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Foreword / Avant-propos

Introduction: from pioneering works to
nowadays cutting-edge multiphysics
simulations

Introduction : des travaux pionniers aux simulations
multiphysiques de pointe actuelles
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This issue explores the shift in the field of numerical simulation towards developing increas-
ingly complex software platforms and frameworks. Among the reasons which led to this trend is
the need to simulate complex industrial systems (e.g. airplanes, rockets, power plant...), systems
in extreme conditions involving a large number of physics (e.g. atmospheric reentry, plasma as-
sisted ignition, nuclear fusion...) or the need to create simulation software leveraging the poten-
tial and power of next generation supercomputers. We have gathered in this issue scientific arti-
cles showing the rich interplay between the sciences and techniques of numerical simulation,
high-performance computing and software engineering necessary to build simulation frame-
works for solving the multiphysics problems which are still intractable today. Advanced appli-
cations achieved with these recent tools are also presented in fields such as aerodynamics, en-
ergy, and in domains requiring the resolution of coupled multiphysical problems.

Before introducing the issue’s papers, we describe, starting from the early days of numerical
simulation, how the scientific community has made use of increasing computer power along with
advanced simulation software to solve more and more complex problems. New algorithms and
software architecture developed in the meantime has fueled the creation of such cutting-edge
simulation software.

Although many mathematical foundations already existed, modern numerical simulation is
often said to begin with the pioneering work of John Von Neumann at Los Alamos during the
Manhattan Project (from 1942 to 1946). The objective was to simulate nuclear explosions, leading
to numerous foundational works in numerical fluid mechanics, particularly on compressible
fluid dynamics. The wartime effort also led to the invention of early computers in several
countries (Z3 in Germany, Colossus in England, Harvard Mark I in USA...) and under the
impulsion of Von Neumann, the US Army’s ENIAC became the first computer with memory
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storage capacity. At that time, models were extremely simplified, often associated with one-
dimensional approaches, and programs were written in machine languages (binary, octal, or
decimal) using punched cards as physical support.

The 1950s saw the establishment of several foundational elements of numerical simulation,
including the development of finite element and finite volume methods, the emergence of com-
puters with more advanced memory storage (IBM 701 in 1952 with a Von Neumann’s architec-
ture), and the advent of the Fortran language (Formula Translation, 1957). Several specialized
calculation codes (in thermal, structural, and fluid mechanics, acoustics...) were developed in
the 1960s-80s, preceding the rise of multiphysical numerical simulation as we know it today and
the development of commercial software. In parallel, computing power increased considerably,
roughly following Moore’s Law (“The number of transistors in an integrated circuit doubles ap-
proximately every 18 to 24 months at constant cost”). The late 70s and early 80s saw the rise of the
Cray family of supercomputers (Cray 1, Cray X-MP, Cray 2...) using vector processors and shared
memory. The release of the first Silicon Graphics SGI station (SGI IRIS 1000) in 1984 enabled sig-
nificant advancements in visualization and post-processing of simulation results. Researchers
started tackling three-dimensional problems using these computers.

The 2000s marked the entry into the era of distributed memory clusters which enabled mul-
tiphysics calculations (notably using MPI protocol) on an increasingly large number of cores.
This era led to better exploitation of processor chip architecture (memory levels and vectorized
floating-point operation registers). But, during this period, the trend of increasing processor
speeds was replaced with increasing the number of processor cores. With the development of
GPU, today’s supercomputers are hybrid clusters with multicore processors and GPU accelera-
tors. All these scientific and technical advances have led to a complexification of numerical tool
development, profoundly modifying the way numerical simulation tools are designed. While, un-
til the 1990s, each numerical simulation software could still be developed by one person, teams
with specialized profiles (experts of physical modeling, numerical method specialists, computer
scientists, HPC gurus...) were gradually formed. As application complexity and tool development
increased, it became increasingly difficult for a single team to possess the critical mass and ex-
pertise required to develop a tool with all the needed functionalities. This led to the development
of more elaborate simulation platforms with modular design, where each software component
can be developed by a different, specialized team. Each component can benefit from algorithms,
programming techniques, and languages best adapted to both usage and the developing team’s
culture. The complexity is partially shifted to inter-component communication, raising coupling
and data model problems. New architectures simplify code maintenance and addition of new
functionalities. In 2025, we are at a true turning point in the discipline of numerical simulation.
As several articles in this special issue attest, great maturity has been achieved in multiphysics
platform development and in related coupling challenges.

In this issue, de Chaisemartin et al. present “ArcNum”, an Arcane-based numerical framework,
and its application to porous media flow simulation. In a different field, Antoine et al. focus on
aeroelasticity with a strong emphasis on coupling challenges. Simon et al. discuss high-order
adaptive multistep coupling algorithms, with an application to partial differential equations. In
addition, a particularly important challenge for coupling is to provide efficient geometric tools
on parallel hardware architectures. This aspect is highlighted by Andrieu et al., with a work on
dynamic load-balanced point location algorithm for data mapping. Finally, considering the full
complexity of most advanced applications while limiting CPU cost requires the use of advanced
features such as dynamic mesh adaptation. Lugrin et al.’s work on a canonical dual mode
scramjet isolator is a fine illustration of this aspect.

We can now seriously consider the advent of genuine “digital twins”, using current tools. How-
ever, since 2012 and the deep learning revolution, artificial intelligence and its applications have
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experienced exponential growth. Its incursion into numerical simulation is likely to revolutionize
the discipline. We believe that machine learning will become pervasive in the field of numerical
simulation, as can be attested by the rise of state of the art machine learning models like Aurora,
GraphCast and GenCast in the field of weather prediction, challenging classical atmosphere sim-
ulation models. Substantial advances can be imagined in modeling (turbulence, combustion,
liquid atomization...), in augmenting and replacing space and time discretization methods or in
the way code is generated (using copilot-like assistants, on-the-fly documentation, automatic
verification and optimization...).

Another consequence of the massive training of large language models and multimodal gener-
ative Al is the exploding demand for GPUs together with the multiplication of chips vendors. The
rise of GPUs makes it essential for numerical simulation tools to adopt versatile architectures
and to enable efficient use on both CPUs and GPUs. This has been performed elegantly using
code generation among other techniques as shown in the the paper of Lienhardt et al., “SONICS:
design and workflow of a new CFD software”.

Two important trends in the field of numerical simulation are not addressed in this issue. The
first one is cloud computing, as we believe it will greatly democratize access to HPC resources
(e.g., small businesses performing high-fidelity simulations without supercomputer infrastruc-
ture) and improve user experience. The second one is the development of quantum computers.
In the long term, they will likely become the backbone for solving numerical simulation prob-
lems, but this entails a completely different approach to numerical methods for solving PDEs
than the ones which have persisted since the first CPUs, making it a significant challenge. These
two trends will certainly be the subject of intense scientific and technical efforts in the commu-
nity, and may become the subject of a future issue of Comptes Rendus de I'’Académie des Sciences.
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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
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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
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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.

2.00

N
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— k=2 —— k=2 ==- SR=1
— k=3 — k=3
1.50 1.50
1.25 4 1.25 4
s 2
3 £
£ 1.00 / ¢ 1.00
< : <
Q B Q
0.75 : 0.75 4
0.50 0.50
0.25 0.25
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At At
(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
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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.
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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
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nent named Contribution, which combines law evaluation with automatic differentiation to assemble linear
systems efficiently. The framework ArcNum has been used to develop an open source Arcane-based porous
media flow simulation proxy-app, named ShArc. Single and two-phase porous media flow simulations per-
formed with ShArc are presented to complete the framework description. In order to illustrate the ability
to use ArcNum for High Performance Computing, massively parallel simulations conducted with ShArc are
finally presented.

Keywords. Mathematical software framework, code generation, automatic differentiation, Arcane, proxy-
app, multiphase porous media flow simulation, massively parallel computing.

Note. Article submitted by invitation.
Manuscript received 9 January 2025, revised 13 October 2025, accepted 20 October 2025.

1. Introduction

The open source Arcane platform for scientific computing [1] is an advanced framework designed
to facilitate the development and execution of complex scientific simulations applications. It
provides researchers, scientists, and engineers with a comprehensive set of tools and libraries
specifically tailored for high-performance computing (HPC) applications.
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Arcane started being developed at the CEA-DAM, the Military Applications Division of the
French Alternative Energies and Atomic Energy Commission, in the early 2000s, before being
co-developed with IFPEN, French Institute for Research and Innovation in Energy, Mobility and
Environment, from 2007.

During these twenty years of existence, Arcane has been the foundation of several industrial
applications, from laser physics to CO, storage or geothermal energy simulations. Today eight
industrial simulators are based on this platform, for nearly three million code lines from CEA-
DAM and IFPEN.

Starting in the 2020s it has been decided to gradually move toward an open source strategy
to foster the collaborative development between CEA-DAM and IFPEN, to make the platform
available for the community and to foster potential new collaborations. Since the end of 2021,
the platform is fully available on GitHub [2].

Arcane offers services dedicated to the application developers, handling for them all the low
level computer science services needed by the application and giving them tools to dynamically
build the application with an expandable and flexible option system.

Above the Arcane platform, dedicated to handle data and parallelism, numerical frameworks
were developed to share the numerical tools (numerical schemes, (non)linear solvers...) between
the applications. The works on linear solvers gave birth to Alien [3], a solver interface library
designed to provide an application with a unique entry point to the world of linear solver libraries.
On top of these (non)linear systems to solve, it was necessary to supply the applications with a
way to simplify the complex writing of the Jacobian assembly arising for example in porous media
flow simulations. ArcNum was developed with this objective.

In order to share the use of such Arcane-based numerical frameworks with the community, a
numerical demonstrator, ShArc, has been released in open source on GitHub [4]. This Arcane-
based proxy-application uses the frameworks Alien and ArcNum to solve porous-media flow
problems. ShArc is now a proxy-app of Exa-DI NumPEx project; in this context an installation
guide is provided on GitLab [5].

This paper is especially dedicated to the ArcNum framework and is organized in the following
way. As an introduction, we first recall the main tools provided by the Arcane framework and
highlight recent evolutions of the platform. We then present the ArcNum framework itself,
detailing its three main components:

(i) aphysical data model generator named GUMP;
(i) a physical law framework;

(iii) atoolto assemble the Jacobian contributions, associated with automatic differentiation.
Finally, numerical results obtained with the ShArc demonstrator, combining all these tools, are
presented for two porous media flow simulation test cases. In addition, a performance study of
ShArc on massively parallel configurations is reported.

Arcane | Data set & mesh  Application ‘g v Application | Arcane

Startup building initialization exit /Completion
compute-loop

Figure 1. The different stages of the Arcane loop. The init, compute-loop and exit stages
are the main stages used by the application developer to plug its Modules entry-points.
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2. The Arcane Framework

Before diving into the ArcNum tools, we present in this part the Arcane Framework, an open
source modular platform for HPC, on which it is based.

2.1. An open source modular structure

The Arcane Framework is made of several components, available on a single GitHub reposi-
tory [6]:

Arccon: made of CMake functions and package finders;

Arccore: containing the base types and parallel tools of Arcane;

Axlstar: gathering the code-generation tools;

Alien: the linear algebra API (cf. Section 2.3);

Arcane: the Arcane platform itself (cf. Section 2.2).

With this modular structure, both Arcane and Alien use the common base provided by Arccore,
the set of generators provided by Axlstar and the common CMake tools included in Arccon.

The Arcane framework committee decided in 2021 to release the platform with an open source
Apache-2.0 license. All Arcane Framework components are now available on GitHub, see [2],
through the ArcaneFramework organization, gathering the Arcane developers at CEA-DAM and
IFPEN.

2.2. Arcane: a complete platform for scientific computing

The C++ platform Arcane provides all the building blocks needed to develop a parallel applica-
tion. In particular, it provides a mesh structure with easy-to-use parallelization tools, distributed
variables and parallel IOs, to name just a few of its features. It is based on an efficient compo-
nent architecture allowing to define simulation problems as plugins or Modules, in the platform
language, and to share functionalities through Services, defined by an interface, i.e. a class defin-
ing a programming contract. We refer to [1] for a more detailed description of the Arcane plat-
form. We here only briefly describe the main functionalities and then present the platform recent
developments.

The Arcane framework was originally designed to conduct simulations through the call of
various entry-points, implemented by the developer in the Modules. Within the Modules entry-
points, the application developer has access, amongst others, to the simulation mesh, natively
distributed over subdomains, the simulation variables, or the simulated case options. The
main program of the application only consists in calling the Arcane launcher. The application
developer can then focus on developing Modules, and possibly Services to share treatment
between Modules. The Modules entry-points are registered in a time-loop, mainly composed of
three stages: the init, compute-loop and exit stages, see Figure 1. Both Modules and Services are
made up of the following elements:

(i) a descriptor file, in xml format, used to defined the entry-points for a Module or the
interface of a Service, and a list of options;
(ii) a C++ class, used to implement the Module entry-points and the Service interface.

An Arcane mesh is made of the classical geometric items such as cells, faces, nodes and edges.
Non-geometric items, dofs (degrees of freedom) or particles, can also be added and connected
to the geometric items. The platform can read various formats (vtk, msh and med formats) and
generate a few mesh types too (see Section 2.4). It enables the use of several mesh partitioners
(Metis, Parmetis, PTScotch and Zoltan) in a transparent manner. The Arcane mesh is intrinsically
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unstructured and dynamic, which means that we can add new cells during the simulation and
enrich the existing mesh. We can also create dynamically group of items to identify regions of
the mesh. The mesh variables are then adapted automatically to take into account these changes
in an efficient way. Let us add that a simulation may use several meshes if needed. Distributed
variables can be defined on this/these mesh(es). A mesh variable is linked to a specific item
family (a family of cells, faces, edges, nodes or dofs) and can have scalar or vector values of various
types: Real (Arcane name for double precision floating points), Int16, Int32, Int64...

Arcane is designed to make parallel operations easier. By providing the concept of SubDomain
with its own and ghost mesh items, it allows the application developer to easily implement an
application based on domain decomposition. Ghost item values can be easily synchronized and
explicit communications between the subdomains are not necessary. Arcane also offers load
balance functionalities. The communications are classically carried out through mpi. Threaded
and hybrid mpi+thread implementations are also available, though not used currently by the
main Arcane-based applications.

An Arcane code example is given in Listing 1 to illustrate how mesh, variables and parallel syn-
chronization operations are used to compute a variable defined on the mesh nodes from a sec-
ond variable defined on the mesh cells. Note that, in this example, the group mesh->al1lNodes ()
only contains the nodes of the current subdomain. A final synchronization step is therefore re-
quired to ensure the correctness of the computation, as some ghost node values may remain in-
consistent.

1 Arcane::IMesh* mesh; // given by Arcane
Arcane::VariableCellInt32 cell_var {VariableBuildInfo{

mesh, "MyCellVariable "}};
Arcane::VariableNodeInt32 node_var {VariableBuildInfo{

mesh, "MyNodeVariable "}};

oW

6 cell _var.fill(1);

7 mnode_var.fill (0);

8 ENUMERATE_(Node, inode, mesh->allNodes ()) {
9 for (Cell cell : inode->cells()) {

10 node_var [inode] += cell_var[cell];
1 ¥

12}

13 node_var.synchronize ();

Listing 1. Example of the computation of a node variable from a cell variable in parallel.

This abstraction of mesh enumeration and parallel communications allows applications de-
velopers to concentrate on the coding of physics and numerical operators. The Arcane level of
abstraction remains low with direct access to mesh variables. This allows to easily adapt existing
numerical algorithms, and offers the possibility to define finite element or finite volume methods
on the top of this Arcane API.

Thanks to this subdomain-based structure, simulators at CEA and IFPEN have been used in
parallel simulations on meshes ranging from thousands of millions up to dozens of billion of cells
on up to hundreds of thousands of cores, see Section 5.

2.3. Alien: a generic extensible linear algebra framework

The Arcane framework now integrates a generic and extensible linear algebra framework called
Alien [3]. This linear algebra API was initiated at IFPEN in the 2010s. It was designed to answer
the problems arising when using different linear algebra packages in scientific software, and to
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easily switch between different sparse matrix storage formats. Alien provides the application
developer with a unique API to handle matrices, vectors and to solve linear systems. An example
of system assembling and resolution is given in Listing 2. These Alien matrices and vectors are
then converted at runtime into the representation of the chosen linear algebra package among
PETSc, HYPRE, Trilinos, MTL or SuperLU. Alien also gives access to IFPEN internal solvers such
as IFPSolver and MCG Solver [7]. It has been shown in [3] that these data structure conversions
don't introduce a significant overhead in CPU-time.

1 auto pm = Env::parallelMng();

2 auto s = Space{10, "MySpace"};

3 auto md = MatrixDistribution{s,s,pm};

4 auto vd = VectorDistribution{s,pm};

5 auto A = Matrix{mdl}; // build a 10x10 square matrix

6 auto x = Vector{vd}; // build a 10 elements vector

7 auto b = Vector{vd}; // build a 10 elements vector

8 {

9 // fill a tri-diagonal matrix

10 auto builder = DirectMatrixBuilder (A,eResetValues);

11 builder.reserve (30); // non-zero values

12 for (Integer index = 0; index < 10; ++ index) {

13 builder (index ,index) = 2;

14 if (index + 1 < 10) builder (index, index + 1) = -1;
15 if (index - 1 >= 0) builder (index, index - 1) = -1;
16 }

17}

18 auto* solver = createSolver(/#... #/); // choose your favorite solver
19 auto status = solver->solve(A,x,b)

Listing 2. Handling distributed Alien matrices, vectors and solvers.

2.4. Handling an always wider variety of mesh

While initially designed only for standard unstructured meshes, the Arcane framework has been
gradually enriched with:

(i) degenerate hexahedral cells,

(ii) generated Cartesian or honeycomb meshes,
(iii) Adaptive Mesh Refinement (AMR), both for unstructured meshes and Cartesian meshes,
(iv) polyhedral meshes,

(v) uniform mesh refinement, to generate a finer mesh.

All these mesh types or features are available in parallel. Degenerate heaxahedral cells, see
Figure 2, have been added to handle complex soil geometries, see Figure 3. Such cells can be
refined by the Arcane AMR procedure.

