are all Lipschitz in terms
of their k + 1 first variables. Let us consider u?‘k,..., u;‘,ﬁ?‘k,...,ﬁ;’ € R’ and denote u; =
((u?’k)t,...,(u;’)t)t and I; = ((ﬁ?’k)t,..., (ﬁ?)t)t. Consider the infinity norm | - || on the space
‘60([1‘”, tn+1],[|'\°li), the infinity norm || - lo,.# on the space €9(.#,R) where .# is a closed interval
of R, and the infinity norm |- |, on (Rli)k+1. Using the dimensionless time 7 = t;”, we denote
Zj,j =0,...,k the basis of Lagrange interpolation polynomials at points 79 =0, 71 = -1, ...,

T = —k. The explicit predictors are expressed as follows:

k .
@) =W, u] 0, A0 @0 = Y w2 (@)
j=0

with a similar expression for u;(1). The following bound can be obtained directly:

k
18 — Uilloo < thi — iloo - Y, 1L} llos,10,11-
j=0
Hence, all the ¥; are Lipschitz in terms of their k+1 first variables. Besides, the Lipschitz constant
Z?:o £ lloo,[0,1 does not depend on At.

A similar result can be obtained for the case of interpolation, using < j» J =0,..., k the basis of

Lagrange interpolation polynomials at points 7o =1, 71, =0, ..., T = -k + 1.
Since all &; and all integrators ®; are Lipschitz, then, ® is also Lipschitz in terms of Y, by
composition of Lipschitz functions. U

The zero-stability of the explicit multistep coupling scheme can now be stated in the following
proposition.

Proposition 3 (Zero-stability of the explicit multistep coupling scheme). The explicit multistep
coupling scheme given by equation (8) is zero-stable.

Proof. As already stated, the subsystem integrators ®; are Lipschitz with a Lipschitz constant
independent of Af for all 0 < At < T. Lemma 2 ensures that there exists a Lipschitz constant
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Lo > 0 of the overall integrator ® independent of At. Consider Yy, Zy € E, (€5) =0, N-1 € EN and
the sequences:

Yii1 = Yy + At®(ty, Yy, AL)
Zni1 = Zn+ AtO(ty, Zy, At) + £,.

Then, foranyn< N-1:

Yy = Zn + At[®(tn, Yn, A1) — D(ty, Zy, AD ] — €,

S+ LoADIYn = Zyloo + €000
N-1
<A+ LoADMNYo - Zoloo + Y. (1+ LoADN €100
i=0
LoT LoT N
<el*l 1Yy - Zyloo + el ;|si|oo. O
K Kk =0

|Yn+1 - Zn+1 |oo <

o0

To prove the same property for the implicit scheme, we first need to show that the implicit
system in equation (8) is well-posed.

Lemma 4 (Well-posedness of the implicit multistep coupling scheme). There exists At* > 0
such that, for all0 < At < At* and for all Y, € E, there exists a unique solution Yy to the non-
linear equation Y1 = Yy + At®(ty,, Yii1, Al).

Proof. Let Y, be an element of E and ¢, € [0, T[. Lemma 2 ensures that there exists Ly > 0 such
that forall Az >0 and forall Y, Z € E: | ®(t,, Y, A1) = ®(tn, Z,AD)| < Lol Y - Z].
Then, forall At >0and forall Y,Z € E:

| (v + Ar@(e, v,00) = (Vi + Atz Z,80)

|sAtLq>||Y—Z||.

Let At* be a positive real number such that At* Ly < 1, At* does not depend on Y;,. For all
0 < At < At*, the function Y — Y, + At®(¢,, Y,At) is a contraction, therefore, it admits exactly
one fixed point that we can denote Y 4. O

This proof also ensures that the previously introduced implicit integration operator ® is well
defined. Note that the value of At* and the constant K are related to the Lipschitz constant L,
which is directly affected by the evaluation of the Lipschitz constant of the one-step ODE
integrators ®@;. For At* and K to be close to optimality, the proper framework is that of the one-
sided Lipschitz condition [25, Section IV.14], which is much more favourable in particular for
contracting dynamics, the category into which dissipative systems fall.

The zero-stability of the implicit multistep coupling scheme can now be established.

Proposition 5 (Zero-stability of the implicit multistep coupling schemes). The implicit multi-
step coupling scheme given by equation (8) is zero-stable for time steps ensuring its well-posedness.

Proof. We consider Yy, Zy € E, (€5) p=0,.N-1 € EYN and the sequences defined below:
Yii1 = Y + At®(ty, Yii, Al)
Zn+1 = Zn + AtO(ty, Zn+1, A1) +€p

which are well-defined for all 0 < At < At* according to Lemma 4. First, for any 0 < At < At*:

1 AtL
1 )

=1+ <1+AtK*
1-LopAt 1-LoAt
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where K* = . Then, foranyn< N-1:

_ Lo
T—LoAlr

|Yn+l _Zn+1|oo < Yn - Zn +At[q)(tnr Yn+1;At) _(D(tn; Zn+1:At)] —&n oo

1 1
< —— V= Zploo+ ————1¢
1—L<pAt| n— Znloo 1_chml nloo

1 N N-1
<|——] Y- Zloo+ Y |—
(I—Lq)At) o= Zaleo ;’)(I—Lq)At
N-1
<A +AtKH)N Yo = Zoloo+ Y. (L+ ALK )V ]eil0o
i=0

N
|5i|oo

N-1
K*T K*T
<e Yo—Zolct+ € Eiloo- g
| 0 0|oo Zl l|oo
K x =0
2.2.2. Consistency and convergence

The accuracy of the solution computed with the multistep coupling scheme can now be
assessed by considering its local and global errors, defined below. In this section, the consistency
of the scheme is proved, which, combined with the previous results, establishes its convergence.

Definition 6 (Global and local error — convergence). Let us consider the integration scheme
equation (8), y a solution of equation (1) and Y (1) = (y(t)', y(t = AD)Y, ..., y(t — kAD)')". Let |- || be
any norm on E. The global error of the scheme is:

en=Y(ty) - Yy

and the scheme is convergent if:

lim max |e,l =0.
At—0 n=0,...,

We calllocal error or local truncation error the quantity:
En =Y (tns1) = Y (tn) = AL®(ty, Y (1n), At).
Definition 7 (Consistency). With the same hypothesis as in Definition 6 the scheme is said to be
consistent if the local truncation error verifies:
|&nl < Ate(Af)
with € a function such thate(At) — 0 when At — 0.
Besides, ife(At) = O(AtP), the scheme is said to be consistent at order p.

Proposition 8 (Consistency of the multistep coupling scheme). Assuming that the subsystem
integrators ®; are consistent at order p; = k+1, the multistep coupling scheme given in equation (8)
is consistent and the order of consistency is k + 1 where k is the degree of the polynomial predictor.

The consistency has been proven to be of order k + 1 prediction polynomials of degree &k,
assuming exact integration of the subsystems [18]. In the present contribution, we propose a
more general proof considering non-exact mono-physics integrators ®; instead.

Proof. All %;(y;,u;,t) are Lipschitz both in terms of y; and u;. Let us denote the corresponding
Lipschitz constants L; , and L;,. Consider J7;’ € R™i the solution at time t,. One step of the
multistep scheme yields for the i-th subsystem:

i_n-%—l :i'n_"At(Di(tn;;in, u;,At).

An exact integration of equation (4) with the same initial condition gives a solution y;:

_ t
yi)=y! +f Fi(yi(s), ti(s),s)ds
In
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where i; (s) is the polynomial prediction of the coupling variables. Finally, an exact integration of
equation (1) with the same initial condition as above gives a solution y; of the original problem
such that:

t
yi(=y! +f Fi(yi(s), ui(s),s)ds
tn
where u;(s) is the exact evolution of the coupling variables.
Let us notice that y; (t,) = y;(tn) = y".
The absolute local truncation error |&,| = |y"*! - y;(f,4+1)| then can be written:
Vilttns1) = Yiltn) = AL®; (£, yi (8, @iy A1) = |i(tin) = 71|
= |yi(tns1) = Filtns1) + i (i) = i
< |yi(tn1) = Fitne D) | + | 7i ) = 717

el e

where e; represents the error arising from the polynomial approximation of the coupling vari-
ables, and ey represents the error produced by the non-exact subsystem integration.
First, let us consider e;:

e1 = |yi(tne1) = Yiltne)|

_ Int1 ~
571”+f gi(yi(s),ui(s),s)ds—yf—f
tn

tn
In+1
<
tp

In+1
< L;, At max Iui—iii|+f Liy|7i(s) - yi(s)|ds.
In

In

+1
Fi(7i(s), (), 5) ds

Fi(yi(),ui(9),s) = Fi(yi(s), Ui (s), S))ds

tn,tn+1
Since ¢ — L; ,Atmaxy, qlu; — ii;| is a non-decreasing function of ¢, Gronwall’s inequality ensures
that:
e1 = LjyAt max |u; — i;|exp(LjyAt).

Inytn+1
Besides, the interpolation approximation error maxg, »lu; — #;| is of order O(At**1) for an
interpolation polynomial of degree k, hence:

e1 = L yAtelird @ (AtFh) = oAtk ).
Then, consider e;:

~n+1| _
; =

e =|Vi(tne) = J)

- Int1 - -
y;uf Fi(7i(5), @i(s),5)ds - 7 — Ai®; (b, 57, B, AD)|.
tn

Since the integrators ®; are consistent at order p; = k + 1, e, satisfies:
e, = O (APt = 0(A 1K),

Finally, |y;(tn+1) — yi(tn) — At®;(tn, yi(tn), U, At)]| = O (Ar**2) and the scheme is consistent at
order k+ 1. O

Thus, the order of consistency is the degree k of the prediction polynomials, and the subsys-
tem integrators should be at least of order k to preserve the order of the coupling scheme. A for-
mula to compute the error constant is derived in Appendix A. Much like multistep ODE integra-
tors, increasing the order does not necessarily induce an increase in computational cost, but only
an increase in storage for keeping past values of u;. This is a strong advantage of the multistep
coupling method.

We may now prove that the multistep coupling scheme satisfies Definition 6 and therefore is
convergent.
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Theorem 9 (Convergence of the multistep coupling scheme). The multistep coupling scheme is
convergent and converges at order k + 1 for any k = 0.

Proof. When plugging into Definition 1 of zero-stability Yy = Zy and ¢,, = &, (local truncation
error from Definition 6), it can be seen that the sequence Z, is the sequence Z,, = Y(t,) of
the values of the exact solution of equation (1), while Y,, is the sequence of values given by the
multistep coupling scheme. Then the results of Theorems 3, 5 and 8 give:

N-1
|V, =Y ()| <K|Yo-YO|+K Y. 1&] =0k,
[ — i=0 =~
=0 =0 (Atk+2)
[ —
=0 (A tk+l)
Therefore, per Definition 6, we can conclude the proof. O

3. A simple model for the study of coupled equations

Now that we have demonstrated the previous essential theoretical properties of the scheme, we
search for a simple coupled model to test the method, in particular to investigate its stability.
In the literature, couplings are generally referred to as weak when stability is not a particular
issue [3]. On the opposite, couplings inducing strong stability limits on explicit schemes are
referred to as strong couplings [31,32]. However, no generic criterion has been proposed to
predict how strong a coupling is.

In the context of co-simulation, the stability of coupling strategies is analyzed using chains of
mass-spring systems [22]. Such test cases are already too complex, so that their stability can only
be studied by a systematic numerical scan of the parameter space to locate stable set of parameter
values and time step. This makes the analysis cumbersome and time-consuming, while also
restricting the thorough understanding of coupling stability that can be obtained from it.

Having a complete theoretical picture of the coupling stability for generic coupled systems
seems however out of reach. In the framework of ODEs, the Dahlquist’s test equation d;y = 1y is
awell-established choice for the study of absolute stability and is built as follows. Any ODEd;y =
[, ) can be linearised locally along the solution path to obtain d;y = (8, f)y. Diagonalisation
of the Jacobian of f yields a system of scalar equations d;x = p;x, where {u;}; is the spectrum of
the Jacobian. Stability is then ensured if the spectrum multiplied by the time step is contained
within the stability domain of the chosen ODE integrator. The use of Dahlquist’s test equation
relies on a diagonalisation procedure of the linearised ODE, which is not relevant for coupled
problems, since a global diagonalisation of the problem would destroy the partitioned nature of
the approach. Hence a different test model should be sought.

In this section, we introduce a simple equation that aims at reproducing a coupled problem in
its simplest form. Convergence results on this equation are presented to verify the convergence
orders from Theorem 9. With certain parameter choice, stability seems to be an issue with the
multistep explicit scheme, hence a deeper analysis of the scheme stability is proposed.

3.1. The?2 x 2 test equation

The simplest possible coupled problem is a coupling between two scalar equations as given in

equation (11):
{er/1 =ay1+any: — d (Jﬁ) _ ( a 6112) (Jﬂ) (1D

dry2 = an1y1 + a2y ) ax a J\y2
=y =of
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where a; € C. We call this system the 2 x 2 coupled test equation. It corresponds to equa-
tion (1) with M = 2, uy = hy(y1,¥2) = y2, U2 = ho(y1,¥2) = y1, Z1: (y1, 1) — ary1 + ajpuy and
Fy: (¥o, U2) — ax Uy + azy». Variants of this model will be presented in Section 4.1.

When the multistep coupling scheme is applied to this model, the two scalar ODEs d;y; =
a1y +aypty and d;y, = a1 lip + ay y» are integrated in parallel, which is sometimes referred to as
a Jacobi coupling [22]. At each coupling time step both predictors #; and i, are updated.

3.2. Numerical convergence results

We now use the previous model to check that the convergence rates established in Theorem 9 are
obtained in practice. Both the implicit and explicit formulations are applied to the simple 2 x 2
coupled test equation, with parameters a;» = 40, a; = 40, a, = —80 and y(0) = (5, -2)%. Multiple
fixed-time-step simulations are performed over the time interval [0, 1] with different values of the
time step. As discussed in Section 2.1, the scheme is not self-starting. Therefore, we initialise
the prediction polynomials by using exact values of the coupling variables in negative time
(t-j < 0). Even though the system is dissipative, this does not produce any numerical artifacts
for this simple model. The error is computed as the L?-norm in time of the difference between
these solutions and the analytical solution exp(At#)y(0). The obtained convergence graphs are
presented in Figure 1, where the numerically computed orders are indicated.