A mesh can be loaded by the platform under various formats (e.g. vtk, gmsh, med) or directly
generated from a few input data. For instance, 2-D or 3-D Cartesian meshes as well as 2-D or 3-D
honeycomb meshes can be created by just specifying the sizes of the domain and the number of
cells.

For Cartesian meshes, Arcane provides a dedicated API giving access to neighbour elements
in each direction. Cartesian meshes also come along with a dedicated block-refined AMR
procedure.

Polyhedral meshes can currently be defined through the vtk format. This enables, for instance,
the use of Voronoi meshes, see Figure 4. To handle such meshes, Arcane relies on the internal
library Neo. This library is designed to handle complex polyhedral meshes that can possibly
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Figure 3. An example of geological mesh

evolve during the simulation.” One of its interesting features is the way it asynchronously handles

the mesh evolution by means of a dependency graph

2.5. Arecent API for computing on accelerators
Recently, a new API has been introduced in Arcane to handle accelerators with the following

characteristics:
(i) it supports Cuda, HIP and SYCL backends;

(ii) it allows to use dynamically different types of GPU and multi-threaded CPU
(iii) it ensures that the mesh connectivities and variables are available on the accelerator.

IEvolving meshes can, for instance, occur in geosciences when simulating the evolution of a sedimentary basin during

geological times.



Stéphane de Chaisemartin et al. 1295

Figure 4. An example of Voronoi mesh colored by cell volumes.

1 /!l My mesh cell variables 1 // My mesh cell variables
2 Arcane::VariableCellReal m_a; 2 Arcane::VariableCellReal m_a;
3 Arcane::VariableCellReal m_b; 3 Arcane::VariableCellReal m_b;
4 Arcane::VariableCellReal m_c; 4 Arcane::VariableCellReal m_c;
5 5
6 void compute_cpu_only () 6 void compute_cpu_or_gpu()
7 { 7 {
8 // given by Arcane 8 // given by Arcane
9 Arcane::IMesh* mesh; 9 Arcane::IMesh* mesh;
10 10
11 11 /!l define runner and queue
12 12 // executing resource
13 13 Arcane::Accelerator::Runner runner;
14 14 /! execution flow
15 15 auto queue = makeQueue (runner);
16 16 /l computing kernel
17 17 auto command = makeCommand (queue);
18 18
19 19 /! take for the device algorithm
20 20 // ’a’ and 'b’ as inputs
21 21 auto in_a = viewIn(command,m_a);
22 22 auto in_b = viewIn(command ,m_b);
23 23 /¢’ as output
24 24 auto out_c = viewOut (command,m_c);
25 25
26 // classical enumerate cell 26 // Launch compute on device
27 ENUMERATE _ 27 command << RUNCOMMAND_ENUMERATE
28 (Cell,icell ,mesh->allCells()) { 28 (Cell,icell ,mesh->allCells ()) {
29 Real a = m_a(icell); 29 Real a = in_a(icell);
30 Real b = m_b(icell); 30 Real b = in_n(icell)
31 m_c(icell) = math::sqrt(a*a+bxb); 31 out_c(icell) = math::sqrt(a*a+bxb);
2} 32 };
33} 33}
Listing 3. Cell loop classical CPU ver- Listing 4. Cell loop accelerator version.
s10on.

The API was inspired by the SYCL API from Khronos group [8]. As SYCL and Kokkos [9], it
handles different architectures (NVIDIA, AMD, Intel). Its runtime-based approach allows for
instance to address CPU (sequential or using multi-threading) or GPU or both with a same
executable. The Arcane Accelerator API aims at providing the basic concepts from Arcane on
GPU. The API allows to write classical mesh-based loops on GPU with few differences from the
CPU version. In Listings 3 and 4 we compare a classical mesh compute loop on CPU and its
implementation with accelerator API. The differences between both codes come only from a



1296 Stéphane de Chaisemartin et al.

dedicated setup needed on GPU, but the core of the loop itself is identical, see lines 28-31. In
the GPU version, it is necessary to define a runner to specify the resource used for execution
(line 13), a queue on this runner to manage the execution flow (line 15) and a computing kernel
as a command (line 17). To manage variable access on specific accelerator devices, this API uses
specific views of variables with access rules: In, Out or Inout, see lines 21-24.

This API manages Arcane variables on items (Cell, Node...), and gives access to the mesh
connectivity. It also handles specific multi-dimensional array of dimension one to four. To submit
command and process loop on target device we use specific loop macro based on C++ 11 lambda
functions and specific loop macro, see Listing 5.

/! pseudo-code describing the structure of the RUNCOMMAND_ API

1
2 command <<RUNCOMMAND_ "LoopType"(args lambda consistent with "LoopType")
3 {
4 /+ body lambda code to process on target device =/
5 }s;
6
7 /! two examples of the RUNCOMMAND_ API
8
9 // loop over mesh items (Cells, Nodes...).

10 // example for Nodes:

11 RUNCOMMAND _ENUMERATE (Node , inode ,mesh()->allNodes ()){};

13 // loop over multi-dimensional array of size one to four.
14 !/l example for one dimension:
15 RUNCOMMAND _LOOP1(iter, nb_value){};

Listing 5. Arcane API to execute parallel loops on a target device.

Finally, it also provides some high level functionalities like reductions and algorithms such as
filtering, partitioning or sorting. It can also automatically profile the accelerator loops.

2.6. From Arcane to a simulation application

To build a numerical application upon the Arcane framework, the application developer will
create Modules to implement the different physical models simulated. The entry-points of a
Module structure the various computing steps of the model and are dynamically plugged into
the application time-loop through a scheduler defined, by means of an xml . config file, by the
application end-user.

Numerical and cross-functional tools are usually implemented in Arcane Services, so that they
can be shared between Modules or even applications. These Services may handle numerical
schemes, mesh reader/writer, etc. The library Alien, for instance, offers a collection of Arcane
Services plugging different solver libraries, gathered under a unique interface.

Examples showing how to build an application upon Arcane are available in the platform
repository [6] (tutorial or samples directories) or in mini applications arcane-benchs reposi-
tory [10]. Two proxy-apps are also available in the Arcane Framework page on GitHub:

(i) the finite element proxy-app ArcaneFEM [11];
(ii) the porous media flow proxy-app ShArc [4], cf. Sections 4 and 5.
3. The ArcNum framework numerical tools

In this section, we present the ArcNum framework itself: a set of software components provided
to facilitate the work of application developers. These components are located at the interface
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between Arcane’s kernel and the simulation application. These tools are for example plugged
into the proxy-app ShArc [4], used in Sections 4 and 5 of this article.

The components of the framework ArcNum, namely GUMP, Law Framework and AuDi, are
respectively dedicated to physical model handling, to the registration and evaluation of physical
laws, and to automatic differentiation. They provide the needed tools to build the numerical core
of an application in a highly readable and long-term maintainable way.

3.1. GUMP data model

For a given physical problem, GUMP (Generated Unified Manager Properties) allows to define the
corresponding data model in an xml-style format file. This xml model has a very simple grammar
defined in the gump.xsd scheme file. This grammar makes it possible to define a hierarchical
structure of entities as shown in Listing 6 and, thus, to define all the physical properties carried
by each entity of the model as in Listing 7. When the program is compiled, this file is parsed to
generate C++ code that can be used by the application’s developer. Even if most of the properties
are defined in this xml model file, it is still possible to add additional properties within the
application code.

1 <gump >

2 <model namespace="ArcRes">

3 <entity name="System">

4 <contains>

5 <entity name="FluidSubSystem" unique="true" />
6 </contains>

7 </entity>

8 <entity name="FluidSubSystem">
9 <contains>

10 <entity name="FluidPhase" />
11 </contains>

12 </entity>

13 <entity name="FluidPhase">

14 <contains>

15 <entity name="Species" />

16 </contains>

17 </entity>

18 <entity name="Species'">

19 <contains>

20 <entity name="Component" />
21 </contains>

22 </entity>

23 </model>

24 </gump>

Listing 6. Example of an instance of a GUMP tree of entities.

<entity name="FluidPhase">
<supports>
<property name="Viscosity" dim="scalar" type="real" />
<property name="Density" dim="scalar" type="real" />
<property name="CapillaryPressure" dim="scalar" type="real" />
</supports>
</entity>

N e g R W N =

Listing 7. Example of GUMP properties associated to an entity.
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This model is instantiated at runtime. In general, this action is carried out using a dedicated
Arcane Service, see Section 2.2 and [1] for the description of Arcane Services. This Service allows
the user to specify its model in the simulation input file, as shown in Listing 8.

1 <physical -model>

2 <system name="UserSystem">
3 <name >System</name >

4 <fluid-system>

5 <name >Fluid </name>
6 <fluid-phase>

7 <name >Water </name>

8 <species>H20</species>
9 </fluid-phase>

10 <fluid -phase>

11 <name >Gas </name >

12 <species>C02</species>
13 </fluid-phase>

14 </fluid-system>

15 </system>

16 </physical -model>

Listing 8. Example of an input simulation file instantiating a GUMP model.

This approach aims at bringing flexibility to flow models, for instance. Each property of the
system is referred by a specific name called “xpath”. It consists in specifying the property name
with the path to the entity carrying it as a prefix. As an example, the input data of an initial
condition Serviceis printed in Listing 9. The pressure property is uniquely designed through the
path [System] System: :Pressure and, here, its value is set to 1. 38E+7Pa.

1 <initial-condition name="Constant">

2 <property >[System] System::Pressure</property>
3 <condition>

4 <value>1.38E+7</value>

5 </condition>

6 </initial-condition>

Listing 9. Example of an input simulation file where xpath properties are used for initial
conditions.

The generated C++ API also allows the application’s developer to iterate over the model entities
and manipulate the associated properties. An example of user code, parsing the physical model
defined in Listing 9, is given in Listing 10. This code snippet prints the different entities of the
physical model and shows how to access to the system pressure property by using the xpath we
mentioned earlier.

ENUMERATE_SUBSYSTEM (isubsystem, system.subSystems()) {
info() << x*isubsystem; // prints: Fluid
ENUMERATE_PHASE (iphase, isubsystem->phases()) {

info() << x*iphase; // prints: Water Gas

ENUMERATE_SPECIES (ispecies, iphase->species()) {
info () << xispecies; // prints: H20 CO2

}

© ©® N G R W N =

}
// Access System Pressure
auto system_pressure = ArcRes::XPath::property(system, "System :: Pressure");

[
- o

Listing 10. C++ API to parse the physical system and access to the properties.
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By defining a path to access to the different physical entities, GUMP provides a way to define
the input and output properties of the law framework, described in the following section.

3.2. Law framework

When solving systems of partial differential equations, we frequently have to evaluate physical
laws in groups of mesh items (cells, nodes...). For instance, in the context of porous-media flow
simulations, these laws may correspond to petrophysical empirical relationships such as the
relative permeabilities or the capillary pressures. The proposed law framework allows users to
easily define new laws for their application.

In our framework, a law is simply a function which calculates output properties from input
ones defined on groups of mesh items. It also evaluates the derivatives of the output properties
with respect to the input ones.

In the law AP], properties can be scalar, multi-scalar or vector-based. The access to a scalar law
is simply done using its property name. It is for instance the case of the porosity. A multi-scalar
law can be retrieved using several indexes of properties. Thus, the access to the molar fraction of
a component is done using the name of the component and the name of the fluid phase.

The definition of a new law is carried out in three steps. First, the user defines the input
and output properties of the law in an xml-style file (see Listing 11). This xml file is parsed
at compilation time to generate a C++ header in the build directory. This header contains two
classes, the lawName: : signature defined in the xml file and the 1awName: : 1aw class managing
the evaluations of the law on different supports: mesh, mesh groups, item vectors or scalars.
Second, the user has to implement the function which will be used to evaluate the law on a single
mesh item (see Listing 12).

<law name="FluidDensityLawType">

1

2 <input name="temperature" type="real" dim="scalar" />
3 <output name="fluidDensity" type="real" dim="scalar" />
4 </law>

Listing 11. Example of xml file defining the law signature.

1 void FluidDensityLaw::eval(const Real T, Real& rho, Real& drho_dt)const
2 A

3 tho = T + exp(T);

4 drho_dt = 1 + exp(T);

Listing 12. User evaluation method corresponding to the xml definition.

At last, to be able to use a new law in an input .arc file, an arcane Service has to be
created. This Service allows the user to choose the input and output properties at runtime.
Listing 13 shows an example of .arc input file and Listing 14 is the implementation of the
corresponding service. In this implementation, let us note that the two classes, generated in the
header file, are instantiated: the lawName: : law object taking in arguments the law evaluation
function FluidDensityLaw: :eval and the law::signature instance. At this stage the law
is configured and added to the function_mng object (see last line of Listing 14). This last
Law: :FunctionManager object is used as a “law-database”. When the application is initialized,
each Service, which instantiates a law, adds it to the Law: : FunctionManager object. The API also
offers a Law: :FunctionEvaluator object which allows one to select a subset of the available
laws. This object is used to evaluate the selected laws on a specific support, at each time step,



1300 Stéphane de Chaisemartin et al.

for instance. Let us note that it is only at this stage that the evaluation support is specified. An
example of law evaluation is given in Listing 15.

1 <law name="FluidDensityLawConfig">

<output >
<fluid-density>[Phase]Water::Density</fluid_density>

</output>

<input >

oW N

w

<temperature>[System]System::Pressure</temperature>
</input>
<parameters>

<initial -temperature>0</initial -temperature>

S © ® N o

</parameters>
11 </law>

Listing 13. Example of input simulation file configuring the law input and output.

1 #include "FluidDensityLawType_law.h" // generated from xml file

2 #include "FluidDensityLaw.h" // user definition of the law (cf. Listing 12)
3  void

4 FluidDensityLawConfigService::

5 configure(Law::FunctionManager& function_mng, ArcRes::System& system)

6 1

7 /l Initialize arguments from .arc input file

8 auto fluid_density = options()->output().fluidDensity();

9 auto temperature = options()->input().temperature();

10

11 // Initialize parameters from .arc input file

12 auto initial_temperature = options()->parameters().initialTemperature();
13

14 /!l Set law arguments

15 FluidDensityLawType::Signature signature;

16 signature.fluidDensity = ArcRes::XPath::property(system, fluid_density);
17 signature.temperature = ArcRes::XPath::property(system, temperature);
18

19 // Set law parameters

20 FluidDensityLaw law;

21 law.setParameters (initial_temperature);

22

23 // Create law

24 auto function = std::make_shared<FluidDensityLawType::Function>(

25 signature, law, &FluidDensityLaw::eval);

26

27 /!l Add law to function manager

28 function_mng << function;

29 %}

Listing 14. Example of C++ code to create a law and register it in the function manager.

1 /!l Prepare law evaluation

2 Law::FunctionManager function_mng; // Build and filled by the application
3 Law::FunctionEvaluator function_evaluator (function_mng);
4
5

IVariableMng variable_mng; // Given by the application
auto variable_accessor = variable_mng.variableAccessor<Cell>();

/!l Evaluate laws registered in function_mng
9 function_evaluator.evaluate(accessor, allCells(), Law::eWithDerivative);

11 /l Access to law outputs

12 auto system_pressure = ArcRes::XPath::property(system, "System :: Pressure");
13  auto computed_pressure = accessor.values(system_pressure);
14 auto computed_pressure_derivatives = accessor.derivatives(system_pressure);

Listing 15. Example of C++ code to evaluate the registered laws on a given support.
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To conclude, the workflow to define and evaluate a physical law consists of four steps:

(i) definition of the law inputs and outputs in an xml-style file (Listing 11);

(ii) computation of its values and derivatives through a user-defined function (Listing 12);
(iii) definition of a configuration Service to instantiate and register the law object (Listing 14);
(iv) call to the law evaluator on a given support (Listing 15).

At runtime, users only have to complete the .arc file to set the actual inputs, outputs and
parameters of the law, see Listing 13. After evaluating the laws, their values and derivatives can
be read for any item included in the support defined in the evaluator. This functionality is a
key point of the API since it provides all necessary data to build the matrices for the linear system
assembly. These data are then gathered in Contribution objects which are described in the sequel.

3.3. Contributions

The resolution of nonlinear problems such as F(u) = 0 is often carried out thanks to a Newton’s
method. Each iteration k requires the construction of a linearized problem involving the Jacobian
matrix of F and the residual vector F(uX). The Contribution API provides a convenient way to
assemble the Jacobian and the residual terms, to compute automatically their derivatives to be
stored in the matrix, and to add all these values in Alien systems.

3.3.1. Contributions — Accessors

For any GUMP property, the Contribution framework allows to recover its value and deriva-
tives with respect to the main unknowns of the problem. When computing fluxes on a face, the
derivatives often depend on various unknowns located around this face. This set of local ele-
ments is called a stencil. In the case of a diffusion flux discretized with the finite-volume two-
point flux, this stencil includes the cells that share this face. To make the assembly of such fluxes
easier in our framework, Contributions can be accessed according to the stencil of a given face.
Let us give an example. In the Listing 16, lines 7-12 illustrate how to get Contributions related
to three GUMP properties which are ArcRes: :Pressure, ArcRes: :CapillaryPressure and
ArcRes: :FluidDensity. These Contributions depend on an unknown manager that specifies
the variables defined in each cell. This manager here appears twice since it is used with a two-
point stencil. This stencil is initialized for each face on line 17. The following lines 18-25 show
how to get the values for one stencil cell (back or front to the face).

1 _buildFluxInternal (ArcNum::Vector& residual, ArcNum::Matrix& jacobian)
2 A

3 /! unknown manager of the system (List of unknown properties)

4 const auto& um = unknownsManager ();

5

6 /!l contribution wrapper by property

7 auto P = Law::contribution<ArcRes::Pressure>(domain(),

8 functionMng () ,um,um,system());

9 auto Pc = Law::contribution<ArcRes::CapillaryPressure>(domain(),

10 functionMng () ,um,um,system().fluidSubSystem () .phases ());
11 auto Rho = Law::contribution<ArcRes::FluidDensity>(domain(),

12 functionMng () ,um,um,system().fluidSubSystem().phases());
13

14 Arcane::FaceGroup inner_faces = mesh()->allCells().innerFaceGroup();
15 /! Arcane loop on faces

16 ENUMERATE_FACE(iface,inner_faces) {

17 ArcNum::TwoPointsStencil stencil(iface);

18 const Law::Cell& cell_k = stencil.back();

19 const Law::Cell& cell_1 = stencil.front();
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20 /!l GUMP loop on fluid phases

21 ENUMERATE_PHASE (iphase, fluid.phases()) {
22 // Acces contribution by mesh item [cell_k] or [cell_l]
23 const auto Pk = P[cell_k];

24 const auto Pl = P[cell_1];

25 const auto Pck = Pc[iphase][cell_k];
26 // idem for Pcl, Rhok and Rhol

27

28 ¥

29 }

30 )

Listing 16. Example of C++ code to access to the Contributions.

3.3.2. Contributions — Combination and automatic differentiation with AuDi

New Contributions can be created as a result of operations, for operators such as *, /,
+, -, between several existing Contributions. An illustration is given in Listing 17. Here, the
Contribution grad_kl is computed from the Contributions defined in the Listing 16. These
operations make use of an automatic differentiation library, implemented in our framework and
called AuDi.

1 _buildFluxInternal (ArcNum::Vector& residual, ArcNum::Matrix& jacobian)
2 {

3

4 ENUMERATE_PHASE (iphase, fluid.phases()) {

5 ce

6 const auto grad_kl = ((Rhok + Rhol) / 2) x*

7 (Pk + Pck - P1 - Pcll);

8 .

9 const auto flux_kl = ... // computed from grad_kl
10 }

11 }

12}

Listing 17. Example of operations on Contributions computing values and derivatives.

AuDi is a C++ library based on generic programming techniques. It uses expression tem-
plates [12,13] and operator overloading. Operator overloading is a classical C++ technique that
enables to define and implement operators on any object. It is applied in our case to implement
the operators +,-,/, * on contributions. On the other hand, expression templates prevent the
runtime from creating unnecessary variables or temporary objects and thus offer good CPU and
memory performance in critical calculation sections such as flux evaluations.

3.3.3. Contributions — Alien’s linear system assembly

Finally, adding Contributions to the Jacobian matrix or to the residual, defined by means of
Alien’s matrix and vector (see Section 2.3), can simply be done by using the operators += or -=.
Listing 18 shows an example where a finite-volume flux contribution f1ux_1k is inserted into the
lines related to the equation iequation of both stencil cells. Let us notice that the insertion of
the derivatives into the corresponding matrix columns is here done in a very compact way thanks
to the use of the stencil object.

1 _buildFluxInternal (ArcNum::Vector& residual, ArcNum::Matrix& jacobian)
2 A

3

4 ENUMERATE_PHASE (iphase, fluid.phases()) {
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6 const Arcane::Integer iequation = iphase.index();

7 if (cell_k.isOwn()) {

8 residual [iequation] [cell_k] += flux_k1;
9 jacobian[iequation][cell_k][stencil] += flux_kl;
10 }

11 if (cell_1.isOwn()) {

12 residual [iequation] [cell_1] -= flux_kl1;
13 jacobian[iequation][cell_1][stencil] -= flux_kl;
14 }

15 }

16 }

17}

Listing 18. Example of C++ code to assemble a Jacobian matrix using the Contributions.

4. First examples with ShArc, an Arcane-based demonstrator

In this section, we present numerical illustrations derived from two porous-media models imple-
mented in ShArc: a single-phase thermohaline convection model and an isothermal two-phase
flow model. We first introduce the common notations and subsequently provide detailed de-
scriptions of both models.

4.1. Notations

The physical quantities used in both examples are introduced in this section. In the sequel, we
also indicate their units where M stands for mass, L for length, T for time and © for temperature.
The numerical values are given in the SI system. Vectors in R® are denoted with bold letters and
tensors in R3 x R® with blackboard-bold style letters.

We denote by ¢[-] the porosity of the porous medium Q, K[L?] its permeability tensor. For a
fluid phase p, P,[ML™'T72] denotes its pressure, u,[ML™' T!] the viscosity and p,[ML™3] the
mass density. We denote by v, Darcy’s velocity which is defined by

K
vp(Pp):_N_p(VPp_Ppg) (1)

where g = —gVz[LT 2] denotes the gravity vector.

4.2. Thermohaline convection

For the first model, we consider the transport of salt by water through the porous medium Q.
This problem, known as thermohaline convection [14], can be modelled by the following partial
differential equations:

o the water mass balance,
G0 pw +div(pwvyw) =0; 2)
o the salt mass balance,
¢0:C +div(F¢) =0, (3)

where F¢ = Cvy—¢DVC, D[L?> T~ is the porous-medium molecular diffusivity, C[ML™3]
the mass concentration;
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o the heat balance,

0t ((pewpw + (1= P)pscs)0) +div(Fg) =0 0))
where 0[0] is the temperature,
Fg = pwOvy— (1 - p)Ls + ¢pLy) VO 5)

and, for p € {w,s} (the index s standing for salt), c, is the heat capacity [L2T72071] and
Lp[MLT3©'] the heat conductivity.
The boundary of Q is partitioned into 02 = I'top U T'pottom U Lvertical Where I'op is the highest part
of the border, I'hottom the lowest one and T'yertical the remaining one. We denote by n the unit
normal vector outwards to Q. On the boundaries, we fix the following conditions:

vy-n=0 onodQ, (6)
x=xp onTly, yel{C,0} pe {top,bottom}, @
Fy-n=0  onTyercan x € {C,0}. (8)

Initial conditions are also defined by zero for C and 6.

4.2.1. Numerical setting

We consider a thermohaline convection problem inspired from a test case proposed in [14].
Here the 2D space domain Q = (0,300) x (0,300) represents a homogeneous and isotropic aquifer
where

* Opottom = 200, etop =0, Cpottom = 10, Ctop =0;
e $=0.1K=1e-13,D=1e-13;
o ps=2700, ¢cs=1180, L5 =2;
e ¢y =4200, Ay, =0.65;
e py is given by
pw = pw,o(1 = o0 —00) + Bc(C — o)),
with pyw,0 =1000, g =3.37¢—4, f,=6.38e—4,00=0,Cy =0, yy = le—3.

A cell-centered finite volume discretization [15] is applied on the system (1)-(8), with an
implicit Euler time stepping, a two-point flux approximation (TPFA) for the diffusive terms and
upwinding for the convective ones. We perform the simulation on a grid discretized with 100x 100
uniform cells. The initial time step is 7° = 8.64 x 10%s. At each time step we apply Newton’s
method [16] to solve the corresponding non-linear system. The linear system obtained at each
Newton iteration is solved using an LU solver. If a divergence of the Newton algorithm occurs we
divide the time step by 2. Otherwise, the time step is increased by multiplying it by 1.5. Figure 5
depicts the evolution of temperature and salt concentration at different time steps.

4.2.2. Implementation within ShArc

This section illustrates how the numerical tools presented in Section 3 are used to implement
in ShArc the resolution of this thermohaline convection system.

Using GUMP (see Section 3.1), temperature and salt concentration are declared into the
physical model by means of an xml file. An example of a section from this file is shown in
Listing 19.

1 <property name="Temperature" dim="scalar" type="real" />
2 <property name="Concentration" dim="scalar" type="real" />

Listing 19. Definition of salt concentration and temperature GUMP properties.
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Domain_Temperature_System
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Domain_Temperature_System
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Figure 5. Evolution of the temperature (top) and salt concentration (bottom) after 28 years
(left), 34 years (middle), and 40 years (right).

The law framework API, described in Section 3.2, allows to create the different laws related to
the flow problem which is here considered. In our example, the fluid density py, is defined by the
code given in Listing 20. This piece of code will be evaluated in each mesh cell.

1 void FluidDensityLaw::eval(const Real T, const Real C, Real& rho,
2 Real& drho_dt, Real& drho_dc ) const

3 o

4 Real factor = (1.0 - m_betat*(T - m_t0) + m_betac*(C - m_c0));
5 rho = m_rhoO * factor;

6 drho_dt = -1.0 * m_rhoO * m_betat;

7 drho_dc = m_rhoO * m_betac;

8 r

Listing 20. C++ code computing fluid density law.

The parameters of the law p,, are then specified within the input file like in Listing 21. Note
that the previous generated properties here appear as inputs of the law.

1 <law name="FluidDensityLawConfig">

<output >
<fluid-density>[Phase]Water::FluidDensity</fluid-density>

</output>

<input >
<concentration>[System]System::Concentration</concentration>
<temperature >[System]System::Temperature</temperature>

</input>

® N G W N
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9 <parameters>

10 <rho0>1000</rho0>

11 <betat >3.37e-4</betat >
12 <betac>6.38e-4</betac>
13 <t0>0</t0>

14 <c0>0</c0>

15 </parameters>

16 </law>

Listing 21. Input simulation file defining fluid density law inputs, output and parameters.

When assembling the Jacobian matrix, contributions (see Section 3.3) provide the local values
and derivatives of the variables and laws according to the primary unknowns of the system (here
temperature and concentration) within the scheme stencil. Thus for a face o between two cells K
and L, the contributions contain the derivatives with respect to the unknowns of these two cells.
Examples on how to get such contributions are given in Listing 22.

1 auto T = Law::contribution<ArcRes::Temperature>(domain(), ...,system());

2

3 auto phi = Law::values<ArcRes::VolumeFraction>(domain(),fluid);

4 auto mu = Law::contribution<ArcRes::Viscosity>(domain(), ...,fluid.phases());
5

6 auto rho = Law::contribution<ArcRes::Density>(domain(), ...,fluid.phases());
7 auto rhof = Law::contribution<FluidDensity>(domain(), ...,fluid.phases());

8

9 auto lambda_f = Law::contribution<HeatConductivity>( ..., fluid.phases());

10 auto lambda_s = Law::contribution<HeatConductivity>( ..., solid.phases());

Listing 22. C++ code retrieving the contributions for the evaluation of the thermal flux.

Finally, Listing 23 shows how to compute the discrete version of the thermal flux (5) and add it
to the residual vector and to the Jacobian matrix.

const auto darcy_kl = (permeability / mul[fluid.phase(0)][cell_k])
* taul[iface] * (P[cell_k] - P[cell_1] + rho_kl * dgz_kl);

const auto cond_s = ( (1.0-phi[K]) * L_s[solid.phase(0)][cell_k] +
phi[K] * L_f[fluid.phase(0)][cell_k] );

const auto flux_t_kl = darcy_kl
* (one(darcy_kl >= 0)*T[cell_k]*rho[fluid.phase(0)][cell_k]
+ one(darcy_kl < O0)*T[cell_l]*rho[fluid.phase(0)][cell_1])
10 + cond_s * taul[iface] * (T[cell_k] - T[cell_11);

1
2
3
4
5
6
7
8
9

12 residual[iequation] [cell_k] += flux_t_kl;
13 jacobian[iequation][cell_k][stencil] += flux_t_kl;

Listing 23. C++ code building the upwind TPFA heat flux (5) using the contributions.

4.3. Two-phase flow model

We now consider an isothermal immiscible two-phase model of water and gas [17]. Each phase
has only one component: H»O and CO,. Phase changes of these components are not here
taken into account. Consequently, we use the indices “w” and “g” to refer indifferently to the
corresponding phase or component. The difference between both phase pressures is equal to
the capillary pressure:

Pg—Py=P,,, ©)
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where P, [M L~'T72]is a function of the gas saturation. Consequently, the model unknowns are
the water pressure Py, and the saturations S, p € {g, w}. Writing the conservation of the volume
of each phase leads to the following system:

¢at(Pwa) + div(pwkr,wvw) = 4w, (10)
$0,(pgSg) + div(pgkr,gVg) = g, (11)
SwtSg=1, (12)

where k; ;,(S,)[~] stands for the relative permeability and g, [M L~3T~1] are sink or source terms
which are non-zero where well perforations are present. No-flow boundary conditions are used
for both phases. Initial conditions are given for S.

For further details about the two-phase flow model and the more general multiphase com-
positional flows in porous media we refer to [18-21]. More numerical experiments on practical
problems illustrated on other Arcane-based IFPEN simulators with advanced resolution meth-
ods (adaptive mesh refinement, adaptive solvers, multilevel refinement, mixed multiscale finite
elements) on general meshes can be found in [22-29].

4.3.1. Numerical setting

We consider the injection of CO» into a porous rock initially saturated with water. The spatial
domain Q = (0,1010) x (0,1010) is discretized with a grid composed of 101 x 101 uniform cells.
The process is organized following a five-spot pattern, see Figure 6(a), where one injection well is
located in the middle of the domain and producers are in the four corners (these producers are
here only used to create gradients of pressure through the domain for the purpose of our test).
Peaceman well index models [17] are used to compute the discrete values of g, and gg where
these wells are perforated (well radius is set to 0.5 and the skin factor is zero). This injection-
production process is simulated during ¢z = 10 years with an initial time step 7° = 8.64 x 10%s,
which is equal to 0.1 days. If one time step iteration is completed, the time step is increased by a
factor of 1.5. We divide it by 2 if a divergence of the Newton algorithm occurs.

The injection pressure is set constant in time and equal to Pj,; = 5.6e7. In the same way, the
producer pressure is fixed to Ppro = 2.7€7.

Domain_XPermeability_Fluid
20e-16 S5e-16 le-15 2615  5e-15 le-14 2-14  Se-14 le-13 2e-13  Se-13 20e-12

Production well Production well

. @
Injection well

Production well Production well
o @]

(a) Five-spot pattern (b) Permeability

Figure 6. Test-case configuration of Section 4.3.
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The problem parameters are chosen as follows:

e ¢ =0.1, K is given by a geostatistical realization shown in Figure 6(b);

o pw=1025, uyw =1e-3;

* pg=1.89, ug=142e-5;

* a Brooks—Corey model [30] was used for the petrophysical properties:
- the relative permeability of a phase p € {w, g} is given by

1 itS, =1,
S, —Sres\n
e, p (Sp) = ( 2L ) if SIS < 5, <1, (13)
0 if Sp < I,

where the residual saturations are respectively given by ;7 = 0.2 and S5 = 0.1 and
=1;
- ch,w is given by

Sg— Sk

1-8ys— S’

ch,w(sg) =P, (Sa)™, Se=1-

with P, = 8.73e5, m——289

As for the previous test case, a two-point finite volume scheme with upwinding in space and
the backward Euler scheme in time are applied to discretize the system (1), (10)-(12). Newton’s
method [16] along with LU solver is used to solve the resulting nonlinear system.

Figure 7 shows the evolution of the water saturation at three different time steps and, in
particular, the faster front displacement towards the upper left and lower right corners where
larger permeability values are present, see Figure 6(b) too.

in_Saturation_Water qzDomein.Saturation Water Bomin.Safuration_Water
lbeovnl 045 05 058 aA os 07 075 o8 D!E 09 095 10e:00 250 av .7 zumv 03

Figure 7. Water saturation at 0.5 year (left), 1 year (middle), and 1.5 year (right).

4.3.2. Implementation within ShArc

As for the previous example, this section gives an illustration of the use of the GUMP data
model and of the law framework to define the capillary pressure: Listing 24 shows the line
defining this property in GUMB, Listing 25 the C++ code defining the law, and Listing 26 the
definition of the parameters of this law in the input file. At last, Listings 27 and 28 detail the
construction of the Contributions required for the phase fluxes, their evaluation and their storage
into the matrix and into the right-hand side of the linear system.
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<property name="CapillaryPressure" dim="scalar" type="real" />

Listing 24. Definition of capillary pressure GUMP property.

void CapillaryPressurelaw::eval(const Real S, Real& Pc, Real& dPc_dS)const
{
Real Se = Arcane::math::min(1 - (S - m_Sr)/(1 - m_Sr_ref -m_Sr), 1.0);
Real dSe_dS = - 1.0/(1 - m_Sr_ref -m_Sr);
Real alpha = - 1./m_lambda;
Pc = m_Pe * pow(Se, alpha);
dPc_dS = alpha * m_Pe * dSe_dS * pow(Se, alpha - 1);

}
Listing 25. C++ code computing the capillary pressure law
<law name="CapillaryPressurelLawConfig">
<output >
<capillary-pressure>[Phase]Gas::CapillaryPressure</capillary-pressure>
</output>
<input>
<saturation>[Phase]Gas::Saturation</saturation>
</input>
<parameters >
<Pe>8.73e5</Pe>
<Sr-ref>0.2</Sr-ref>
<Sr>0.1</Sr>
<lambda>2.89</lambda>
</parameters>
</law>
Listing 26. Input simulation file defining the capillary pressure law parameters.
const Arcane::VariableFaceReal& T = m_transmissivities["T"];
auto P = Law::contribution<ArcRes::Pressure>(...,system());
auto Pc = Law::contribution<ArcRes::CapillaryPressure>(...,fluid.phases());
auto mu = Law::contribution<ArcRes::Viscosity>(...,fluid.phases());
auto rho = Law::contribution<ArcRes::Density>(...,fluid.phases());
auto kr = Law::contribution<ArcRes::RelativePermeability>(...,fluid.phases());

Listing 27. C++ code retrieving the Contributions for the evaluation of the phase fluxes.

const auto grad_kl = T[iface]l * (P[cell_k] + Pcl[iphase][cell_k]
- P[cell_1] - Pcliphase]l[cell_11);

const auto mobility_k =
rho[iphase] [cell_k] * kr[iphase][cell_k] / mul[iphase][cell_k];

const auto mobility_1 =
rho[iphase] [cell_1] * kr[iphase][cell_1] / muliphase][cell_11];

const auto flux_kl = (audi::value(grad_k1)>=0) ? mobility_k*grad_kl
mobility_l*grad_kl ;

residual [iequation] [cell_k] += flux_kl;
jacobian[iequation][cell_k][stencil] += flux_kl;

Listing 28. C++ code building an upwind TPFA phase flux using the Contributions.
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5. Massively parallel simulations on a simplified two-phase flow model
5.1. Tests on Irene supercomputer

We now present the first scalability tests performed on the Rome partition of Irene supercom-
puter [31]. The Rome partition contains 2292 dual-processor AMD Rome (Epyc) nodes at 2.6 GHz
with 64 cores per processor, for a total of 293,376 computing cores. All nodes are connected
through a HDR-100 Infiniband network.