102 102
10° 4 / 10° 4
1072 4 1072 4 M

1075+ 10764

Error (L2-norm)
Error (L2-norm)

—+— k=0, order=1.01
1074 k=1, order=2.04 107°
—+— k=2, order=3.06
10-10 ] —+— k=3, order=4.06
—+— k=4, order=5.08

—+— k=0, order=1.00

k=1, order =2.00
—+— k=2, order=3.02
—+— k=3, order=4.04
—+— k=4, order=5.08
—— k=5, order=6.10

10-10 4

—— k=5, order=6.12

10712 Ly r T T 10712 L T T T

1074 1073 1072 1071 1074 1073 1072 101
At At

(a) Convergence of the explicit scheme (b) Convergence of the implicit scheme

Figure 1. Convergence of the multistep scheme applied to the 2 x 2 coupled test equation
with a; = —80, ay» = 40, ap; = 40, a; = —80 and y(0) = (5,-2)! integrated over the time
interval [0, 1].

All schemes reach their design order of convergence. The higher-order formulations provide
an important decrease of the error, as expected. It may be noted that, for a given order k > 1, the
implicit formulation possesses a lower error constant and is more precise. This is coherent with
the error constants derived theoretically in Appendix A.

It should however be observed that the explicit multistep scheme, especially at higher orders,
has an error which diverges when the time step is too large. It is actually related to a blow-up of
the coupled solution. This instability phenomenon is investigated in the following section.

4. Stability analysis

It was observed in Section 3.2 that the multistep coupling scheme may suffer from instabilities. It
would be interesting to be able to predict them from an a priori spectral analysis of the linearised



1170 Antoine E. Simon, Laurent Frangois and Marc Massot

coupled system, as done for ODEs with Dahlquist’s test equation. In this section, we first show
that the 2 x 2 coupled test equation (11) is a relevant case for the study of coupled ODEs. We then
recast the multistep scheme as a recurrence formula involving a matrix whose properties dictate
the stability of the coupling, and we draw stability diagrams, which are compared with those from
common splitting schemes and state-of-the-art InEx ARK methods.

4.1. On the characterisation of the stability domain

One can notice that, assuming complex values for <, the space of model parameters to analyze
is of dimension 8. This makes it difficult to characterize intuitively and efficiently the complete
stability domain of a coupling scheme. Therefore, two simplifying approaches are proposed to
reduce the number of dimensions.

4.1.1. Real asymmetrical case

Afirst approach is to consider a general asymmetrical matrix o/ with real coefficients to reduce
the number of dimensions to 4. Then, cross-sections of the parameter space can be made with
a specific parametrization of «/, already used for the analysis of multirate schemes [33]. We
introduce the following parameters:

o=— and - dzda

a a1 az

The parameter 6 represents the ratio of the internal time scales of both scalar subsystems, while
Y can be interpreted as a coupling strength, which measures how much the eigenvalues of the
coupled problem depart from those of the scalar subsystems (i.e. from the diagonal of ).
These settings are relevant for several reasons. First, the stability of the continuous problem is
guaranteed if and only if a; + a, < 0 and y < 1. Besides, the stability of the multistep coupling
scheme for a given At only depends on (a;At,8,y).! Thus, the use of y reduces by 1 the number
of dimensions, and two-dimensional cuts can be performed by specifying the value of 6. This
approach is analysed in Section 4.4.

(12)

4.1.2. Complex symmetrical case

A second approach is to assume a symmetrical structure for </ with equal diagonal terms.
Considering complex coefficients, these assumptions on «f reduce to 4 the number of dimen-
sions for the parameter space. A cut can be performed (e.g. fixing real and imaginary parts of the
diagonal term) to reduce it to a two-dimensional space in the spirit of ImEx schemes and thus
allows to characterize it and use it more easily. This approach is developed in Section 4.5. The
symmetrical coupled system can be linked to the generalised Dahlquist’s test equation used in
the study of ImEx schemes:

d;x = (a1 + app) x. (13)
Indeed, assuming initial conditions y;(0) = y»(0) = x(0), the solutions to both equations verify
y1(8) = y2(t) = x(#), V t = 0. The generalised Dahlquist’s test equation actually corresponds
to the solution of equation (11) along the eigenvector (1,1)? of «f which is associated with the
eigenvalue a; + a;». Thus, stability domains obtained on both equations are similar, except near
the stability limit of the continuous system, since the second eigenvector (1,-1)t of of (with
eigenvalue a; — a;») is not taken into account by the generalised Dahlquist’s test equation.

Both real asymmetrical and complex symmetrical cases are relevant for our study of stability.
On the one hand, the asymmetrical case allows to study the coupling of subsystems possessing

1This was confirmed for orders up to 15 using symbolic computation of the coefficients of the characteristic polyno-
mial of the amplification matrix defined later in Section 4.2.
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different internal time scales, and to see the effect of the off-diagonal coupling terms through a
single parameter y. On the other hand, the complex symmetrical case, limited to subsystems with
identical time scales, allows to study the effect of imaginary parts in the coefficients. Combining
both approaches will allow for a more complete picture of stability to be obtained.

4.2. Recurrence matrix for the multistep coupling scheme

In this section, we recast the multistep coupling method in one-step vectorial form. For a
more generic formulation we temporarily consider the coupling of two ODE systems, of size m;
and my. The case of the previous 2 x 2 coupled test equation can be easily recovered from the
results presented in this section.

Let m = my + my and let A; € C™>*™1 A, € C™2*™M2 A1, € C™*™2 and Ay € C™2*™ pe
complex-valued matrices. We consider the following linear coupled system:

Ay Alz)

14
Az Az (19

d;y=Ay, A= (
where the first m; components of y constitute the state vector y; of the first subsystem, and the
my remaining ones constitute those of the state vector y, from the second subsystem. Let Af >0
be the time step used for our coupling scheme and Z; = A;At. Then, for any degree k = 0, there
exists a matrix R(Zy, Z12, Z21, Z», k) called the recurrence matrix or amplification matrix such that
one step of the multistep coupling scheme can be expressed as:

Y,+1 = RY,,. (15)

The coupling scheme is stable if the spectral radius p(R) is lower than 1. In the case of the 2 x 2
coupled test equation, the same expressions of amplification matrices hold with z; = a;At.

The stability analysis will be conducted assuming an exact integration of the subsystems, so
as to avoid making particular assumptions on the methods used for the subsystems integration.
Although not presented here, numerical and theoretical stability analyses with non-exact inte-
gration have shown that using a non-subcycled low-order implicit scheme for the subsystem in-
tegration may increase the stability of the coupling scheme at the expense of accuracy.

Introducing 7 = t;i" , the exact integration of equation (4) for the first subsystem yields:

1
Y= ey f 4077 2, 0 (£, + TAD dT. (16)
0

For polynomial predictions of degree k, the amplification matrix of the explicit multistep scheme
is:

et 89 0 St - 0 Sk
Sy e28l 0 - sko
Imy O oe oo ... 0 0
RMS,exp | 0 Ip, " Dol e Cm(k+1)><m(k+1)‘ (17)
: Yoy et
0 v - 0 Ipm, O
The basis of Lagrange interpolation polynomial at points 79 = -k, 71 = —k+1, ..., 7, =0 is

denoted {%y, ..., Z} so that the values of S{ and Sé are given by:

. 1 . 1
S] = f ANV Limydr- 2z, and S = f eV N Li(m)dT- Zp1. (18)
0 0



1172 Antoine E. Simon, Laurent Frangois and Marc Massot

The amplification matrix of the implicit multistep scheme is:

PR Si 0 S? .0 S{C
- 1,7 Q2 &
I, S(l) 0 .- 0\ ! |S e?S 0 -850
Sg Im, 0 == 0 Iy, O o e . 0 0
Rusimp=| 0 0 o i [ ] O Im Dot | e gmkxmk (19)
0 - - 0 Imz ]ml
0 ...... 0 IWZZ 0 0

where S{ and Sé are defined as previously, but with the Lagrange basis polynomial at points
To=—-k+1,1,=-k+2,..., T =1.

In Figures 2(a) and 2(b), we show as an example the evolution of the spectral radius of Rys,exp
and Rwvisimp as a function of Az for the coupled system from Section 3.2. It is clear that the
explicit scheme may be unstable, and the onset of stability matches the divergence of the error
in Figure 1(a). The implicit scheme does not suffer from instabilities in the range of time steps
considered.
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(a) Spectral radius of the explicit scheme (b) Spectral radius of the explicit scheme

Figure 2. Spectral radii of the recurrence matrices for the multistep scheme applied to the
2 x 2 coupled test equation with the same parameters as in Figure 1.

4.3. Other schemes from the literature and their amplification matrices

It is instructive to compare the stability of our multistep coupling scheme to that of other
coupling schemes found in the literature. In particular, we focus on splitting schemes and
ImEx ARK methods already discussed in the introduction, and derive the associated recurrence
matrices.

4.3.1. Splitting schemes

In numerous works, the coupling is implemented in a pragmatic manner, where each solver
is run sequentially. This is sometimes referred to as a Gauss-Seidel or sequential splitting, or
Conventional Serial Staggered (CSS) scheme for instance in the fluid-structure community [1].
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This actually corresponds to a first-order Lie splitting of the original coupled problem, where
equation (14) is decomposed as:

_ Al A12 0 0
dty—(o 0 )y+(A21 Az)y. (20)
=B =C

As for the multistep coupling scheme, the study of stability is conducted considering an exact
integration of each subsystem, i.e. only splitting errors are considered. We will use the first-order
(Lie) and second-order (Strang) splittings [34], which still are extensively used in a wide variety of
applications [9]. The corresponding amplification matrices are:

Rrje = exp(AtC)exp(AtB), 21
Rstrang = exp[%AtC) exp(AtB) exp(%AtC). (22)

There also exists another version of each splitting, in which the operator C is integrated before B.
However, we observed that these schemes behaved identically in terms of stability. Higher-order
splitting schemes can only be obtained if complex or negative time steps are used, which is
usually impossible with existing solvers, and even more so when applied to dissipative problems.
Note that the Strang splitting has been independently “reinvented” in the fluid-structure as the
Improved Serial Staggered (ISS) scheme [1].

It should be stressed that dynamic adaptation of the coupling time step (splitting time step)
can only be done with a large additional cost [35].

4.3.2. ImEx ARK schemes

In the context of ImEx ARK schemes, the operator A from equation (14) is decomposed as

follows: A 0 0 A

1 12

dry = ( 0 Az)yJ’(Aﬂ 0 )y
—— —

=M =N
i.e. the internal dynamics are integrated implicitly, while the coupling terms are treated explicitly.
Codes that already provide an optimised algorithm (e.g. Newton with preconditioned linear
solver) for an implicit scheme can thus be coupled via an ImEx scheme and reuse this algorithm
to solve each stage of the implicit part of the ImEx scheme. Such a scheme may also offer time
adaptation capabilities [27] with low-cost error estimates.

In the most general case, such methods are built to solve the following type of problem [36]:
diy = XN, FM(y) where y € R™, m € N*. At the n-th time step, for any y, € R™, an s-
stage ARK scheme is defined by the Butcher tableaus AWV = (a%))lsi, j<s b = (bﬁ.v))ls i<s and
¢™ = (") 12i=s. A single step is given by:

{zi =yn+ ALY XS @) FY (X))
Y1 =Yu+ AL ¥E BV FY (V).
The comparisons conducted in this paper are restricted to the case N = 2 operators. These
schemes are called ARK, schemes. Therefore, operators M and N given above correspond to
FW(y) = My and F®(y) = Ny. The concatenation of the vectors Y, is denoted Y = (Y!,..., Y1)’
For clarity we use the Kronecker product ® and the column matrix 1; € R**! filled with ones.
Following equation (23):

(23)

Y=At(AVeM+AP & N)Y +1;® yp.

~

dimension ms x ms
This leads to the following result:

-1
Y= [Ing-8t1(AV 0 M+ AP 0 N)| (30 L)y 24)
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Equation (23) can be rewritten as y,+1 = y, + At(bY ® M+ b'? @ N)Y, giving the expression of
the recurrence matrix for ARK, schemes:

-1
Yno1 = {Im +At(b" @ M+ b? & N) [Ims ~A(AY e M+ AP @ N)] (15 ® Im)}yn. 25)

ERARKZ
The multistep coupling scheme will be compared to some state-of-the-art ImEx ARK; schemes.
The chosen ARK, schemes are of orders 3 to 5. They integrate the block-diagonal operator M
(representing the subsystems internal dynamics) with an L-stable, stiffly-accurate, singly diag-
onally implicit Runge-Kutta method with an explicit first stage (ESDIRK), while they integrate
the coupling operator N with an explicit Runge-Kutta method (ERK). The third-order scheme
(ARK3(2)4L[2]SA) is taken from [10] and the fourth- and fifth-order schemes (ARK4(3)7L[2]SA;
and ARK5(4)8L[2]SAz) are found in [27]. A simple first-order ImEx method combining the im-
plicit and explicit Euler schemes is also considered.

4.4. Stability analysis for the asymmetrical case

In this section, we study the stability of the multistep coupling scheme on the 2 x 2 coupled test
equation (11) using the first approach suggested in Section 4.

The parameter y = “;2221 is considered to be a measure of the strength of the coupling [33],
while & is the ratio of the internal characteristic times of both subsystems. Figure 3 shows
the stability limits for the various methods. Each curve denotes the lower limit of the stability
domain. The continuous system is only stable for y < 1, which is used as the upper limit for
the vertical axis. We do not consider the zone z; = a; At > 0 which corresponds to an unstable
internal dynamics for subsystem 1. The stability limits of the implicit multistep coupling schemes
of order 1 to 4 do not appear in these figures, since they are much wider than those of the other
methods.

For a given scheme and a given set {z;,0}, there exist 1 =y, (z;,6) > 0> y_(z;,0) such that the
scheme is stable in the range y € [y_,y.]. The most stable schemes have y* = 1. The case y =0,
which corresponds to a one-way coupling or to the absence of coupling, is stable for all schemes
for any 6 and z;. It can also be seen that the width y; —y_ of the stability domain tends to co as
z1 tends to 0.

The implicit multistep scheme has a large stability domain even for high orders. The first-
order explicit multistep scheme is comparable to the splittings and the first-order ImEx scheme,
however higher-order variants are much less stable. Both splitting schemes have the same
stability domain which is competitive with the other explicit or ImEx methods. ImEx schemes
show good stability properties when the ¢ is small and when the internal dynamics is nonstiff (z;
small). When the internal stiffness increases as |z; | is increased, the stable range of y is reduced.
For a large value of §, z, = 6z, becomes a very stiff term and causes a large diminution of the
stability domain for ImEx schemes. Note that, in Figure 3(b) for large values of v, e.g. —5, and low
values of | z; |, the stability of the ImEx ARK schemes can be comparable or better than the implicit
multistep scheme, and much more favourable than the explicit variant.