The physical model used for these tests is similar to the one presented in Section 4.3. As a
first attempt, it has been deliberately simplified in order to first test the code on larger grids than
the ones usually used with other Arcane applications. This simplified model differs in terms of
boundary conditions, rock and fluid properties. Namely, here:

e O=(0,L) x(0,L) x (0, H) with L =80000, H = 1000, ¢tz = 100 days;

« therelative permeability of a phase p € {w, g} is given by (13) with n = 2and §° = 5 = 0,
pcg,w =0;

e ¢p=0.2,K = el®¥3 with

f(x, 9,2 =-30+3*sin@*m*x/L)*sin*xmw*y/L)+ y/L;

o pw=pg=1000, iy = pg =1073;
* gw = qg = 0, no-flow condition are used on dQ except on x = 0 and x = L where
P|,_,=8107, S| _,=1P|,_, =10".
The computation domain Q is discretized with a Cartesian grid of size N? x N, with N = 2048 and
N, =100. The time step evolution was chosen according to the evolution of Newton’s iterations
starting with an initial time step of one day with a maximal value equal to 10 days. The linear
systems were solved with a BICGStab method preconditioned with CprAMG (Hypre Boomer AMG
+ block Jacobi ILUO). Note that the defined grid and model lead to = 1.258 billion equations at
each Newton iteration. Starting from 10 nodes, MPI parallel simulations were carried out up
to 128 nodes (16,384 cores) without changing the grid size (strong scalability study). Figure 8
shows the scalability of ShArc’s time loop from 10 up to 128 nodes (blue curve) and the theoretical
linear performance compared to the 10-node run (red curve) which is the lowest number of nodes
that can run this test case. These results were obtained as part of the Genci Grands Challenges
2024 [32]. We observe a super-linear scalability of ShArc performances up to 100 nodes due to
better cache usage as per core problem size decreases. On this range of nodes, this study has
highlighted a parallel efficiency of ShArc’s time loop at around 90%.
Secondly, simulations have also been carried out at the limit of the Alien platform’s capacity:?
a grid containing 700 million of elements or so was distributed on 256 nodes (32,768 cores and
2.1 billion equations on the whole). These tests performed on Irene supercomputer have also
provided an opportunity to compare the performances of Alien's MCGSolver in both MPI and
MPI-OpenMP contexts. Further details are given in [33]. The input data file of these case can be
found on GitHub [34].

5.2. Tests on IFPEN Ener440 supercomputer

In this second series of parallel tests, we take the model a step further introducing a capillary
pressure P, given in the description below. The tests are executed on IFPEN Ener440 supercom-
puter, composed of 240 computing nodes with dual Intel Skylake-X G-6140 processors clocked at
2.3 GHz. Each node holds 2 x 18 computing cores so this supercomputer provides a total of 8640
computing cores. All nodes are connected with an Intel Omni-Path high speed network.

2Due to the equation indexing with 32-bit integers.
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Grid size: 2048x2048x100, 10 to 128 Irene Rome nodes
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Figure 8. Scalability of ShArc’s time loop from 10 up to 128 nodes (blue curve) and the
theoretical linear performance compared to the 10-node run (red curve).

The physical model used for these tests is close to the model used with Irene supercomputer,
but with a capillary pressure P,. It has the following characteristics:

e O=(0,L) x (0,L) x (0, H) with L= 20000, H =100, # = 1000 days;

o pw=pPg=1000, iy =103, g =107%;

* gw = qg = 0, no-flow condition are used on 0Q except on x = 0 and x = L where
Pl =6.107,Sgl,_y =1, P, =107

* P, is given by

Sg_sres
Pey (S =Pe(S)™,  Se=1-—cbr,
Cg, g e e e 1— S‘r,\?s— Sées

with P, =10°, m = -1, S§t* = 0.2 and Sg* = 0.1.

The domain Q is discretized with a Cartesian grid of size N? x N, with N = 2048 and N, = 10.
The performance results in Figure 9 are similar to those observed with Irene system but at a

lower scale: N is reduced from 100 to 10 and tests are performed up to 20 nodes (720 cores).

Relative efficiency, compared to the 3 nodes test, is > 94%. The test case is also available at [34].

6. Conclusion

The ArcNum framework presented in this article offers easy-to-use numerical tools significantly
simplifying the writing of numerical methods within scientific computing codes. These numer-
ical tools are built upon the Arcane platform, providing mesh management, data structures and
parallelism. For linear system resolutions, they rely on the Alien library, giving access to a wide
range of linear solvers. Used together, ArcNum, Arcane, and Alien offer a complete toolbox for
building numerical simulation applications. This framework has been used to build the open
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Grid size: 2048x2048x10, 3 to 20 Ener440 nodes
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Figure 9. Scalability of ShArc’s time loop from 3 up to 20 nodes (blue curve) and the
theoretical linear performance compared to the 3-node run (red curve).

source proxy-app ShArc for Geosciences simulation. The two case studies presented in this pub-
lication and conducted with ShArc highlight the flexibility, development time savings and robust-
ness of the ArcNum framework. A scalability study shows that this gain is not at the expense of
parallel performance.

The ArcNum framework is also used within complex industrial applications at IFPEN. For
example, it is the foundation of a compositional multiphase reactive transport simulator, coupled
with mechanics. In this context, more advanced schemes, such as (non)linear multipoint finite
volume and virtual element methods, have been implemented [35,36]. In this much more
demanding context, the framework has been used with more complex data models, a great
number of physical laws and varied assembly algorithms. It was therefore necessary to add new
functionalities to ensure the needed expressiveness and maintain the performance requirement.
More precisely, the following features were added to the framework for internal use at IFPEN:

« the ability to create a graph of laws to enable the composition of physical laws;
» the management of dynamic multi-point stencils;
e asparse automatic differentiation.

The next step for this framework will concern the physical law package, where the usage of Al

trained models and the ability to compute asynchronously on accelerators will be added.
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Abstract. In the context of high aspect ratio wings or blades, aeroelasticity is becoming increasingly crucial for
predicting the safety, efficiency, and performance of modern aircraft. This paper describes the development
of MIMAS, a computational framework for simulating complex nonlinear aeroelastic phenomena from
incompressible to highly transonic flows, in steady or unsteady configurations. On the one hand, MIMAS
features advanced mesh deformation and transfer algorithms that have been renewed and optimised to
enable faster computations compared to previous implementations within ONERA legacy codes. On the
other hand, it offers ready-to-use coupling scenarios to support loose to strong fluid-structure interactions.
This environment provides a high-level end-user abstraction layer that allows to couple a wide range of
aerodynamic and non-linear structural simulation codes. In addition, the data structure is sufficiently
generic to handle both structured and unstructured discretizations. In this paper, we first demonstrate the
ability of MIMAS to reproduce existing representative computations such as harmonic forced motion, static
coupling and dynamic coupling, without overhead induced by the modular implementation. Second, we
present new capabilities of MIMAS, in particular the improved algorithms for mesh deformation and data
transfer and its ability to leverage modern HPC architectures.

Keywords. Aeroelasticity, numerical simulations, coupling, mesh deformation.
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1. Introduction

Designing efficient aircraft while minimizing environmental impact requires the ability to sim-
ulate highly complex unsteady physical phenomena. The latest trend, led by industry-leading
companies such as Safran and Airbus, involves the use of high aspect ratio blades or wings often
made of composite materials, for which non-linear aeroelastic phenomena need to be modelled
accurately. Notable examples include the open rotor and stator engine developed by SAFRAN/GE
Aviation in the framework of the RISE project and the X-WING plane developed by Airbus in
the framework of the eXtra Performance Wing project. ONERA is also deeply involved in the
hydrogen-powered aircraft (Gullhyver research project). These innovative architectures, with en-
hanced flexibility, must meet a wide range of structural and aeroelastic design constraints to en-
sure both safety and performances.
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For example, in modern aircraft configurations, several technological components such as
struts, morphing winglets or folding wing tips are planned to be employed to improve perfor-
mance and support highly deformable wings. The interplay between all these components in-
troduces a high level of complexity, which must be untangled. During critical flight phases (e.g.,
take-off and manoeuvres), unsteady aerodynamic forces engage with engine structures, gener-
ating periodic stresses that may shorten the lifespan of blade components. Accurate modelling
of these forces aids in assessing fatigue-related risks and optimizing blade lifespan. Phenom-
ena like whirl flutter are also crucial in designing the new generation of propellers. This form of
aeroelastic instability can induce severe vibration amplitudes on the nacelle, potentially leading
to structural failure if not adequately controlled [1-3].

Various approaches exist to address these challenges. Analytical methods and reduced mod-
els are commonly used due to the computational cost of high-fidelity coupled aeroelastic anal-
yses. Although the rapid methods are efficient to explore parameter space in early-stage de-
signs, they lack the accuracy to capture relevant physical phenomena. For detailed analyses,
high-fidelity simulations are preferred, and there is a growing trend toward integrating multi-
fidelity approaches for aircraft design and optimization [4]. In the era of exascale supercomput-
ers, high-fidelity simulations raise the hope of predicting the entire aircraft or engine dynamics
with all its detailed technological effects and inherent complexity. However, several factors cur-
rently limit these simulations, including code performance, interoperability, and limited physical
modelling. To overcome these limitations, High-Performance Computing (HPC) codes designed
to solve Fluid-Structure Interactions (FSI) using modern and optimized algorithms have become
essential. In this context, ONERA has initiated the development of the SONICS code (property of
ONERA/Safran) for the fluid part [5] with the ambition of running this code on exascale machines
with much better performance than existing codes (elsA, property of ONERA/Safran, [6]). The
ONERA, DLR and Airbus collaboration is also deeply involved in the implementation of CODA [7],
a new Computational Fluid Dynamics (CFD) code. Yet, coupling aerodynamical and structural
problems needs additional key operations. These include transferring fields between both grids,
deforming the fluid mesh during selected physical iterations, and ultimately coupling the solvers
with optimised time-marching strategies. The latter involves in particular the development of
new methodologies for solving non-linear coupled problems such as mixed end-point or mid-
point temporal schemes, harmonic balance methods for periodic flows [8-11], asynchronous
solvers [12], or ultimately the monolithic approach [13].

Historically, high-fidelity aeroelastic simulations at ONERA were performed directly within
the elsA code, through a dedicated module [14]. All aeroelastic components are integrated di-
rectly within the code, following the approach of software like SU2 [15]. While elsA remains a
powerful tool for such simulations, the increasing complexity of modern aerospace configura-
tions is exposing its limitations. The elsA aeroelastic module is inherently restricted to structured
grids and is not suited for analyzing non-linear structural behaviors. For static simulations, the
structure’s representation is via a condensed flexibility matrix while dynamic calculations rely on
modal basis projections, which limits the ability to simulate nonlinear structural dynamics. Tem-
poral mesh deformation is generally linearly interpolated due to the high computational cost of
the existing techniques. Interpolation techniques for field transfers (e.g., forces, displacements)
lack parallelization and are not optimized for large scale simulations. For time-marching, a ba-
sic fixed-point method is employed with a static relaxation parameter and coupling frequency,
which may not be the most efficient way to couple fluid and structure. Finally, coupling effi-
ciently with external Computational Structural Mechanics (CSM) codes such as NASTRAN is also
challenging inside elsA, and adapting the code for that has become increasingly difficult.
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To overcome these limitations and upgrade the aeroelastic coupling capabilities, subsequent
developments have been performed to externalize and improve the different components out-
side from elsA’s kernel. These components comprise mesh deformation techniques, transfer al-
gorithms, mechanical solver and the driver that controls the time-marching iterations. This mod-
ular approach offers greater flexibility in terms of coupling and also makes it possible to work not
only with elsA but also with other CFD codes, while reusing the same components for coupling.
The modularization also provides a new way to tackle emerging challenges, such as simulating
highly flexible structures in conjunction with flight dynamics, and their interaction with control
systems and aeroelastic components, all of which are critical for modern aircraft. While simu-
lations of this nature have already been conducted [16-18], they are often constrained by high
computational costs. To enable more efficient calculations, it is clear that solvers must be exter-
nalized within a modular framework in which algorithms can be easily tested and improved.

Most of the external algorithms and tools have been then regrouped into a unified Python en-
vironment called MIMAS for Modular and Interdisciplinary Methods for Aeroelastic Simulations.
The main goals of this library are to:

(1) take into account more complex physics, particularly structural non-linearities (e.g.
contact, large displacements);

(2) improve the global performance of aeroelastic calculations and fit with the current HPC
criteria;

(3) handle structured and unstructured mesh discretizations (the latter being crucial for
simulating technological components);

(4) ensure the coupling and interchangeability of a large variety of CFD/CSM codes;

(5) extend to more sophisticated coupling (considering flight dynamics, trim, control);

(6) offer high flexibility in the developments of new methodology and the coupling between
new components.

Note that the proposed approach is similar to existing coupling libraries such as preCICE [12]
dedicated to partitioned multi-physics simulations, including, but not restricted to Fluid-
Structure Interaction (FSI), and ParaSiF_CF [19] developed by University of Manchester and ded-
icated to the resolution of massively parallel partitioned FSI problem. The MDO Lab is also
strongly involved in the development of a modular platform integrating aerodynamic (ADflow)
and structural (TACS) solvers, and coupling these codes to perform shape optimization (OpenM-
DAO) [20].

The remainder of this article is structured as follows: in Section 2 a comprehensive overview of
the MIMAS library and its alignment with the outlined objectives is given. In particular, the main
evolution compared to previous elsA implementations is highlighted and the novel numerical
methods employed within the library are detailed, focusing particularly on mesh deformation
techniques and transfer algorithms. In Sections 3 and 4, a thorough validation and testing
of the library across various industrial and academic configurations, encompassing airplanes,
turbomachinery and helicopters, is presented.

2. Capabilities and numerical improvements beyond elsA

In its current version, MIMAS is capable of simulating most of the problems that have historically
been addressed by elsA’s aeroelastic module (AEL). But more importantly, it features new algo-
rithms and optimized, parallelized versions of the existing ones. It operates with both structured
and unstructured meshes (which was not the case with elsA), and has minimal dependence on
external libraries, yet taking benefice from the current expertise and HPC libraries available at
ONERA. MIMAS is today able to solve complex static or dynamic problems on industrial configu-
rations, some including nonlinear structures in transonic flows. To achieve this, MIMAS has been
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interfaced with the new generation of CFD codes developed at ONERA such as SONICS or CODA
and finite element codes like NASTRAN, TACS [21] or Code_Aster [22] enabling the achievement
of high fidelity aeroelastic simulations. It incorporates advanced parallelized algorithms for mesh
deformation and the transfer of displacements and forces, ensuring lower CPU cost at each cou-
pling step. The integration within a PyTree! coupling environment also ensures that the entire
framework can manage the intricate data structures and workflows required by HPC fluid solvers.
This encompasses shared-memory coupling and swift data search capabilities. Finally, the mod-
ular and object-oriented approach allows users to assemble components like building blocks in
a LEGO set, helping them customize physical problems to their specific needs. In the following
sections, we detail each new capability of MIMAS and provide a brief overview of the numerical
methods that are used.

2.1. A modern and modular architecture

MIMAS is based on a modular architecture for which the fluid (CFD) and structural (CSM) codes
are both external and exchange data through a coupling tree. The coupling tree is a Python struc-
ture enforcing the CFD General Notation System (CGNS) and sharing the data in memory with
both the CFD and CSM codes, whenever possible. These data comprise the fluid and structural
geometries (mesh, normals, surfaces, volumes, etc.), and the physical fields of interest (local
forces, torques, displacements, structural modes...). Memory-sharing capabilities allow data to
be stored efficiently without duplication, enabling quick access for both HPC codes and the cou-
plinglibrary. Dedicated methods have been developed to write data into the tree or access rapidly
the fields from the tree in the numpy format (or dictionary format) without additional memory
cost. Another advantage of this structure is that it supports parallel processing, enhancing the
efficiency of coupled simulations. The transfer and deformation modules of MIMAS, as well as
the dedicated module for geometrical calculations, operate independently from the coupling tree
but retrieve data through it. Note that to exchange data with software such as NASTRAN, which
may be installed on a remote machine, we use the Python module Pyro, which enables remote
data communication. For NASTRAN in particular, the coupling is performed in-memory via the
OpenFSI module, provided as part of the MSC Software suite. Hopefully, the resulting complex
infrastructure is hidden from the user, who interacts only with the high-level coupling tree inter-
face.

Aeroelastic calculations are then built around a central Python driver that executes an iteration
loop between external CFD and CSM solvers (depicted as orange boxes in Figure 1). A common
interface has been developed for each fluid and structural code, which enables to compute a
single iteration or time step, restart the resolution process at a desired iteration, extract relevant
data for aeroelastic coupling and update geometry/meshes from the Python framework. We
emphasize that with MIMAS, users have the freedom to create their own drivers by constructing
dedicated objects (models, coupling trees, mesh deformers, interpolators and solvers). They can
manipulate these objects at each step of the aeroelastic loop to customize their calculations.
Obviously, this freedom of action would not be possible inside compiled codes like elsA.

2.2. Dealing with unstructured meshes

Unstructured grids are increasingly prevalent both in industry and in academia due to their
flexibility and ability to accurately represent complex geometries with a reasonable number of
cells. Nevertheless, structured grids remain used for specific simulations, so there is today a

1A tree-like structure in Python with data stored in the leafs (similar to CGNS format).
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Figure 1. Modular architecture of MIMAS.

need for a coupling environment to handle both structured and unstructured meshes. To address
these needs, we designed MIMAS from the very beginning to effectively handle both kind of grid
representations.

Unstructured meshes in coupled problems can be challenging due to the multitude of formats
available for representing mesh connectivity. We can for instance cite the polyhedral “NGon” for-
mat, used by several CFD codes (elsA, SONICS) or the more classical “elements” format used by
CODA and finite-element codes like NASTRAN. To deal with this multitude of formats, a dedi-
cated mesh module has been implemented inside MIMAS to convert unstructured meshes into a
common mesh object format. Geometrical quantities can therefore be computed regardless the
initial mesh format. We implemented inside MIMAS an entire library in this unstructured frame-
work able to compute geometrical quantities (such as volume, cells areas, face and cells centered
quantities) and cell quality criteria (such as shear, aspect ratio, skewness...). Deformation, in-
terpolation and transfer modules are further based on this internal library. At the moment, the
library is able to deal with linear elements (TRI3, QUAD4, TETRA4, PYRA5, WEDGE6, HEXAS).
In order to be fully generic an interface has been developed with the VIK (Visualization Toolkit)
library which provides a wider range of geometric mesh calculation capabilities and many filter-
ing options, including surface extraction. One of the key strengths of VIK is its ability to handle
higher order elements. However, for the applications described in this paper, our internal library
is largely sufficient. Unitary tests have been performed to check that deformation and transfer
algorithms behave similarly in the structured or unstructured configurations (though, not shown
in this paper).

2.3. Improved mesh deformation algorithms

A key step in aeroelastic calculations involves deforming the fluid mesh to match specified
boundary displacements. Research efforts worldwide have been focused on optimizing these
methods to reduce CPU cost while preserving the quality of the underlying mesh. Various
strategies have been developed: for instance, [23] introduced a fast, accurate method based on
Inverse Distance Weighting (IDW) that performs well for large displacements on complex 3D
meshes; [24] further enhanced this method by integrating edge-swapping techniques, making
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it suitable for very large deformations. To maintain mesh orthogonality, some researchers,
such as [25], proposed methods that incorporate both translational and rotational components
of the deformation, while combining kd-trees traversal and dodecahedron structures to reach
high performance. In parallel, alternative strategies have been developed using Radial Basis
Functions (RBFs) for mesh deformation. Coulier et al. [26] applied innovative methods such as
Fast Multipole Method (FMM) to factorize and solve the RBF interpolation kernel. For structural
analogy methods, recent works have been focused into solving linear elasticity equations using
modern iterative solvers with better preconditioning. These solvers particularly aim to preserve
boundary layer cells by locally increasing stiffness, as described in [27]. Additionally, conditions
imposed on boundaries other than the aeroelastic interface often necessitate adjustments to the
algorithms governing these methods.

In MIMAS, several mesh deformation techniques have been re-developed or improved com-
pared to existing formulations in elsA. These techniques are:

o the Inverse Distance Weigthing (IDW) [28,29] which has been significantly sped up,
extended to unstructured grids and made compatible with turbomachinery boundary
conditions;

¢ a hybrid IDW and transfinite interpolation (TFI) [30-32] for structured grids which takes
advantage of IDW acceleration;

« elastic analogy [27,33,34] which has been hybridized with IDW for parallelization.

The primary focus in MIMAS has been to accelerate the IDW deformation method, in particular
because this method is well-suited for unstructured meshes and is used in conjunction with
almost all other techniques. The cost of IDW increases rapidly with the fluid mesh size since
it requires to compute n x m operations where m is the number of target points in the fluid mesh
and 7 is the number of source points (located at the fluid-structure interface). The deformation
vector D is determined by calculating the inverse distance-weighted average of the source points
as follows:
Y wiD;
n 0
Zizl wi

where D; is the value of the displacements at the known source location i and w; is the weight
assigned to the known source location i usually defined as w; = % Here, d; is the distance
between the current point location and the known source point i, aisa positive integer power
parameter that controls the influence of the distance to the source and s; is the local cell sur-
face. The larger the value of a, the greater the influence of nearby points on the estimated value.
To reduce significantly the cost of the brute force algorithm, two implementations were consid-
ered, both preserving the rotational component of the solid displacements. The first is based on
a multi-layered clustering of source points, with directional damping to enforce boundary con-
ditions. This method, illustrated in Figure 2, shows typical reduction factor between 5 and 10
compared to the brute force approach, for standard aircraft simulations. The idea is to regroup
source points into clusters, and summing the contribution of the cluster barycentres only (in-
stead of all points belonging to the interface). To make this method optimal, the cluster size is
increased gradually with the distance to the source. Different layers £ in the 3D mesh are de-
fined, depending on their distance to the source, and each of them sees a different set of clusters.
For instance, layer %, close to the source sees all source points, £; sees only half of the original
set... The distance criterion that make switch from one layer to another is computed using the
above formula:

D= €8]

1
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where a is the IDW exponent, o is the average variance of coordinates and displacements
inside the clusters associated with layer £ and ¢; is a tolerance defined by the user on the
error introduced by the IDW clustering approximation. Note that this is obtained by doing a
Taylor expansion of the IDW formula assuming that the distances within the cluster are small
compared to the distance to the source (see Appendix A). For target points close to the surface, a
complementary strategy introduced earlier by Shepard is adopted. The latter selects only a patch
in the surface with size proportional to the distance to the source [28].

Agglomerative Hierarchical Clustering

Figure 2. Illustration of the clustering of the source points for IDW cost reduction (adapted
from N. Arya 2023, Al, Machine Learning and Deep Learning).

The second implementation of the IDW method in MIMAS is based on quaternion algebra [35]
and Fast Multipole like algorithm (FMM) with recursive octree traversal. This algorithm, called
Quantum, has proven to be efficient and has been tested on multiple configurations including
icing simulations on airplane. For external flows in unconfined domains, it is generally faster
than the clustering method, since the octree traversal combined with the FMM naturally elimi-
nates interactions between distant points, in a continuous manner. Note however that for tur-
bomachinery cases, involving confined domains, this method is not necessarily the fastest be-
cause boundary conditions necessitate several iterations. Moreover, the Quantum method is not
highly scalable and is particularly hard to linearise due to the algorithm recursion and the fact
that rotations are treated incrementally.

Results of these two IDW implementations are presented in Figure 3 with their MPI scalabil-
ity using multi-cores architecture. Tests have been achieved on a turbomachinery fan, represen-
tative of the new generation of Ultra High Bypass Ratio (UHBR) engine. We superimpose the
scalability curves of the hybrid TFI/IDW and elastic analogy methods (which have not been ac-
celerated yet in MIMAS). Maximum number of cores used is 256 on the ONERA's development
cluster but tests have also been carried out on ONERA's production cluster with up to 512 cores.
The original brute force IDW method from elsA aeroelastic module lies above all externalized MI-
MAS methods. The first IDW algorithm with layered clustering (cyan line) scales quite well and
is almost 8 times faster than the IDW from elsA (dashed blue line). The second IDW algorithm
Quantum with FMM (red line) shows also consequent CPU time reduction (especially for exter-
nal flows simulations, not shown here) but its scalability seems to be affected for a number of
cores larger than 100.

Note that compact RBFs can also be used within MIMAS to deform a mesh and are solved us-
ing the MUMPs (MUltifrontal Massively Parallel Sparse direct Solver) library (see Section 2.4) but
the choice of the appropriate kernel is not necessarily obvious and additional work is required
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to clarify this point. Work is also in progress to make the elastic analogy compatible with un-
structured meshes and to modernize the linear elastic solver (move3d), previously implemented
in elsA for structured meshes exclusively. Finally, we stress that mesh deformation differs from
adaptive re-meshing (such as AMR) since it preserves the connectivity and topology of the un-
derlying mesh structure, as well as the number of cells in the mesh. When possible, mesh defor-
mation is preferred to adaptive re-meshing because it avoids heavy connectivity computations.
However, in the future, strategies combining both methodologies could be considered.

Y
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Figure 3. Left: Comparison of the azimuthal displacement field obtained through different
mesh deformation methods available in MIMAS. Here they are applied on a single sector
mesh of an UHBR turbomachinery fan. Right: Scalability of these methods on ONERA’s
development cluster for the turbomachinery case (4 million points). The cyan curve
accounts for the layered clustering method with 8 layers and a 20 % tolerance on the error
made on the IDW formula. The dashed line is the reference calculation using brute force
algorithm in elsA.

2.4. Parallel transfer algorithms

Field transfer methods play a crucial role in the achievement of aeroelastic coupling. They allow
to exchange physical information such as forces and displacement between the aerodynamic and
structural grids. The main issue is that the fluid grid’s numerical interface rarely matches with the
structural elements boundary (see Figure 4). In some cases, the structural model may use sim-
plified elements, like beams, which fail to fully represent the boundary shell, complicating ac-
curate physical computations at the interface. So far, a wide range of algorithms have been pro-
posed in the literature [36-42] and giving an exhaustive review on all these algorithms constitutes
a full paper in itself. In most cases, transferring loads necessitates condensing the CFD force field
onto a reduced set of points (compared to the original CFD grid) while the transfer of displace-
ments often entails the opposite approach. Consequently, the algorithms ruling these transfers
may vary considerably. The primary objective of these algorithms is to maintain high computa-
tional speed for large sets of interpolant surfaces while conserving physical quantities relevant to
aero-structural interactions.
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Figure 4. Left: lllustration of data transfer between the fluid and the structural grids. Right:
Application of RBFs smoothing algorithm with TPS kernel on an Ultra High Bypass Ratio
(UHBR) fan blade.

In MIMAS, we developed and upgraded several transfer algorithms (some of them originally
present in elsA’s aeroelastic module), with an emphasis on parallelizing them for efficient use in
HPC environments. This parallelization was crucial to ensure these algorithms are scalable and
capable of handling large datasets.

For the transfer of displacements (CSM grid to CFD grid), a first class of algorithms is the
Radial Basis Functions (RBFs) smoothing. This interpolation method is rather convenient since
it does not require the knowledge of the mesh connectivities, nor the structural discretization.
Given a set of structural data (x;, u;) where x; are the input points and u; are the corresponding
displacement values, the interpolated function u(x) at a given point x in the space is expressed as:

N
u(x) =) wi¢(llx—x;l) +P(x), 3)
i=1

where: N is the number of radial functions which is chosen to be equal to the number of
known structural source points; ¢ represents the chosen radial basis function, which can be
“thin plate spline” (TPS), gaussian, multiquadric, etc.; ||x — x;|| is the distance between the
chosen point x and the known data point x;, and w; are the weights associated with each data
point. Determining the weights involves solving a linear system of equations of size N, typically
represented as a dense matrix equation. The weights w; are adjusted to cancel the error between
the interpolated values and the actual data. The decomposition in radial basis functions is often
modified to also include polynomial term

P(x):ﬁ0+,61x+ﬁ2y+ﬁgz+--- 4)

to ensure conditionally positive definite radial functions (e.g. TPS), together with matching
constraints on the expansion coefficients [41,43,44]. To sum up, the interpolation problem is
equivalent to solve for the system:
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with ®;; = ¢(llx; — x;ll), w = (wy, wa, ..., wn), B= (Bo, B1, B2, B3) and

1x 12

1 X2 Y2 22
P=1 . . .| (6)
1 XN YN ZN

The major drawback of this method is its cost when the structural model becomes large (> 10*
points). If used in the context of mesh deformation, this is even worse since the size of the matrix
can exceed easily 10° by 10° points. In the literature, several techniques address this issue while
maintaining a smooth global displacement field [40]. In the legacy elsA aeroelastic module, a pre-
processing step involved a manual selection of a reduced set of structural points for transferring
the displacements. The selection was performed in order to improve the numerical stability of
the transfer method (e.g. avoid the excessive point density that could yield ill-conditioning inter-
polation matrices when the RBF are used) and to conserve the geometric properties of the struc-
tural deformations (e.g., displacement gradients, curvature zones). MIMAS offers an automatic
technique to sub-sample the structural model using agglomerative clustering methods, similar to
those employed for mesh deformation (see Section 2.3). These methods naturally tend to select
points near sharp gradients and they give satisfactory results for turbomachinery blades. How-
ever, they have limitations, as they rely solely on spatial proximity or field distribution and do not
consider the mechanical properties of the points. A dedicated parallel LU solver for dense ma-
trix, using the Message Passing Interface (MPI) protocol, has been developed to solve the linear
problem (5). Another solution provided by MIMAS is to use compact support functions, which
can result in a sparse RBF matrix. One advantage of this method is that it effectively suppresses
the influence of distant points, which is particularly beneficial when dealing with a wing and a
horizontal tailplane for example. This localized influence helps in some cases in preserving the
physical behaviour of the problem. To provide with an efficient computation of the sparse sys-
tem, we linked MIMAS with the MUMPs library [45], which is considered today as one of the most
efficient direct solver for sparse linear system.

A second class of algorithms is based on beam kinematics. In that case, source data are known
along a beam line and the goal is to reconstruct the displacement around it. Given a point P in
space, the algorithm first computes its orthogonal projection onto the beam line and reconstructs
the displacements locally using hermite spline elements associated with the beam. The novelty in
MIMAS lies in the ability to account for significant deformations, automatic detection of corners
and broken lines, and the removal of degeneracy in orthogonal projection. Additionally, it lifts the
restriction associated with Euler-Bernoulli hypothesis (where it is assumed that sections remain
orthogonal to the beam curve), while still maintaining orthogonality in projections. Examples of
deformation fields using this technique are illustrated on Figure 5. The red lines account for the
beams from which the deformations are known, while the surface meshes around are the target
grids where displacements are re-constructed.

Finally, for load transfer, two classes of algorithms have been implemented: the first is based
on a nearest neighbour search and conserves the resultant of forces and moment. The structural
points for transfer are chosen on the key load-bearing elements, such as beams, wing box, and
other primary support components of the structure, so that forces are correctly absorbed by the
whole structural model. The main benefit of this method is that it is quite straightforward and
cheap in terms of computational time. However when important change in the geometry occurs
or when pressure loads encounters huge gradient (typically near the leading or trailing edge of an
airfoil, or near the shocks), this approach can lead to a wrong local distribution of forces on the
structure. In addition, it does not conserve energy, and methods using virtual work technique
can be preferred in that case. The second method, based on virtual work conservation, uses
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Figure 5. Illustration of kinematics beam transfers. (a) An application of the transfer
around a flat beam line with combined torsional and bending motion. (b) The deformation
around a curved beam line with critical degenerated surface for orthogonal projection.
(c) The intersection of the critical surface with the xy plane (thick black line).

Radial Basis Functions (RBFs) for interpolating forces and displacements. A base of continuous

functions ®’, i = 1,...,Np, is chosen so that an “admissible” displacement field Su can be
decomposed into:

— Nb -
Sulx,y,2) =) wi®(x,y2). 7
i=1

The conservation of virtual work between fluid and structure associated to each individual basis
function leads to:

. N - — M - I -
(faeror @) = Y faero[j1- @' [j1 = Y fslk]-®'[k] = (f5, ®") (8)
j=1 k=1
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where j and k are the indices of the fluid and structural nodes respectively, N and M are the
number of aerodynamic and structural nodes. Since the aerodynamic nodal forces faem and
the basis functions are known, the first term can be easily evaluated. In the right-hand side,
only the terms f;[k] are unknown. The basis functions ®',i = 1,..., N, is constructed from a
sum of Radial Basis Functions (RBFs) and enforce unitary displacement at control point and zero
elsewhere. These functions are supplemented with a polynomial, with constant that ensures the
conservation of global loads and a linear term to preserve global moments. Efforts are preserved
locally through the local support of the RBF functions. The linear system for the unknown fsk
is solved using the same methods described previously for displacement transfer. Note that this
method can be significantly costly since we need to solve undetermined weights for each basis
function @', i = 1,..., Nj. It gives generally smoother results than the nearest neighbour (outside
discontinuities such as shocks), but can lead to artificial loads concentration when structural
elements intersect.

2.5. Multiple FSI interfaces

Systems like rotorcraft blades, wings with control surfaces, or compressor stages in turboma-
chinery involve different structural parts that may be numerically treated separately for several
reasons (physical behaviour, performance...). Multiple FSI interfaces allow each structural com-
ponent to be treated independently in terms of transfer algorithms, while interactions between
components are captured exclusively through the fluid dynamics. However, a key challenge of
this approach is that transferring individual displacements from each component to its corre-
sponding aerodynamic surface create discontinuities between adjacent surfaces. A well-known
example is the interaction between the fuselage and the wings of an aircraft. Suppose that the
wing and fuselage are solved using the same structural model, but both components are decou-
pled during the transfer process. The interpolation methods applied to each component do not
process identical data, resulting in discrepancies at the junction between the two. To solve this is-
sue, we implemented in MIMAS an algorithm allowing to match the different components. Con-
sider two non-overlapping sets of points S; and S, for each structural component and their cor-
responding aerodynamical surfaces A; and A,. First two transfers are achieved on A; U Ay, the
first using the S; structural data, the second the S, data, giving respectively a displacement field
u; and uy. Using efficient kd-trees, we compute for each aero-dynamical point its distance d;
from the intersection between the set A; and A,. This is estimated by computing the distance
to the nearest neighbour belonging to the opposite surface. Note that better strategies involving
convex hull border or surface fitting with implicit function evaluation may provide more accu-
rate distance to the intersection. When the distance of the aerodynamical points from the in-
tersection is known, we use blending functions (such as sigmoids or polynomials) to match the
displacements between the two surfaces. For example, if we use a cubic blending between A,
and Ay, the transferred displacement is:

w(x,y,2) = wi (x,,2) + (1 - w)z(x, , 2) ©)
with
di\3  3(dr\2 ;
Y (TI) _5(71) +0.5, ifd;<é, (10)
0. if d; >o.

Here 0 represents the depth into the neighbourhood region and is set to the distance of the
furthest point identified during the k-nearest neighbour search.
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Figure 6. Illustration of the blending method for multiple FSI interfaces when independent
transfer algorithms are used for each structural component. On the left is shown the
deformation imposed on a 5-bladed propeller with bending of the spinner and bending-
torsion of the blades. The cube points on the blade represent the structural nodes used
for the transfer on the propeller blades while aligned spheres are the structural nodes for
the spinner axis. Right top: Displacement field and fluid mesh after the transfer without
blending. Right bottom: Same after blending.

An illustration of the method is provided in Figure 6, where it is applied to a 5-bladed
propeller. The structural displacements are modelled using a global analytical mode (though
not necessarily physically realistic) that combines the bending of the spinner with the bending-
torsion motion of the blades. While the structural components are computed consistently, the
displacement transfer between the blade (S;) and the spinner (S») is handled separately. For the
blade, we employ a Radial Basis Function (RBF) approach based on a set of 3D points on the blade
surface, represented by cube points in Figure 6. For the spinner, only points along the X-axis are
considered, with no point taken from the spinner’s surface. A beam kinematics transfer method
is used to model the displacements on the fluid surface, which is shown in color in the left panel
of Figure 6. Once the two independent transfers are combined, we observe that the displacement
field is discontinuous between the spinner and the blade, as expected. This discontinuity results
in a non-matching intersection, as illustrated in the top right panel of Figure 6. After applying
the blending algorithm using kd-tree search, we demonstrate that the displacements become
smooth in the intersection regions, with the two meshes coinciding, as shown in the bottom right
panel.