4.5. Stability analysis for the symmetrical case

We now turn to the symmetrical model from Section 4.1.2, which enables us to study the effect of
imaginary components in the coupling terms.

Figure 4 shows the stability limit of the studied coupling schemes for two values of the diagonal
term z; = a;At. The stability limit is thus a function of the real and imaginary parts of the
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Figure 3. Stability comparison between the implicit and explicit multistep methods, the
Lie and Strang splittings and some ImEx schemes (asymmetrical case).
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coupling terms z;» = 21, and is here normalised by |z; | to help with the visual comparison. The
interior of the stability domain is simply found by noting that it contains the origin z;» = 0. The
stability limit is symmetrical with respect to both the imaginary and real parts of z;,, thus only
the positive quarter-plane is shown. The red dotted line Re(z;2) = |z;| indicates the stability limit
of the continuous system.

We may first observe that the stability domains tend to shrink as the order increases, with some
exception for the ImEx schemes. The implicit formulation is more stable than the explicit one and
some of its stability domains are unbounded for the lowest orders. For both tested values of z;,
the implicit stability domains cover the whole stability domain of the continuous system along
the real axis at all orders, while the explicit formulation only verifies this property for all z; at
order 1, or at higher-orders but for smaller values of z; not shown here. This behaviour for purely
real coefficients is coherent with the results from the previous section, where it corresponds to
the case y € [0, 1].

In the case of the explicit multistep and splitting schemes, the stiffer the internal dynamics
is (large negative z;), the smaller the stability domain is in the figure, i.e. relative to |z;|, which
is coherent with our observations in the asymmetrical real case in Section 4.4. However, in the
absolute space (without the scaling 1/|z;|) the stability domains are actually growing. The explicit
multistep coupling scheme is comparable to the splitting schemes in stability only at order 1, and
its stability domain is close to that of the first-order ImEx method.

At fixed order, the implicit stability domains grow when the internal dynamics of the subsys-
tems becomes stiffer (larger |z;]). In Figure 4(b), it can even be seen that the implicit stability
domains of order 3 to 5 have become unbounded and cover the whole continuous stability do-
main Re(z;2) < |z;|, except for a small portion near the point Im(z;2) = 0, Re(z;12) = |z;| for higher-
order variants. On the opposite, ImEx, explicit multistep coupling and splitting schemes always
have bounded stability domains. This observation suggests that a notion of A-stability, adapted
from that for ODE integrators, could be defined, requiring that a scheme be stable over the whole
stability domain of the continuous system.

4.6. Discussion

Both previous sections have shown that the stability domains may vary strongly between the
different schemes and also depending on the choice of parameters. The choice of a coupling
scheme should be driven by multiple aspects: stability, efficiency, ease of use, ease of implemen-
tation. In this section, we discuss each scheme and indicate situations where the multistep cou-
pling scheme is a valuable choice.

The Lie splitting scheme is the simplest scheme available, as it is the easiest to implement,
requiring only a sequential call to each solver in turn (Gauss-Seidel coupling). It is slightly more
stable than the first-order explicit multistep scheme, where the solvers can however be called in
parallel (Jacobi coupling), which may greatly improve the computational efficiency. The Strang
splitting is an extension to order 2 which has no overcost, since it is essentially a shifted variant of
the Lie splitting. It retains the same stability domain while improving accuracy, and should thus
be a scheme of choice for applications requiring simple coupling algorithms.

Higher-order explicit multistep schemes can be seen as high-order generalisation of parallel
(Jacobi) coupling. The stability domain is reduced, however the accuracy is greatly increased.
Note that the explicit multistep coupling schemes provide natural error estimates to guarantee a
certain level of accuracy on the approximation of the coupling variables [18,19]. This is a strong
advantage compared to splitting schemes, which do not offer time adaptation natively, or only
at a large additional cost [35]. Indeed, this allows a user to directly specify an error tolerance,
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Figure 4. Stability comparison between the implicit and explicit multistep methods, the
Lie and Strang splittings and some ImEx schemes (symmetrical case). The red dotted line
Re(z12) = |z1| indicates the stability limit of the continuous system.
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without having to try different coupling time steps to assess the temporal convergence of a
simulation.

The chosen ImEx schemes perform well in terms of stability, and have a stability up to 5 times
larger than the explicit multistep coupling scheme for the higher-order variants. The next section
will somewhat mitigate this observation for certain configurations commonly encountered in
practice. ImEx schemes are however closer in their principle to monolithic methods. Indeed,
every subsystem must evolve with a single time step, i.e. no substepping is possible, which
makes it difficult to accurately and efficiently couple systems with very different time scales.
Furthermore, they require that each solver possesses a nonlinear system solution algorithm
(Newton or similar) for the solution of the implicit part of the scheme. Thus, solvers only using
explicit time integrators internally cannot be used, and solvers possessing an implicit scheme
must however be heavily modified to permit a synchronised temporal advancement of all solvers
at each stage of the ImEx scheme. Moreover, the implicit Runge-Kutta method used in the ImEx
scheme may not be suited to all physics considered in a given multiphysics problem.

The implicit multistep scheme generally offers the best stability of all studied scheme, and is
the only one to offer unbounded stability domains in certain configurations. This however comes
at the cost of having to solve a potentially nonlinear system on the coupling variables at each
step. For nonstiff couplings, a simple relaxation procedure can suffice. If the coupling is stronger,
Newton-like methods may be needed. For surface-coupled systems, interface quasi-Newton
method have emerged recently [28], where a Jacobian of the coupling residuals is iteratively
approximated from initial relaxation iterations. These methods have proved valuable for many
applications, in particular fluid-structure interaction. However, there is still much research to be
conducted on the topic of efficient solution algorithms for the implicit coupling.

The multistep coupling scheme overall has acceptable stability limits in its explicit variant,
and much better ones in its implicit form. It seems to be a valuable choice for many applications,
due to its ease of implementation. Indeed, solvers can still use their existing physics-optimised
time integrator and are free to subcycle. Modifications to be made to the codes are minor, mostly
requiring the ability to update the coupling terms via the polynomial predictors @ (f) during
the solver’s subcycles. Another advantage is that the computational cost remains the same at all
orders, similarly to multistep ODE integrators.

The implementation of the high-order coupling procedure in an HPC context is being tackled
in the coupling library Cwipi [7], with the aim of providing an easy-to-use interface for large scale
and industrial simulations.

5. A conjugate heat transfer test case

The previous section has proposed an analysis of the coupling stability for the simple 2 x 2
coupled test equation (3). In this section, we consider a more complex coupled model to
determine how the stability of each scheme is affected. We study the application of the multistep
coupling strategy to a conjugate heat transfer (CHT) test case, with two solid slabs of finite length
exchanging heat through an interface. This case is recognized as a representative configuration
for multidimensional fluid-solid thermal interactions, in particular with respect to the stability
restrictions on the time step. Indeed, the stability limit is usually controlled by the diffusive
processes near the coupling surface [37], whose stiffness is linked to the mesh refinement in the
direction perpendicular to the coupling surface.