Note that there are cases where we would like to decouple FSI interfaces that are not directly
connected, such as a wing and a horizontal tailplane. In such cases, we can blend each surface
with the shared connecting surface (i.e. the fuselage) or use compact radial basis function (RBF)
interpolation. The latter naturally decorrelates the two surfaces once a certain distance condition
is satisfied.
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2.6. Coupling strategies and time-marching

The standard approach in coupling fluid/structure is a sequential execution of fluid and structure
solvers. This approach, although known to be quite robust, generally leads to slower convergence
and load imbalances in a parallel setting. With the modular and external approach of MIMAS,
new ways of coupling fluid and structure can be explored, unlike elsA, which operates within a
more rigid and static architecture. First, for static problems, we are not anymore limited by the
fixed-point approach with constant relaxation parameter and constant coupling period. We can
indeed call the structural code at chosen fluid iterations to optimize convergence. A criterion can
be established, such as setting a threshold for the relative change in the fluid residual compared
to the previous coupling iteration. The relaxation parameter can also be prescribed by users at
any time. Other strategies, like Aitken under-relaxation [46] have been used and tested within our
new framework (see Section 4.1). This algorithm adapts the relaxation factor at every iteration
based on current and previous state of the structure. If we define the residuals of the structural
displacements at previous iteration k — 1 and current iteration k,

g1 =Ugp_1—Ugp and  rp=up-—up_;

and Ar the residual difference:
Ar=r—Tp_1.
Then the relaxation factor at current step wy is calculated as
Ii—1-Ar
A2

where the dot product here represents the sum of the individual product on each structural
degree of freedom. To calibrate the initial relaxation parameter wg, we use a similar approach
inspired by the preCICE library [12]. For dynamical problems, it is almost similar, except
that the fixed point approach is applied at each physical time-step. Exchanges between the
fluid forces and the structural displacements are performed during sub-iterations (dual loop)
of the time integration method (see Figure 7). In elsA, the strategy was slightly different since
the aeroelastic solver iterates multiple times on the same time step to converge the fluid and
structure. We emphasize though that for dynamical problems, better strategies involving mid-
point time schemes, asynchronous coupling schemes or parallel quasi-Newton least-squares
solvers [12], mixing both fluid and structure states, are possible. Research on these coupling
time-scheme is active at ONERA and could replace progressively the current implementations.

Another scope of research is the externalization of non-linear iterative fluid or structural
solvers themselves. Over the past decade, significant efforts have been made to externalize the
Jacobian and its matrix-vector products from both CFD and CSM solvers. This is particularly
useful if one wants to solve the implicit phase externally. In particular, this offers the capability of
pre-conditioning the system with coupling terms and use more advanced or dedicated Newton—
Krylov solvers for FSI problems. Ultimately, the monolithic approach could be investigated, for
which the whole fluid/structure system is solved externally. Note that other strategies such as
the Time Spectral Method (TSM) for periodic systems are also investigated but remain out of the
scope of the MIMAS library for now. More details about their current implementation at ONERA
is presented in [11].

Wi = —Wk-1

2.7. Non-linear structural coupling

As we mentioned earlier in the introduction, high-aspect-ratio wings and large-diameter fans or
propellers exhibit increasingly nonlinear behavior due to large displacements. Another cause
of nonlinearity is the friction between structural components (e.g. for blade-disk assemblies)
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Figure 7. Illustration of the coupling scheme for dynamical problem in MIMAS. The struc-
tural displacements and the fluid mesh are updated regularly during the dual loop of the
“Gear” or “DTS” (Dual Time Stepping) temporal scheme.

which can influence significantly the aeroelastic response of aeronautical structures. A nonlinear
modelling of the structure is therefore required for the resolution of the coupled aeroelastic
problem. When structural nonlinearities due to large displacements U are considered, the
dynamic equation of motion contains an additional term fy,;(U):

MU +CU+KU + fy(U) = F,(U, 1)

where M and C are the mass and viscous damping matrices and F,(U, t) the aerodynamic forces
acting on the structure. In the static case, the equation reduces to

Kug + fr(us) = Fq s(W)

where u; is the displacement resulting from a steady aerodynamic force. The treatment of the
nonlinear term requires an iterative Newton process. In the dynamic case, the Newton algorithm
is combined with the time integration scheme, generally handled with Newmark or more gener-
ally HHT methods for structural problems. Dealing with such nonlinear structural models within
the CFD solver kernel is not necessarily the most appropriate, as different methods and solvers
than those used for the fluid are required. The modular and partitioned approach is then well
suited to rely on an external structural solver. In MIMAS, an interface has been implemented
with the finite element code NASTRAN and preliminary developments have been carried out to
couple MIMAS with Code_ASTER of EDE Upcoming developments are also intended to couple
with the next generation ONERA code A-set. For NASTRAN we use the SOL400 nonlinear solution
enabling large displacements, and the coupling is performed either by files or through the C++
OpenFSl interface. This interface offers a way to stop and restart NASTRAN at each coupling iter-
ation, and communicate buffers address directly between NASTRAN and the Python driver. Such
a coupling with OpenFSI has already been performed in the past at ONERA, using elsA’s legacy
aeroelastic module, enabling a partial externalization [47]. Note that user Python interface of
MIMAS allows to prescribe several NASTRAN parameters to calibrate the non-linear resolution.
The structural non-linearities could be modelled within a projection based by a Reduced
Order Model (ROM). This can be useful for dynamic aeroelastic computations to avoid the
coupling with the full finite element model at each physical iteration. In projection based
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reduced order models, the displacements of the structure are computed by using a representative
projection basis that captures the non-linear structural response, so that U = Vg with V = [®, D],
where @ represents the linear eigenmodes and D represents additional modes (e.g., modal
derivatives or dual modes). The nonlinear dynamic equations of motion are then projected onto
this reduced basis, resulting in a simplified set of scalar nonlinear equations:

G +Ba+ (v +1n(u)q+gnw) = fagW).
With the classical approach, the nonlinear internal forces need to be assessed by means of
a FE solver, reducing the time efficiency of the reduced order model. Thus, an autonomous
reduced order model could be obtained by considering that the internal non-linear forces are
approximated by a third-order polynomial function of the generalised displacements. The k-th
coefficient of the nonlinear force vector is thus:
&nl = L0 4id;+ Y. 0, qidjdm-
1,] L,j,m

The polynomial coeflicients are identified from a set of precomputed nonlinear static solutions
using the Implicit Condensation method with Expansion (ICE) [48]. This provides an explicit
expression of the reduced-order model in terms of the generalized coordinates g, which can
be efficiently coupled with the fluid solver. The nonlinear reduced order model detailed above
has been coupled to the fluid solver elsA on the simplified test case of a flexible beam placed
in the wake of a cylinder generating an unsteady forcing [49]. It has also been used to evaluate
the dynamic response of a UHBR fan blade subject to an external forcing induced by an inlet
distortion [50]. These studies were conducted at ONERA outside the MIMAS framework, but
more recently, reduced-order model of the ERATO helicopter blades have been coupled with
fluid models within the MIMAS framework (see Section 4.3). For that, an entire interface has
been written between MIMAS and an external tool designed to build ROMs from finite element
solver Code_ASTER (EDF).

2.8. Coupling with advanced HPC fluid codes (CODA, SoNICS)

MIMAS handles a generic interface to HPC CFD solvers which is based on class abstraction. The
class provides methods to achieve basic operations, including advancing one or several fluid it-
erations, extract forces and update geometry. On the ONERA/SAFRAN side, the SONICS code is a
next-generation software designed to enhance performance and usability in turbomachinery ap-
plications. It features a new architecture that incorporates operator graph structure for tailored
calculations, cache-blocking, automatic linearized and adjoint through the Tapenade library [51],
efficient code generation for optimized hardware usage (including GPUs), and advanced capa-
bilities for handling complex physics. SONICS handles multiple fluid species and dynamic mesh
adaptation. We recently carried out developments within the SONICS code to implement the Ar-
bitrary Lagrangian Eulerian method for enabling grid velocities for aeroelastic studies. We also
wrote the triggers classes to achieve basic operations mentioned earlier such as updating the grid
and extracting forces. In particular, updating the grid in SoONICS has required to modify the pri-
mary execution graph to propagate the new metrics everywhere in the code and to each oper-
ators. In terms of data, it utilizes the standard CGNS format, featuring polyhedral connectivity
representations (NGon). First simulations have recently been conducted with harmonic forced
motions on the M6 wing configuration to validate the implementation of the ALE formulation for
deforming grids.

On the ONERA/DLR/Airbus side, CODA is an advanced computational code which includes a
large variety of spatial schemes (finite volumes & discontinuous Galerkin). It focuses on optimiz-
ing aircraft design through efficient numerical methods, operators linearization, and integrates
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various physical components, including fluid-structure interactions. It relies on the FlowSimu-
lator DataManager (FSDM) which provides an HPC library for CFD-based simulation workflows,
models, data manipulation and multiprocessing. As the core library includes Python interfaces,
data is easily accessible through MIMAS. However, since the data format is very different from the
standard CGNS format, an important work has been performed to convert efficiently the mesh
and the aeroelastic data (forces, displacements, etc.) into our own representation. Section 4.1
shows first aeroelastic calculation using CODA and MIMAS jointly, with comparison with elsA
using the same mesh.

2.9. Coupling with Vortex Particle Method (VPM)

Finally, MIMAS is able to couple with medium fidelity method such as the Vortex Particle Method
(VPM) [52]. The originality of such coupling is that the fluid model is generally mesh-free.
In VPM, the flow is represented as discrete particles that carry vorticity. Each vortex particle
has properties such as position, circulation strength, and sometimes additional attributes like
velocity or density. The method operates in a Lagrangian framework and is particularly efficient
to simulate complex wake dynamics. The governing equation is the transport equation of the
vorticity, which includes a stretching term and a viscous diffusion term. The viscous diffusion
term is used to model the influence of both the molecular viscosity and the turbulence associated
to small eddies. In MIMAS, we implement an interface with ONERA’s code Vulcains [53]. One of
the existing formulations, consists in a lifting-line/VPM coupling where the lifting components
(e.g. blades, wings...) are modelled with the Blade Element Theory (at the quarter chord position).
At each time step, new particles are generated based on this lifting-line model. The local velocity
induced by the particles is then projected onto the normal plane of each lifting-line section, from
which the angle of attack, Mach number, and Reynolds number are derived. Using 2D airfoil
tables and Kutta—Joukowski theorem, it is then possible to calculate the circulation for each blade
section. New particles are generated to account for this circulation and an inner iterative loop is
performed at each time step to ensure convergence between the newly generated particles and
the blade circulation (as the new particles also contribute to the velocity induced along the lifting
line). For aeroelastic coupling, there are two different scenarios:

(i) the structural model is a beam model which coincides with the lifting line; in that case
transferring structural forces and displacement between the fluid and the structure is
trivial;

(ii) the structural model is based on 3D or 2D finite elements; then the full pressure and force
field are reconstructed on the surface using the 2D airfoil tables.

The transfer of the displacements can be done using RBFs on an auxiliary grid (though not
optimal and physically questionable) or directly by condensing the structural displacements
into a local rigid motion (translation/rotation) for each sections of the lifting line model. An
example of simulation coupling VPM and nonlinear Finite Element Model (FEM) is presented
in Section 4.3. Note that the VPM can be also coupled with Eulerian grid model or URANS
simulations but this is out of the scope of the present article.

3. Validation cases: classical aeroelastic calculations
Before presenting applied cases that showcase new capabilities, we first demonstrate that MIMAS

can accurately replicate standard aeroelastic calculations which have been historically computed
using elsA’s aeroelastic module [14].
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3.1. Static coupling

To validate the modular approach, we first test the case of a static coupling on the Common
Research Model (CRM) plane configuration. To compare MIMAS with elsA’s aeroelastic module, a
basic fixed-point method, including constant relaxation of the structural displacements, is used.
In MIMAS, fluid iterations are solved externally by elsA while the structural problem is solved
directly at the Python level using a condensed structural stiffness matrix with smaller dimension
compared to the initial NASTRAN model. The model comprises mass loads for the engine and the
fuel, while gravity force is added externally by MIMAS using the area/thickness of shell elements.
The fluid domain is discretized with a coarse structured grid of about 1 million cells. The CFD
resolution is inviscid (Euler model) and uses a Roe scheme with the Van Albada flux limiter.
Fifteen fixed point iterations between the fluid and the structural solvers are performed to reach
the equilibrium. The coupling is handled with the TFI/IDW hybrid method for deforming the
structured mesh, and the nearest neighbour and RBFs respectively for force and displacement
transfers. The points for the transfers are represented in the right panel of Figure 8. A Thin Plate
Spline (TPS) kernel is used for RBFs, which consists in rzlog(r) functions, and the interpolants
are computed with our dedicated MPI LU solver. Note that for transferring loads to the structure,
we exclude forces acting on the fuselage and tail.

Comparison between the computations with MIMAS and elsA’s aeroelastic module are shown
in Figure 8 for a Mach 0.85 and an angle of attack of 1.32° at altitude 36000 feet. The pressure
distribution for this operating point obtained by MIMAS is also shown in the left panel. The
agreement between both computations is excellent in terms of vertical displacement, although
the mesh deformation (TFI/IDW method) and transfer methods are not exactly implemented in
the same way. We check also that the forces transferred to the structural grid are very similar.
Note that with MIMAS, this calculation has been improved to take into account the full finite
element model, using the nonlinear NASTRAN solver (SOL 400). For the selected flight condition
considered here, no significant differences are however observed with respect to the statically
condensed linear model.
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Figure 8. Illustration of the CRM static coupling. Left: Pressure field on the plane with
condensed structural points (force and displacements nodes). These points are coloured
with the vertical displacement. Right: Comparison of the vertical displacement along the
span between elsAs legacy aeroelastic module and MIMAS at first and second coupling
iterations.
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3.2. Harmonic forced motion

Validation of the modular approach has been performed in the unsteady case for forced har-
monic motion simulations. The test case is a state-of-the-art fan blade representative of a mod-
ern Ultra High Bypass Ratio (UHBR) engine, presented in Figure 9. In these simulations, a nat-
ural mode of the structure is excited at given frequency(ies) with a relatively small amplitude to
characterize the aerodynamic response and ultimately the generalized aerodynamic forces. The
linear unsteady aerodynamic response is computed using CFD codes (such as elsA) and can be
re-injected into a structural linear solver to assess the aeroelastic stability (useful for flutter pre-
diction). Mesh deformation is generally computed once, during a preprocessing step stage, and
the corresponding mesh deformation associated to the modal shapes is interpolated in time us-
ing a sinusoidal law. In the modular approach, the coordinates of the deformed mesh, as well as
the grid velocity are calculated outside the CFD code.

Figure 9. Ultra High Bypass Ratio (UHBR) fan blade test case and real/imaginary mode
shapes of interest (deformation artificially amplified for visualization).

For the UHBR fan, a modal basis for the structure is first pre-computed using SAMCEE Data
of the modal shape (displacements) are transferred from the SAMCEF grid to the CFD grid by
MIMAS using Radial Basis Functions during the pre-computation phase. We then select one
particular mode (here the first bending mode 1F-0D with zero dephasing between the blades)
and apply small oscillations to this mode with a given frequency, modal amplitude of 0.3 mm
and initial phase of n/2. Note that with the new mesh deformation algorithms implemented
in MIMAS based on IDW method, amplitude up to 4 mm in azimuth of the fan-blade can be
reached, which is almost two times the tip gap size (between the shroud and the blade). The
slipping condition on the shroud is handled with a directional damping implemented specifically
for IDW.

For MIMAS, we use again elsA as an external solver for the CFD calculation. Only one
sector is simulated in order to save computational time and periodic conditions are used in
azimuth. The mesh is composed of approximately 3.2 million points, divided into 48 blocks.
Note that modal shapes with dephasing between the blade can also be simulated in the modular
aeroelastic environment, using only one sector. For that, a complex representation of the mode
is used, in addition to the so-called phase-lagged condition in elsA. MIMAS mesh deformation
module is able to deal with such complex deformation. Figure 10 (left) shows the aerodynamic
forces projected onto the structural mode of vibration (GAF), first computed with the aeroelastic
module of elsA (blue) and second computed with MIMAS (orange). Clearly, both solutions
match perfectly, which validates our modular approach. Note that the same preprocessed
deformed mesh for the modal shape has been used in both calculations using the elastic analogy
method (move3d). With the modular implementation, other mesh deformation methods are
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available and have been compared in this context. The phase portrait (Lissajous) of the GAF
is compared on the right panel of Figure 10 for the last cycle of vibration: a relatively good
agreement is obtained when using TFI, IDW or the quaternion approach (Quantum), although
it is interesting to notice slight variation of the Lissajous sizes when the deformation algorithm
changes. Variations up to 15% can be measured on the aerodynamic damping of the mode
according to the deformation method.
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Figure 10. Comparison of elsA’s aeroelastic module and MIMAS modular solution for
forced motion using the same deformed mesh (left) or alternative external mesh deforma-
tion algorithms (right). On the left panel are shown the generalized aerodynamic forces as a
function of time. On the right, are shown the Lissajous curves (phase portrait) of the aeroe-
lastic response.
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Figure 11. Comparison of forced motion aeroelastic computation with structured or un-
structured (destructured) mesh.

Another key advantage of MIMAS compared to elsA’s aeroelastic module is the ability to con-
duct aeroelastic simulations on unstructured grids. In this example, the structured grid was “de-
structured” for comparison purposes, using the same hexahedral mesh but treated as unstruc-
tured. The results match relatively well (see Figure 11) between the two grid representations.
Here, the IDW mesh deformation method was applied since the structural analogy approach has
not yet been implemented in the modular framework for unstructured meshes.
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3.3. Dynamic coupling with linear structure

Finally, we demonstrate that MIMAS can reproduce fully coupled dynamical calculations under
the assumption of a linear structure, a capability that was previously achievable with elsA aeroe-
lastic module. In this type of simulation, the linear dynamic behavior of the structure is repre-
sented by a limited set of eigenmodes ® = [¢1,...,¢,]. The displacement is thus approximated as
a linear combination of these modes U = ®q and the dynamic equation of motion is simplified
through projection into r equations:

ug+pq +Yq— fag(W)=0.

Here, g are the unknown generalized coordinates, y, B, and y represent the generalized mass,
damping, and stiffness matrices, respectively, while f,; = @7 f, denotes the vector of generalized
aerodynamic forces. This set of equations is solved externally in MIMAS using a Newmark
algorithm for the generalized coordinates ¢, from which the physical displacements can be
derived. As mentioned in Section 2.6, the coupling procedure involves mechanical steps and
mesh deformation in the implicit dual cfd loop.
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Figure 12. AGARD [54] dynamic coupled simulation — Pressure distribution and deforma-
tion of the wing at ¢ = 3T (top) and the six first modes shapes used for projecting the dy-
namics (bottom).