This classical problem [18,19] is briefly recalled for completeness. Figure 5 provides a sketch
of the configuration. For simplicity, both slabs have the same length, same space discretisation
(with a second-order finite-volume approach), and same thermal properties: A; = 1y = 1W/m/K,
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c1 = ¢z = 1]/kg/K. They are only different in their densities p; and p,. We set p; = 1kg/m. Each
slab has alength L = 1m and is discretised uniformly with 50 cells.

T
A1, P15 €1 Ag, P2, Ca
TS/ -
J._’/./’/ 0T o+
} 1 >
—L 0 L

Figure 5. Sketch of the 1D conjugate heat transfer case.

The coupling is of the Neumann-Dirichlet type, with the first slab receiving a heat flux
prescribed by the second solver (extrapolated to the interface by a one-sided second-order
scheme), and the second slab being imposed an interface temperature prescribed by the first
solver in a similar fashion. Taking each slab as a standalone system with a dedicated solver, we
obtain a coupled system representative of the CHT between a fluid solver and a heat diffusion
solver. Following the same approach as in Section 4.2, we construct for each coupling scheme
the recurrence matrix for the CHT problem, with the submatrices A;; corresponding to the terms
arising from the finite-volume discretisation [19]. By varying the time step through a dichotomy
process, we can determine the corresponding maximum stable time step of a coupling scheme
applied to this configuration.

Existing studies on the stability of this problem show for the simple first-order coupling
scheme that the ratio of effusivities is the main parameter impacting stability [37], which in our
case amounts to the ratio of densities. Thus, we propose to determine the maximum stable time
step for each coupling method as a function of the ratio p1/p, € [1072,10%], using a dichotomy
process for each ratio and method to find At such that the spectral radius of the associated
recurrence matrix is 1.

The results are shown in Figure 6(a) for the explicit multistep coupling scheme, and in
Figure 6(b) for the implicit scheme. Both figures include the stability limits of the ImEx schemes
and splitting schemes from Section 4.3. We also include the stability limit of the explicit Euler
scheme, which indicates how a standard monolithic explicit scheme would perform.

C}ompanson of dtﬁfﬁb for explicit multistep and reference schemes Caomparwsnn of dtﬁfﬁ” for implicit multistep and reference schemes
10 — 10 r —
i i —*- EE —— order=3
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< & T
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- EE — order=3
- Lie/sts —— order=4
e/Strang order 10-14
+ ARK —— order=5
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order=2
102 f T T T T T 102
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dt (s) dt (s)
(a) Explicit formulation (b) Implicit formulation

Figure 6. Maximum stable time steps for the 1D CHT case.
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It can be noted that the stability limits obtained for the ImEx schemes and the explicit multi-
step coupling schemes closely reproduce those obtained in [18], where the Python demonstrator
RuaPsopy [38] of the multistep coupling has been used to perform several fixed-time-step inte-
grations, and stability limits have been found based on a divergence criterion for the obtained
solutions. For the implicit multistep scheme however, high-order variants have obtained here
a lower stability limit. This may be attributed to the low-order initialisation (first steps) of the
simulations from the previous work, which may improve the perceived numerical stability of the
method.

Both splittings have the same stability limit, which is virtually infinite for density ratios
above 0.5. We observe that the explicit multistep coupling scheme is competitive for large values
of p1/p2, and that an increase in order yields a decrease in stability, as seen with the test equation
from Section 4.5. ImEx schemes have a relatively low stability limit which is only advantageous
for intermediate density ratios. This could indicate that the explicit multistep scheme has a lower
stiffness leakage [10] than the chosen ImEx schemes, i.e. stiffness from the internal dynamics of
the subsystems may leak more into the explicit part under certain conditions, causing stronger
stability restrictions.

The implicit scheme has, for all orders, a much larger stability limit, even virtually unlimited
for schemes of order up to 2, or at all orders for the higher density ratios. This clearly demonstrate
the advantage of the implicit formula. Note that the interface boundary conditions should be
reversed when p; < p [37], hence the implicit scheme can be seen to remain robust even when
the boundary conditions choice is inadequate and favours instability.

For most gas-thermal coupling, the density ratio is above 100, hence the explicit multistep
scheme or the Strang splitting would be a good choice, owing to their simplicity of use and
implementation. For stronger coupling where the density ratio is closer to 1, e.g. liquid-solid
thermal coupling, the multistep implicit coupling scheme would be preferable. The splitting
schemes may also be advantageous due to their explicit nature. A study on the achieved precision
should be conducted to discriminate between these methods.

This case, which is representative of a category of realistic multiphysics applications where
diffusion dominates the coupling process, shows that the multistep coupling scheme in its
implicit variant has a very good stability. The explicit variant can be competitive for intermediate
density ratios, and very stable for large ratios. The chosen ImEx scheme, although they are
stable for larger time steps than a standard monolithic explicit scheme, are only relevant for
intermediate values of the density ratio.

Note that, in the context of adaptive time stepping based on error estimates, the coupling
time step will remain within or at the border of the stability region, thus preventing instability.
However, for a poorly stable scheme, the time step may end up being dictated by the stability
limit instead of the accuracy requirement, greatly reducing the computational efficiency [25,
Section IV.2]. Therefore, stability considerations may be helpful in diagnosing such an issue and
in choosing a well-suited coupling scheme.

The conjugate heat transfer highlights the strong influence of physical parameters on the
stability of the schemes. It would be interesting to search for a link between this complex coupled
system of PDEs and the simple 2 x 2 coupled test equation (see Section 3.1). We are currently
investigating whether a set of 2 x 2 test equations can be generated from the complete CHT
system, in such a way that each of these simpler models could be located within the stability
domains explored in Section 4 to assess the stability of the original CHT system. Such an
approach would have the capability of predicting stability a priori, offering a very efficient way to
choose the proper time step.
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6. Conclusion

In this work, a thorough analysis of the essential convergence properties of the multistep cou-
pling scheme has been presented, extending results initiated in [18]. Inspired by Dahlquist’s test
equation for the stability analysis of ODEs, a 2 x 2 coupled test equation has been proposed. Re-
lying on a recurrence matrix formulation of the multistep coupling scheme, the stability limit can
be studied systematically by simple considerations on the spectral radius of the matrix. The anal-
ysis shows that the multistep scheme stability is good compared to other schemes, but is reduced
as the polynomial order is increased. Implicit coupling provides much greater stability than the
explicit variant. State-of-the-art ARK ImEx methods show good stability limits, surpassing the
stability of the multistep coupling scheme at higher orders, however at the cost of being closer to
a monolithic integration scheme, thus more demanding in terms of implementation, while pro-
hibiting subcycling. Low-order Lie and Strang splittings show a very good performance in terms
of stability, thus providing interesting coupling schemes for applications less affected by cou-
pling accuracy. Application on a 1D conjugate heat transfer test case shows that the tendencies
obtained with the 2 x 2 coupled test equation convey into the analysis of a system representative
of actual multiphysics applications.

Overall, the multistep coupling scheme is a valuable coupling scheme. It forms a natural
extension of the basic parallel coupling schemes often used in practice, only requiring minor
modifications in the codes to be used. The order of convergence in time can be arbitrary, and
an increase in order does not result in an increase in computational cost, as it only requires
storing more past values of the coupling variables. Although not discussed in this article, this
scheme allows for error estimates to be simply derived from the polynomials, enabling a dynamic
adaptation of the coupling time step to guarantee accuracy and stability, while also optimising
the computational cost.

The multistep coupling method is the subject of ongoing work. Regarding the stability
analysis, a quantitative link should be made between the 2 x 2 coupled test equation (14) and
actual coupled partial differential equations, so as to allow an a priori analysis of the coupling
stability. The multistep scheme is being implemented in the open-source HPC library Cwip1 [6,7]
with the aim of being used in a wide range of applications. Such a library will provide an easy-to-
use package to easily incorporate a high-order adaptive multistep coupling scheme into new or
existing coupled applications. Finally, the optimisation of the computational cost of the implicit
variant will be a subject of specific work, in particular regarding the application of specific
Newton-like algorithms for the solution of the nonlinear system obtained at each step.

Appendix A. Local truncation error constants

Let us consider the linear problem from equation (14). It can be reformulated as:

d:y = Ainty + Acply (26)

with the internal dynamics operator Ain; = (' 4,) and the coupling operator A1 = (4, “62)

This corresponds to the case y = (y{,y3)", u1 = y» and up = y1.
Over a coupling time step [, f,+1], the multistep scheme corresponds to the integration of
the following modified equation:
dry = Ainey + Acplj/\n (27)
where 3, is the polynomial approximation of y:

k+0k k+dk t—ty_;

In@®=3Y yn-j [| ——— (28)
=0k 1ok In—j = -1
J
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with k the degree of the interpolation polynomial, and § k = 0 in the explicit case, -1 in the implicit
case (so that £, is a sampling point of the interpolant).
The exact solution yexa and the multistep solution y,,4; read:

1
Yexa(ln+1) = eAintAtYexa(tn) +f0 eAimALA=D AcplAtYexa(tn +NATL) dn
(29)
Vns1 = eAintAtyn_'_f eAlmAl’(l T])A 1At (tn+nAt)dT]
0

with At = t,41 — ty.

The local truncation error can be obtained by applying the multistep coupling scheme to the
exact solution, i.e. using the exact solution to generate the interpolation polynomial 3, and to
set the initial condition y, = yexa (). Subtracting both solutions yields the local truncation error
0Vn+1 = ¥n+1 — Yexa(tn+1) for a single coupling step:

1
OYn+1= f e AimATA=T) AcplAt [Vexa — Vnl(tn +nAL) dn. (30)
0 ~
=€
Since ¥, interpolates the exact solution, its interpolation error can be expressed as:

tk+1y(k+l)(t )k+5k
%ﬁ’ [T o+ p+ont. (31)
(k+D! 25

Then, the local truncation error reads:

1
A Ar(1—
6yn+1:j(; eAim ALt n)Acpl

e(t, +nAt) =

k+1
Atk+2y((3x;r )(tn) k+0k

+ ) +O (A3 | dn. 32
G+ 1 jgkm N+0( )| dn (32)

Since we are interested in the asymptotic convergence regime where At is small, we can expand
the exponential as eAintAd-m) — 4 AnlAt(1 —n) +C(A t2). The first-order term AintAt(1—n)
multiplied by the polynomial of 7 produces a contribution of order k + 3 that is absorbed by the
O(At*+3) term, which allows for the following simplified form:

1k+0k

1
Oy = A2 s | T] et - Acpr v () + OO ), (33)
j=0k

~

error constant
This simplification is coherent with the fact that the internal dynamics is assumed to be inte-
grated exactly, so that its accuracy can only be indirectly worsened due to the polynomial ap-
proximation of the coupling term. In particular, when there is no coupling, Acp = 0 and the error
is 0.

The error constants exactly correspond to those of the Adams-Bashforth multistep schemes in
the explicit coupling case, and to those of the Adams-Moulton methods in the implicit case [29,
Section 5.1.1]. This is coherent, since the simplification following the series expansion has the
same effect as setting Aj¢ = 0, in which case the multistep coupllng scheme reduces to an Adams
multistep scheme. Note that, in this particular setting, ye,, = Acpiy, therefore the error can be
reformulated in the more traditional linear multistep form [29, equation (5.2)]:

1 Lhxdk k+2 (k+2) k+3
e ]'[ M+ j)dn- At yea? (1) + O (ALE) (34)

n+l _

oy

where the operators prescribing the system dynamics no longer appear.

The predicted ratios of error constants between the implicit and explicit multistep coupling
schemes of the same order are listed in Table 1, alongside the numerically evaluated ratios based
on fits of the asymptotic parts of the convergence curves from Figure 1. The ratios indicate that
the implicit coupling scheme is increasingly more accurate than its explicit counterpart as the
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order is increased. This can be understood by the behaviour of the error polynomial (main term
of €), which diverges monotonically on [#,, ¢,1] in the extrapolation case, while it is bounded on
that interval in the interpolation case (implicit coupling).

Table 1. Ratio of the implicit error constant divided by the explicit error constant, as
predicted by the theory, and as evaluated numerically from Figure 1.

Order | Theory | Figure 1
1 1 1.0
2 5 5.2
3 9 9.4
4 13.2 13.5
5 17.6 17.7
6 22.1 22.8

Acknowledgments

The manuscript was written through contributions of all authors. All authors have given approval
to the final version of the manuscript.

The authors would like to thank Josselin Massot and Nicole Spillane (CMAP) for the reading of
the draft of the paper and fruitful discussions.

Declaration of interests

The authors do not work for, advise, own shares in, or receive funds from any organization
that could benefit from this article, and have declared no affiliations other than their research
organizations.

References

[1]1 C. Farhat and M. Lesoinne, “Two efficient staggered algorithms for the serial and parallel solution of three-
dimensional nonlinear transient aeroelastic problems”, Comput. Methods Appl. Mech. Eng. 182 (2000), no. 3,
pp. 499-515.

[2] A. Bourlet, E Tholin, J. Labaune, E Pechereau, A. Vincent-Randonnier and C. O. Laux, “Numerical model of
restrikes in gliding arc discharges”, Plasma Sources Sci. Technol. 33 (2024), no. 1, article no. 015010.

[3] V.Kazemi-Kamyab, A. H. Van Zuijlen and H. Bijl, “A high order time-accurate loosely-coupled solution algorithm
for unsteady conjugate heat transfer problems”, Comput. Methods Appl. Mech. Eng. 264 (2013), pp. 205-217.

[4] L. Boulet, P. Bénard, G. Lartigue, V. Moureau, S. Didorally, N. Chauvet and E Duchaine, “Modeling of conjugate
heat transfer in a kerosene/air spray flame used for aeronautical fire resistance tests”, Flow Turbul. Combust. 101
(2018), pp. 579-602.

[5] A.Langenais, E Vuillot, J. Troyes and C. Bailly, “Accurate simulation of the noise generated by a hot supersonic jet
including turbulence tripping and nonlinear acoustic propagation”, Phys. Fluids 31 (2019), article no. 016105 (31
pages).

[6] A.Refloch, B. Courbet, A. Murrone, et al., “CEDRE software”, AerospaceLab J. (2011), no. 2, pp. 1-10.

[71  ONERA, onera/cwipi: Library for coupling parallel scientific codes via MPI communications to perform multi-
physics simulations. Online at https://github.com/onera/cwipi (accessed on October 29, 2025).

[8] A.Grenouilloux, R. Letournel, N. Dellinger, K. Bioche and V. Moureau, “Large-eddy simulation of solid/fluid heat
and mass transfer applied to the thermal degradation of composite material”, in Proceedings of the 14th Direct
and Large Eddy Simulation (DLES) Workshop, ERCOFTAC, 2024.