1336 Antoine Riols-Fonclare et al.

0.25
0.00 0.0
025
E —0.50 :;:/ .51 == Mode 1 MIMAS XGA
3 = —— Mode 1 elsA AEL Kernel
Ao -
B —0.75
1.00 —10
—1.25
0 500 1000 —1 0
nb iter a

(2.1

p\ 03]

= Mode 2 MIMAS XGA
[ = —— Mode 2 elsh AEL Kernel
@,

GCoord(t)
e

o
e
—_—
-
(t)

0.0 U

0 500 1000 0.0 0.5
nb iter a

Figure 13. AGARD dynamic coupled simulation — Comparison of the dynamic response
of the first two structural modes between MIMAS calculations (dashed lines) and elsA AEL
module (plain lines). On the left panel are plotted the generalized coordinates as a function
of physical time iterations. On the right panel is shown the phase portrait of the dynamical
motion (generalized force vs. generalized coordinates).

For validation, we run a coupled simulation of the AGARD 445.6 wing configuration using
either MIMAS or the elsA aeroelastic module. We adjusted the structural model to exhibit an
unstable behavior. The flow is inviscid and transonic (Ma = 0.96, AoA = 1°), while the dynamic of
the structure is modelled using the first six eigenmodes. The shapes of the modes are illustrated
in the bottom panel of Figure 12. The simulation is started from a steady equilibrium state where
a perturbation is introduced and run on more than 1000 time steps. On the top of the figure,
we show the resulting wing pressure distribution at ¢t = 3T (where T is the pseudo-period of the
dynamics) and the wing geometry at initial time and ¢ = 3T. Figure 13 shows a comparison of
the generalized coordinates between MIMAS (dashed lines) and elsA’s legacy reference solution
(plain lines). The agreement between the original reference solution and the modular one is
very good, although the coupling process is slightly different and the techniques for transferring
fields, deforming the mesh are also different. Note that the signal is increasing with time due to
the negative damping induced by the aerodynamic loads on the structure.
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3.4. Overheads and difference with elsA Ael module

To demonstrate that our modular implementation does not add any overhead compared to the
original implementation, we show in Table 1 the user time spent on a single node (24 cores)
of ONERA’s development cluster for elsA aeroelastic module (AEL) and MIMAS. Clearly for all
cases, the overhead is not significantly enhanced and remains under the noise of the cluster node
performance. We also show differences in terms of displacement and GAFs between the reference
AEL module and MIMAS. For the static case, we observe 0.012 % of error in terms of maximum
vertical displacement on the plane wing, while for the turbomachinery case, the difference in
generalized aerodynamic force is below 1e-3 %. For the dynamic case, errors are larger due to the
fact that the numerical temporal coupling scheme is different (see Section 2.6).

Table 1. User times and differences in quantities of interest compared to elsA aeroelastic
module implementation.

User time in | User timein | Difference

elsA AEL (s) MIMAS (s) in %
Static coupling (CRM) 2.156+05 1.726e+05s | 0.012 (z-disp)
Harmonic forced (UHBR) 3.593e4+05s | 3.634e+05s le-3 (GAF)
Dynamic coupling (AGARD) 1.35e+04 1.424e+04 s le-1 (GAF)

4. Advanced aeroelastic applications with MIMAS
4.1. The DLR-F25 plane case: CODA/NASTRAN coupling with HPC mesh deformation

A first demonstration overcoming the conventional capabilities of elsA has been achieved with
MIMAS on the DLR-F25 plane. This plane model is widely used as a benchmark in multi-
disciplinary optimization and aeroelastic simulations. The goal of the calculation is to evaluate
the static deformed shape of the plane during flight condition. The different improvements
compared to previous standard calculation are the use of:

* an unstructured grid with tetrahedron, hexahedron and pyramids (see Section 2.2);

¢ afast IDW method using clustering and layering (see Section 2.3);

* a compact RBF transfer method for displacements using the MUMPs library for solving
the RBF system (see Section 2.4);

¢ a cleverer time-relaxation scheme using Aitken method to speed up convergence (see
Section 2.6);

e a HPC CFD code of last generation (CODA) for the fluid step computation (see Sec-
tion 2.8);

* a non-linear structural solver (here NASTRAN) directly exchanging data with the CFD
code through the coupling tree of MIMAS (see Section 2.7).

Simulations at various angles of attack (from —1° to 2°) were conducted using both CODA
and elsA within the MIMAS modular environment. An identical unstructured mesh of 10 million
cells was used for both codes, and a similar numerical setup have been selected in order to be
consistent for the comparison. The Roe solver is used in both codes, although in CODA, we
employed the spline quintic flux limiter with a linear reconstruction, whereas for elsA we adopted
a minmod limiter due to stability issue. For the structural solver, both linear and non-linear
NASTRAN models have been considered, although the aim of this paragraph is not to show the
differences between them (a complementary study would be more appropriate for that).
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Figure 14. Mesh deformation of the DLR-F25 plane using IDW and clustering method (for
angle of attack of 2°). Colours show the vertical displacement in the volume generated
by the IDW algorithm on a 10-million-cells unstructured mesh composed of tetrahedrons,
wedges, pyramids and hexahedrons.

Before running the aeroelastic calculations, tests have been performed to assess the perfor-
mance and reliability of the new clustering IDW deformation method for unstructured meshes.
Note that the elementary surfaces of the cells have been included in the IDW weights, to improve
mesh quality. Rotation of cells are however not enabled here. Figure 14 shows the vertical de-
formation in the volume generated by the wall surface displacements. We checked that no neg-
ative cells are generated and that the mesh conserves a good quality during its deformation. Ta-
ble 2 summarizes the performance of the method compared to the original brute force algorithm
implemented in elsA aeroelastic module.

Table 2. User time for IDW mesh deformation algorithms on a single node (with 96 cores)
of new generation ONERA’s cluster. The first line corresponds to the time for preparation
and computation during the first call of the algorithm. The second line is for the second
coupling iteration until the end of the calculation.

Brute force IDW | Clustered IDW
(elsA) (MIMAS)
.lst def.ormatlon . 283 s 1325
including preparation
Next deformations 189s 31s

Clearly, using the clustering method for static calculations reduces computation costs to
one-sixth of those required by the brute force algorithm, while achieving correct deformation.
The preparation phase which includes the clustering procedure does not add any significant
overhead. The mesh is deformed in almost 30 s at each coupling iteration. For comparison, fluid
iteration steps in elsA last 225 s in average between each coupling. In CODA the time between
these couplings varies strongly during the convergence history, and depends strongly on the
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strategy used for convergence. The time spent on deforming the mesh remains thus around 10 %
of the total time spent for the fluid resolution during each coupling. With old methods, this would
have exceeded 100 % of the CFD time.

We further investigate elsA and CODA runs at an angle of attack of 2°. Different coupling
strategies have been tested: the first one relies on a fixed coupling period and relaxation pa-
rameter equal to 0.75. Coupling is done after each 50 fluid iterations for CODA and 150 for elsA.
In that case, the CODA run required in total 1300 fluid iterations using the GMRES method to
reduce the density residual below 10~7. For elsA, 5000 iterations with scalar LU relaxation were
needed to reach a residual threshold of 107°. The second strategy relies on an Aitken under-
relaxation scheme. By using this coupling strategy, no real improvement of the convergence has
been achieved. The explanation might be that the convergence of the coupled system is primar-
ily driven by the fluid and less affected by the structure because the wing flexibility remains low.
Note that on contrary the convergence of the CRM plane (cf. Section 3.1) is strongly boosted by
the Aitken under-relaxation scheme, probably because the flexibility is larger and the fluid Euler
model converges intrinsically faster, so that the structure has more time to evolve during each
coupling iteration.
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Figure 15. Comparison of the static simulation between elsA and CODA for the CFD part.
Left top: Span distribution of vertical force on structural nodes. Right top: Distribution of
vertical displacement on structural nodes. Left bottom: Pressure distribution on the plane
with deformed shape. Right bottom: Pressure profile along the wall at the wing’s half-span.
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Figure 15 presents a comparison of the evolution along the span of the vertical displacement
and force acting on the structural nodes when convergence is reached. There is a quite good
agreement between the two runs, although the force amplitude close to the shock appears to be
slightly smaller in CODA. The wing tip deflection is about 1.534 m for elsA and 1.52 m for CODA,
which implies a 1.3 cm difference (< 1% of error). For further details on the simulations, we plot
in the bottom panel of Figure 15 the pressure field on the plane for both runs (left side of the plane
corresponds to CODA, right is elsA) and a comparison of the pressure profile along the wall at the
wing’s half-span. The shock intensity and position are relatively similar but the shock appears a
bit smearer in the CODA run. This is possibly due to the fact that the order of reconstruction of
the flux and the type of limiter employed in CODA differ from those used in elsA.

Figure 16. Flexible gust dynamic simulation of the CRM plane that couples the CFD code
elsA and the CSM code NASTRAN in real-time, with mesh deformation at every time-step.
Each code runs on a different machine, and data are transferred between them remotely
using the Pyro Python module. The frames are respectively taken at 0.36, 0.63, 0.75, 0.92,
1.01 and 1.7 seconds after the launch of the gust. The blues lines represents the unsteady
streamlines of the flow, computed in real-time during the calculation through a dedicated
particle solver, independent of the CFD code.

4.2. Dynamic aeroelastic response of the CRM aircraft subjected to gust loads

Another new possibility with MIMAS is to couple directly the CFD code and the CSM code
dynamically, while performing a mesh deformation at each time-step (or at regular dual steps
of the cfd solver, see Section 2.6) to take into account the current structural displacements.
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This is made possible with the new and faster mesh deformation algorithms, which absorb
higher deformation. We show in this section a dynamical coupling achieved between elsA and
NASTRAN, using the OpenFSI module of NASTRAN fully integrated within MIMAS. As both codes
run on distant separate machines, we use the Python module Pyro to enable efficient in-memory
data communication between solvers. The simulation presented here shows the response to
a vertical negative wind gust characterized by a one-minus-cosine law, with an amplitude of
35m and a wavelength of 50 m. The gust velocity is set to 100 m/s relative to the aircraft. The
gust is imposed to the CFD code by adding to the mesh deformation a positive vertical grid
velocity depending on time and space; this setup provides a rather strong gust that is largely
above the certification test. However, our goal here is not to replicate actual aircraft tests, but
rather to demonstrate MIMAS’s capability to perform such coupling and to verify the robustness
of the deformation algorithms when large displacements are involved. Both fluid and structural
models are detailed in Section 3.1. For the NASTRAN model we restrict the simulation to a
linear structure, but nothing prevents to run a nonlinear model, except the CPU time which
can be significantly larger. Figure 16 shows a series of simulation snapshots, with the rendering
enhanced by a particle tracer illustrating the flow streamlines (in blue). The effect of the gust
is clearly visible on the third, fourth and fifth snapshots. The maximum displacement obtained
on the wing tip is about 4 m (for comparison the static deformation at equilibrium at the wing
reached 2.4 m) and —1.5m at the gust maximum. To validate our direct coupling methodology,
we compared it against a dynamic modal simulation, a coupling scenario which is already well-
established and has been validated for the AGARD wing (see Section 3.3). In this reference
case, the structural dynamics is restricted to a set of 10 modes, primarily representing the wing’s
bending and torsional behavior, computed in a pre-process phase. Note that for this reference
run, the gravity and aerodynamic loads are directly projected onto the modal basis expressed on
the fluid grid, while for the run in Figure 16, the forces and displacements are transferred at each
time step using nearest neighbor algorithm and thin plate spline kernel. Figure 17 compares the
two simulations in terms of lift coefficient and structural displacement at wing tip. The dynamic
response is nearly identical, despite the fact that the underlying numerical algorithms used for
coupling are fundamentally different.

0.44

0.37

0.2

0.14

Lift coefficient

0.0

Maximum strucutral displacement

—0.11 = OpenFSI coupling
\ Modal copuling with 10 modes

0 1 2 3 00 05 10 15 20 25 30 35
Time in s Time in s
Figure 17. Comparison of the lift coefficient and wing-tip displacement between two gust
aero-elastic simulations: one performed using a direct coupling between the CFD and CSM

codes (with mesh deformation and data transfer at every time step), and the other using a
modal coupling approach, similar to that presented in Section 3.3.
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4.3. The ERATO blade case: non-linear reduced order structural models coupled with CFD
and VPM

The final application presented in this paper focuses on the aero-acoustically optimized heli-
copter blade ERATO (Etude d'un Rotor Aéroacoustique Technologiquement Optimisé). The ER-
ATO geometry was designed primarily by ONERA and the DLR in the '90s. Experimental stud-
ies were carried out in 1998 to aerodynamically characterize the blade for different advance ratio
conditions and hover in ONERA’s wind tunnel in Modane. The blade has a double sweep con-
figuration to mitigate the effects of compressibility. Traditionally, blade structures are modelled
by 1D approaches (rigid elements with stiff connections, FE beam formulation, etc.) and differ-
ent studies have proven that for non-disruptive panforms the 1D structural modelling is accu-
rate enough to represent the aeroelastic behaviour [55]. However, for ERATO like complex plan-
form, even if the overall beahviour of the blade is captured, detailed studies highlighted the need
for more advanced structural models [56] to correctly assess its aeroelastic behaviour. Recently,
fully-coupled aeroelastic study with refined Reduced Order Models (ROMs) of the blade based on
FEM in hover flight has been achieved with MIMAS [57].

Material 5

Material 3
Material 3

(@) (b) (©

Figure 18. (a) Structural model of the ERATO blade used in this study. (b) Root mesh
discretization. (c) Tip mesh discretization.

A detailed view of the root and the tip of the ERATO’s structural mesh is presented in Figure 18.
The mesh is formed by linear hexahedral, tetrahedral and pyramid FE elements and contains
32436 nodes. The blade is composed of five different materials (represented by different colors)
and is assumed to be clamped at the root. The blade structure is resolved through a geometrically
nonlinear reduced model (ROMs) based on ICE projection (see Section 2.7). The construction
of the non-linear model is carried out with the finite element software Code_Aster during a
preprocess stage. To solve the fluid around the blade, several methods including URANS and
mid-fidelity methods have been employed, with the aim to compare them. The most expensive
computation is obviously the one performed with the elsA code using an overset technique.
In that case, a Gear time algorithm is used with a Jameson, Schmidt and Turkel JST centred
spatial discretization scheme (including artificial viscosity) and a Wilcox turbulence model for
the hover flight. A less expensive method is the Vortex Particle Method (VPM) which is described
in Section 2.9.

We summarize below some of the results conducted in this study. Figure 19 shows a snapshot
of the VPM simulation during the coupling process. Approximately 30 new particles are launched
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Figure 19. Snapshot of the wake generated by the VPM ONERAs code around ERATO’s
helicopter blades. The flow is represented by particles shed in the wake during the coupling
process. The code has been run on a single GPU of the ONERA’s development cluster.

(a) (b)

Figure 20. (a) llustration of displacement transferred on the ERATO blade with the RBF
algorithm, resulting from the non-linear reduced structural model. (b) Illustration of forces
transferred on the ERATO blade with the nearest neighbour algorithm, resulting from the
VPM computed forces.

from the chord quarter at relatively regular times, depending on the spatial and time variations
of circulation. As explained in Section 2.9, the velocities of particles simulated in the wake are
feeding back a lifting line model, which in turns change the particles distribution. CFD/ROMs
and VPM/ROMs analyses show similar trends in terms of provided thrust, torsional deformation
(pitch-down), flap displacements, aerodynamic loadings and maximum displacements, which
suggest that mid-fidelity aerodynamic method can be employed to assess the aeroelastic be-
haviour of complex helicopter blades. Figure 20(a) shows that the ERATO blade in hover flight
is significantly impacted by the torsional aeroelastic behaviour leading to a pitch-down effect on
the blade-tip. In particular, simulations seem to indicate that the blade-vortex interaction is re-
duced when the flexibility of the blade is fully taken into account. Figure 20(b) illustrates the dis-
tribution of vertical loads on the structural nodes during the coupling process. Note that non-
linear mechanical effects tend to slightly reduce the final blade deformation, although a more
exhaustive study is required to characterise in details the non-linear physics.
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5. Perspectives & Conclusions

This paper presents MIMAS, a new tool developed at ONERA designed to perform next-
generation of aeroelastic simulations. MIMAS has been developed alongside the new emerg-
ing HPC codes such as CODA and SoNICS, with the aim of externalizing various simulation com-
ponents that were traditionally embedded within elsA’s fluid solver kernel. Among these compo-
nents are the mesh deformation and data transfer algorithms, which have been greatly improved
and parallelized to fit with the current HPC standard. Results were presented to demonstrate the
reliability of this modular implementation across a wide range of test cases with multiple levels
of complexity, including static coupling, forced harmonic motion, and dynamic coupling sim-
ulations. This modular framework also currently offers new capabilities, such as compatibility
with unstructured meshes, which are essential for next-generation codes like CODA and SoNICS.
Additionally, it offers several ways for coupling fluid with non-linear structures, and proposing
new implementation of time-marching algorithm dedicated to FSI problems. The library sup-
ports now full dynamic coupling with linear or nonlinear structural models and codes (such as
NASTRAN), extending its ability to simulate complex unsteady phenomenon with large deforma-
tions.

Future development within this library includes several key research areas aimed at enhancing
its capabilities and performance. Firstly, efforts will focus on the linearization and adjoint formu-
lation of all functions (or operators), allowing for more efficient optimization and sensitivity anal-
ysis. In addition, performance improvements will continue, particularly in the areas of mesh de-
formation and data transfer, which are critical for handling increasingly complex configurations.
For elastic analogy in mesh deformation, an unstructured linear FEM code is under development
and could progressively replace the structured version, with better preconditioners to accelerate
its convergence. Interpolation methods will also continue to be refined, with a focus on blending
techniques that take into account real intersections to improve accuracy. These techniques could
also be upgraded to incorporate projection method based on 3D finite elements. Another impor-
tant direction of research is the improvement of time-coupling schemes, which will allow more
accurate and efficient simulations of dynamic systems. As the library evolves, it will become fully
compatible with new HPC architectures such as those encountered in SONICS and for example
extend its capability to GPU execution. Extensions to other physics are also not excluded. Cur-
rent developments, together with future improvements, will hopefully push the boundaries of
what is possible in high-fidelity aeroelastic simulations.
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Appendix A. Errors generated by clustering in the IDW formula

The purpose of this appendix is to determine the error bound made on the IDW formula when
summing over the inverse distance of clusters barycentre.