[9]1 D.E.Keyes, L. C. McInnes, C. S. Woodward, et al., “Multiphysics simulations: challenges and opportunities”, Int.
J. High Perform. Comput. Appl. 27 (2013), no. 1, pp. 4-83.


https://github.com/onera/cwipi

1184

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

Antoine E. Simon, Laurent Francois and Marc Massot

C.A.Kennedy and M. H. Carpenter, “Additive Runge-Kutta schemes for convection-diffusion-reaction equations”,
Appl. Numer. Math. 44 (2003), no. 1, pp. 139-181.

M. Giinther, A. Kveerng and P. Rentrop, “Multirate Partitioned Runge-Kutta Methods”, BIT Numer. Math. 41 (2001),
no. 3, pp. 504-514.

C. W. Gear, “Automatic multirate methods for ordinary differential equations”, in Information processing 80 (S. H.
Lavington, ed.), IFIP Congress Series, vol. 8, North-Holland, 1980, pp. 717-722.

C. W. Gear and D. R. Wells, “Multirate linear multistep methods”, BIT 24 (1984), no. 4, pp. 484-502.

S. Kang, A. Dener, A. Hamilton, H. Zhang, E. M. Constantinescu and R. L. Jacob, “Multirate partitioned Runge—
Kutta methods for coupled Navier-Stokes equations”, Comput. Fluids 264 (2023), article no. 105964.

J. Wensch, O. Knoth and A. Galant, “Multirate infinitesimal step methods for atmospheric flow simulation”, BIT
Numer. Math. 49 (2009), pp. 449-473.

J. J. Loffeld, A. Nonaka, D. R. Reynolds, D. J. Gardner and C. S. Woodward, “Performance of explicit and IMEX
MRI multirate methods on complex reactive flow problems within modern parallel adaptive structured grid
frameworks”, Int. J. High Perform. Comput. Appl. 38 (2024), no. 4, pp. 263-281.

B. Riith, B. Uekermann, M. Mehl, P. Birken, A. Monge and H.-J. Bungartz, “Quasi-Newton waveform iteration for
partitioned surface-coupled multiphysics applications”, Int. J. Numer. Methods Eng. 122 (2021), no. 19, pp. 5236—
5257.

L. Francois and M. Massot, “Multistep interface coupling for high-order adaptive black-box multiphysics simula-
tions”, in X International Conference on Computational Methods for Coupled Problems in Science and Engineering
(M. Papadrakakis, B. Schrefler and E. Onate, eds.), 2023.

L. Frangois, Multiphysics modelling and simulation of solid rocket motor ignition, PhD thesis, Institut Polytech-
nique de Paris (France), 2022.

A. Asad, R. de Loubens, L. Francois and M. Massot, “High-order adaptive multi-domain time integration scheme
for microscale lithium-ion batteries simulations”, SMAI J. Comput. Math. 11 (2025), pp. 369-404.

R. Kiibler and W. Schiehlen, “Two methods of simulator coupling”, Math. Comput. Model. Dyn. Syst. 6 (2000),
no. 2, pp. 93-113.

M. Busch, Zur effizienten Kopplung von Simulationsprogrammen, PhD thesis, Universitédt Kassel (Germany), 2012.
A. Toselli and O. Widlund, Domain decomposition methods — Algorithms and theory, Springer Series in Compu-
tational Mathematics, vol. 34, Springer, 2004.

M. Gander, P. Henry and G. Wanner, “Landmarks in the history of iterative methods”. Online at https://www.
unige.ch/~gander/Preprints/LandmarksPaper.pdf.

E. Hairer and G. Wanner, Solving ordinary differential equations II. Stiff and differential-algebraic problems, 2nd
edition, Springer Series in Computational Mathematics, Springer, 1996.

G. Strang, “On the construction and comparison of difference schemes”, SIAM J. Numer. Anal. 5 (1968), no. 3,
pp. 506-517.

C. A. Kennedy and M. H. Carpenter, “Higher-order additive Runge-Kutta schemes for ordinary differential
equations”, Appl. Numer. Math. 136 (2019), pp. 183-205.

J. Degroote, “Partitioned simulation of fluid-structure interaction: coupling black-box solvers with quasi-Newton
techniques”, Arch. Comput. Methods Eng. 20 (2013), no. 3, pp. 185-238.

U. M. Ascher and L. R. Petzold, Computer methods for ordinary differential equations and differential-algebraic
equations, Society for Industrial and Applied Mathematics, 1998.

M. Schatzman, Numerical analysis: a mathematical introduction, Oxford University Press, 2002.

V. Kazemi-Kamyab, A. H. Van Zuijlen and H. Bijl, “Analysis and application of high order implicit Runge-Kutta
schemes for unsteady conjugate heat transfer: a strongly-coupled approach”, J. Comput. Phys. 272 (2014), pp. 471-
486.

P. Birken, T. Gleim, D. Kuhl and A. Meister, “Fast solvers for unsteady thermal fluid structure interaction”, Int. J.
Numer. Methods Fluids 79 (2015), no. 1, pp. 16-29.

A. Kvaerne, “Stability of multirate Runge—Kutta schemes”, Int. J. Differ. Equ. Appl. 1A (2000), no. 1, pp. 97-105.

G. Strang, “On the construction and comparison of difference schemes”, SIAM J. Numer. Anal. 5 (1968), no. 3,
pp. 506-517.

S. Descombes, M. Duarte, T. Dumont, V. Louvet and M. Massot, “Adaptive time splitting method for multi-scale
evolutionary partial differential equations”, Confluentes Math. 3 (2011), no. 3, pp. 413-443.

A. Sandu and M. Glinther, “A generalized-structure approach to additive Runge-Kutta methods”, SIAM J. Numer.
Anal. 53 (2015), no. 1, pp. 17-42.

M. B. Giles, “Stability analysis of numerical interface conditions in fluid-structure thermal analysis”, Int. J. Numer.
Methods Fluids 25 (1997), no. 4, pp. 421-436.

L. Francois, hpc-maths/Rhapsopy: Demonstrator of high-order adaptive code coupling, implicit or explicit. Online
at https://github.com/hpc-maths/rhapsopy (accessed on October 29, 2025).


https://www.unige.ch/~gander/Preprints/LandmarksPaper.pdf
https://www.unige.ch/~gander/Preprints/LandmarksPaper.pdf
https://github.com/hpc-maths/rhapsopy

	1. Introduction
	2. The multistep coupling scheme
	2.1. Explicit and implicit formulations of the multistep coupling scheme
	2.2. Convergence of the multistep coupling scheme
	2.2.1. Zero-stability
	2.2.2. Consistency and convergence


	3. A simple model for the study of coupled equations
	3.1. The 2 x 2 test equation
	3.2. Numerical convergence results

	4. Stability analysis
	4.1. On the characterisation of the stability domain
	4.1.1. Real asymmetrical case
	4.1.2. Complex symmetrical case

	4.2. Recurrence matrix for the multistep coupling scheme
	4.3. Other schemes from the literature and their amplification matrices
	4.3.1. Splitting schemes
	4.3.2. ImEx ARK schemes

	4.4. Stability analysis for the asymmetrical case
	4.5. Stability analysis for the symmetrical case
	4.6. Discussion

	5. A conjugate heat transfer test case
	6. Conclusion
	Appendix A. Local truncation error constants
	Acknowledgments
	Declaration of interests
	References