Consider a set S of source points M; and a set C consisting of N, clusters of these points (see
Figure 21). We assume that each point M; belongs to a unique cluster. Each cluster is denoted
by Cx, where k is an integer between 1 and N, and its cardinal is denoted ny.
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Cluster C,
With surface s,

Figure 21. IDW clustering approximation.

For any summation over S, we can rearrange the terms as follows:

ZWF%(Z w]')- (1n

ieS k=1\jeCy
We note with a bar and index k the average of a field over a cluster, then we have for any field w;:
Ne
Z w; = Z Ny Wk. 12)
i€S k=1

For a given cluster Cy, we introduce the dimensionless field dispersion €,, with respect to the
cluster barycentre (or average defined above) so that for each point in the cluster we have:

wi=wr(l+ey;). (13)
It comes immediately that:
Y €wj=0 and ) €,;=0. (14)
jECk i€eS

By using the above relations, the product of two fields w; and D; in the summation over the
cluster leads to an additional correction term which depends on the product of the two dispersion
fields:

N, _
Z w;D; = Z nkkak(l + Z ije‘Dj). (15)
i€eS k=1 jeCy

Now dividing (15) by (12) gives:
YieswiD; Zgil nkwkﬁk(l + Zjeck ewjeDj)
Yies Wi YR Ny v
We recognize on the left the exact IDW formula. On the right the approximated IDW formula

computed from cluster barycentre is recovered for zero dispersion (¢,,; = €p; = 0). The relative
error & on the formula is then bounded by:

. (16)

Emax = max
k=1,..,N,

Y €wj€pj|- 17)

jeCk

The next step would then be to give an estimation of the upper bounds for €,, and e p. However, in
practice, this expansion cannot be used straightforwardly since the average of the IDW weight wy
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cannot be computed for each point P in the volume without high computational cost. We search
therefore for an approximation of the IDW formula that depends only on the distance from P to
the clusters barycentre.
For an arbitrary point in space P, the IDW weight is:
Sj

wj=—g (18)
J

where

d2 —xp+x —2Xp X 19)
is the distance from P to the point M; in the cluster, Xp is the position vector of P with respect
to the cluster barycentre and s; is an additional surface element relative to the source. In the

following we note dp = i%, the distance of P from the barycentre. Assuming that the squared
distance inside the cluster x? is small compared to df,, we apply a Taylor expansion to compute
the inverse distance:

2
1 1 X X; X -al2
—:—(1+—f—2 J P)

d® a® d2 d2
j P P P ) (20)
1 xp aXj 1 X xp)?
=E 1+ax]--—2—5 2+2a(a+2) > .
P dP dP d

Summing this expression over the points in the cluster Cy and assuming that the elementary
surface into the sum is almost uniform gives:

=t ¥ 2L

J€Ck
2 2

1 Sj xp aXj 1 ( "XP)
=— l+axy- = ———+-a(a+2)

ni jékd“( Y4z 24 2 dz @D
_Sk(1+a(zx) LN a(a+2)Z( Xp)z)
= — B ]- —_— = — —_— .

g\ \E ) a2 2 Y o jec\ di

Since the sum of dispersion vectors is zero, we end up with

2
— S 1 X Xp a 1
e =— 142 a(a+2)— Z( ! ) -
da 2 Nk jeCy dj%

Y x?) (22)

2dj ni j e,
Assuming that x; and xp make an angle 4 j, we finally obtain:

Wy = da(1+ek), (23)
with
a 2 2
€k = 2d2 k]ezck[(a+2)cos 67— 1]x;. (24)

Since 0 < |cos?(§ )| < 1, an upper bound for € is

alarD 1 Y x5 (25)

lekl <
2
de nk jECk J

We now use the fact that the clustering procedure ensures that the variance associated with
coordinates and displacements inside each cluster is lower than a certain value 0. In other
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words, if we note x; the position of a point M; in the cluster relative to the barycentre, and D;
the displacement field, we have:

— Z x <0y, (26)
k jeCy
LY ®-ppPsop @27
Mk jecy
Using these constraints gives:
ala+1)og
lekl < ——%— (28)
2dy,

where dyy is the minimal distance from P to the source, which can be easily computed in a pre-
process calculation. Finally, going back to eq. 16, we have

Zk lnkda Di(1+ X jec, €wjen;) (1 +€x)

LiesWiDi _ ! 29)

Yies Wi N, Sk

DR Ja

Py

which leads to the following upper bound for the error
ala+1)og
Emax = € —_— (30)
max = - 1. 'ché wj€Dj+ Zd‘z/v

Neglecting the variance of the displacement inside each cluster or assuming that the average
cross correlation between displacements and IDW weight is negligible, we end up with:
ala+1)omax

gmax(P) = Zdﬁ,

(€20)]
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1. Introduction

elsA is an important Computational Fluid Dynamics (CFD) solver that was improved and ex-
tended over more than 25 years of development [1-3]. It was and still is developed in partner-
ship with and used by several industrial partners such as Airbus, Safran, EDF or MBDA. elsA is
now a tool with many capabilities, and can be used both for transport aircraft configurations [4,5]
and helicopter applications [6,7], as well as for turbomachinery flow simulations [8,9] and steam
turbine applications [10,11].

However, elsA’s implementation was not designed to tackle the challenges that were raised in
the past decade. Indeed, it has a monolithic structure based on oriented object approach that
combines python, C++ and Fortran code with intricate dependencies. This structure together
with the large code base implementing the many functionalities supported by elsA makes it diffi-
cult to maintain and extend, which includes adding support for new efficient hardwares such as
GPUs. Moreover, to support gradient optimization, the code differentiation of all kernels in elsA
must be hand-written instead of automatically generated using either existing static tools [12,13]
or dynamic analysis [14-16]. Updating elsA to support GPUs and automatic differentiation would
require a complete overhaul of its implementation.
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In addition to these difficulties, the usecases for fluid flow simulation evolved in the past
decades, and new functionalities are expected by our industrial partners or by internal requests
from ONERA’s teams. In particular, we identified three main requests from elsA’s users.

Simulations: There is an important interest in simulating the flow around or inside larger objects
and with more precision, including the simulation of full engines. Such simulations
are complex to configure and require much memory and computational resources to
perform. A modern CFD software must be easy to configure and must be able to take
advantage of powerful hardware, that are all complex, distributed and heterogeneous.

User experience: Setting up a simulation, checking that it is going smoothly and analysing the
results are arduous tasks, and a CFD tool should integrate tools and techniques that
would make them as straightforward as possible. This includes simple mechanisms to
help the user to design their mesh (such as automatic mesh refinement), and APIs to
help couple the tool with other solvers. Many elements can contribute to a better user
experience (e.g., better user interfaces, clear and interactive feedbacks), but all require a
robust understanding of what is the information relevant to the user, what computation
is being performed, and how to transform this computation to perform additional task,
like exchanging data with another solver or computing mesh refinement metrics and
updating the mesh.

Design: Simulations can be used to help design objects by pointing what features of a simulated
artifact cause turbulences or other unwanted behaviors. This is done by differentiating
the performed simulation, and so a CFD tool should provide a general mechanism to
produce such derivatives so the end users can get all the data they need to analyse and
optimize their artifact.

This paper presents the new CFD tool SoONICS which builds upon the expertise developed
around elsA, and uses a new implementation design based on technics inspired from software
engineering, scheduling, and other to solve the limitations of elsA’s implementation and answer
our partners’ requests.

This article is structured as follows: Section 2 presents the main choices made in the design
of SoNICS and motivates how they contribute in satisfying the user requests; Section 3 briefly
presents and discusses some of the simulation that were already done using SoNICS; Section 4
discusses the related work and Section 5 concludes the article.

2. SoNICS’s design and workflow

As shown by the work around elsA and other CFD solvers, designing such a tool is a very
difficult task. The main difficulty is clearly captured by the apparent contradiction raised by
the Simulations requirement given in Section 1. Indeed, a CFD solver answering this request
must be able to perform a large panel of computations on different hardware architectures,
which requires to have a large configuration space (e.g., which turbulence model to apply,
how many CPUs are available), and a complex control flow to apply this configuration during
the computation. This control flow entails a large running overhead, which contradicts the
requirement for the computation to be efficient. Moreover, compilers also have difficulties to
manage codes with complex control flow, e.g., even if the field of code vectorization is the subject
of much research [17-19], all the technics must have a complete knowledge of the loops to
vectorize and fail with conditionals. Finally, automatic differentiation, required by the Design
requirement, can be achieved on code with complex control flow with a well known technic [14—
16] which unfortunately relies on registering at runtime all performed operations, which can
create a large memory overhead as discussed in [20]. On the opposite, purely functional code can
easily be differentiated using source transformation [12,13] with no overhead during execution.
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A second difficulty is captured by another contradiction raised by the Simulations and User
experience requirements given in Section 1. Indeed, on one hand, the Simulations requirement
asks a CFD solver to be able to perform a large range of simulations, which implies providing to
the user an extensive panel of ways to configure the solver, including many options and hooks
into its code. On the other hand, the User experience requirement asks a CFD solver to provide
every user with a clear and expressive interface dedicated to their needs, to help them as much as
possible in setting up their simulation and pinpointing configuration errors before starting any
computation.

The development of elsA faced these difficulties at a lesser level, and proposed an interesting
solution for the main difficulty, that extracts its control flow from its computation. Indeed,
the control flow of a CFD solver has three main objectives: (i) it selects which variant of a
functionality to execute, depending on the user configuration (e.g., which turbulence model
to apply); (ii) it distributes the computation over the hardware architecture and identifies the
necessary communications between the nodes; and (iii) it triggers the computation of values
required by a functionality, depending on which variant of the functionality is being executed
and on the mesh topology. Since none of the inputs of the control flow change during the
computation, the selection, distribution and triggers can be computed once and for all, and the
computation can then be performed without any overhead. elsA implemented its control flow
in a complex component called Factory, and the computation’s implementation was split into
many independent kernels performing a well-identified task (e.g., computing the gradient of a
value), called operators, that the Factory would combine to produce a computation. This design
has three additional advantages:

(1) operators are simpler to understand and implement than complete functionalities,
which improves their capability to be checked, tested and maintained;

(2) many functionalities share some computations, and so splitting them into operators per-
forming these computations avoids code duplication and also avoids possibly comput-
ing multiple time the same data at runtime;

(3) itis easier to update, extend and add new functionalities with such a modular implemen-
tation, since existing operators can be used in new functionalities, and new ones can be
seamlessly integrated.

However, elsA’s Factory is difficult to maintain and extend, has difficulties to manage complex
distribution schemes, and is completely unable to handle automatic differentiation.

SoNICS’s design uses the same approach to keep elsA’s interesting properties, but completely
replaces the Factory with an explicit workflow based on the three following technics:

(1) it uses a standard and well studied formalism to manage its many configuration options
called Software Product Lines (SPLs) [21];

(2) it models the computation as an acyclic graph of operators, which enables SoNICS to
perform a very large range of analysis and optimization that were not possible in elsA,
including having a very efficient distribution and communication scheme;

(3) in particular, SONICS currently implements four graph transformation algorithms that
manage: (i) memory optimization and allocation; (ii) building the communication be-
tween the different hardware nodes; and (iii) performing the automatic differentiation.

The rest of the section is structured as follows: we first discuss how we structure SONICS’s user
interface to answer the User experience requirement; we present the complete SONICS workflow
that replaces elsA’s Factory; and then we discuss in more details the different aspects of the acyclic
graph of operators and its transformations.
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2.1. User interface

Configuring a simulation is a difficult task, which involves setting up which physical model to
use, which numerical scheme, which constants to use, and creating a mesh that could capture
the phenomena of interest. Unfortunately, no solution was found to simplify the configuration
process for a general purpose CFD tool. However, similar simulations are usually also configured
similarly, and so it makes perfect sense to design a wrapper tool specific for a category of simu-
lations that would only ask the user for the few information that would change in configuring a
simulation of that category, and automatically extend it into a full configuration for the CFD tool.

To simplify the direct configuration of SONICS and the design of wrapper tools, we identified
from our experience with elsA the central elements in configuring a simulation, and designed a
way to make these elements as natural to use as possible, and also focused on error reports, so
the user, if their configuration is erroneous, could easily identify what the problem is and how to
solve it.

SoNICS’s user interface is constructed around four configuration elements.

Topological data: We use the CGNS (CFD General Notation System) standard [22,23] to store the
topology and its associated data. This format is widely used for storing and sharing CFD
data (mesh structure in particular) and provides a clear hierarchical organization of data,
facilitating the management of complex mesh structures with a clear separation of geom-
etry, topology and solution data. Moreover, ONERA has developed the Maia library [24]
which facilitates the manipulation of CGNS data structures using a simple python APIL
Maia provides easy access to complex algorithms such as load/store operations, parti-
tioning, and solution transferring within a distributed memory context. Finally, to en-
hance modularity and performance in distributed memory environments, ONERA has
implemented a simple and efficient in-memory representation of the CGNS format. This
approach allows for efficient data handling and manipulation, which is crucial for high-
performance computing applications. The integration of the in-memory CGNS repre-
sentation is effectively utilized in the SoNICS framework, supporting the entire workflow
from pre-processing to post-processing.

Options: As discussed previously, we use SPL technics to manage the organise the many options
of SoNICS, and in particular, these options are organised into a Feature Model. Feature
Models have the interesting property of capturing the notion of valid option selections.
Indeed, not all options can be selected together. This property allows SONICS to detect
and report possible errors in the user’s option selection before starting its computation.

Data of interest: The user may be interested in data that are not part of the computation of the
fluid flow, e.g., the pressure on a specific boundary to check if the material is resistant
enough, or some metrics used for automatic mesh refinement. elsA uses an enumeration
to list all data that can be requested by the user, which forbids the user to request data
that could be computed but that was not included in the enumeration. In SoNICS, we
designed a Domain Specific Language (DSL) embedded in python to express any possible
data: this way, any data that can be computed by SoNICS can be requested by the user.

Workflow modification: Finally, some user requests have an impact on SoNICS’s workflow.
First, coupling with another solver requires to regularly exchange data with another
software: to this end, SONICS includes a very simple Aspect Oriented Programming [25—
27] interface called triggers which allows the user to insert any python code before and
after each iteration of the simulation. Moreover, automatic mesh refinement wraps the
whole SoNICS’s workflow in a loop where each iteration computes some refinement
metrics and adapts the mesh w.r.t. these metrics, or exits the loop when the obtained
mesh is satisfactory. To allow such an intrusion into SoNICS’s workflow, it has been
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implemented in python with clear modules and data structures, so any motivated user
could insert their code where it is relevant.

2.2. Complete workflow

The complete workflow of SONICS is presented in Figure 1. It produces from the user configura-
tion a well-balanced distributed computation performing the requested simulation. The work-
flow starts from the left: we have the Operator Bank, filled by the SONICS developers, which stores
all the information concerning the operators available in SONICS; and the user configuration split
into the Option Selection, the CGNS input file and the Other user requests. The Option Selection
is used by the Variant Selection mechanism to obtain the Operator Variants from the Operator
Bank. This mechanism is a standard tool in the SPL formalism, which will be discussed in Sec-
tion 2.3. In parallel to the Variant Selection, the raw mesh information, called DistTree is extracted
from the CGNS file. Using the DistTree, the Variant Selection and the data of interest in the Other
user requests, we generate a Primal Operator Graph whose purpose is to identify the computa-
tion that needs to be performed, and create a uniform distribution of that computation. This
distribution is computed by the Distribution component, which is currently implemented using
SCOTCH [28,29] or ParMETIS [30,31], and is used to produce a distributed mesh called PartTree.
Using this distributed mesh, SONICS produces a Distributed Operator Graph: this is the graph
that will be used during SONICS’s computation. This distributed graph is then managed by the
Builder which fetches the implementation of the different operators, gets from the PartTree the
different constants needed by the operators, resolves the inputs and outputs of the operators
into actual pointers, and produces a distributed faskflow that can be executed by the runtime.
The runtime is thus responsible of performing the computation given in the input taskflow, and
also performs the additional tasks requested by the user in the Other user requests. It is composed
by many libraries: some, like ParaDiGM [32], are used to manage the mesh, the data hosted by it
and the communications between the different computation nodes; some, like taskflow [33] are
used to execute the graph both on CPU and on GPU; others, like the array manager are internal
to SoNICS to perform various tasks (e.g., the array manager implements all of the data allocation
and reallocation functionalities required to execute the graph’s operators).

| Operator |

Variants Operator Graph I e
Bank I > |
Selection Variants Generation { Distributed
ﬁ[ A t Operator Graph n
Graph Primal S mons )
Generation Operator Graph —» Distribution cons r*  Builder
T t ¢. ParTree n ¢
CGNS X _ 4 .
DistTree »  Mesh Split S
Graphn
requests 1 4'
|’ Runtime
||| amay | | ParaDiGM |
N Lmanager | acow )

Figure 1. SoNICS’s main workflow.
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2.3. Software product lines

Conceptually, a Software Product Line (SPL) corresponds to a set of similar programs, called vari-
ants, that share many characteristics and only differ due to well identified feature selection [21].
For instance, the linux kernel is a well-known SPL [34]: while every running linux kernels do im-
plement an operating system, depending on the selected and unselected options before com-
piling it, many of the functionalities of that system do change (e.g., hardware support, dynamic
module loading, etc). SPLs are largely used in the automotive industry [35] to manage the soft-
ware of the many car variant. The field of SPL focuses on solving two problems: (i) how to or-
ganize the many options of a software to have a clear picture of the configuration space; and
(ii) how to apply these options in the code to avoid code duplication and facilitate maintenance
and evolution.

A CFD solver such as SoNICS is a natural usecase for SPL, since it must include many options
to capture all the possible user configurations. In SoNICS, we used a well-known standard
to organize its options, called Feature Model (FM). Such a model organizes options in a tree
hierarchy, with additional constraints on option selection written with boolean formula. A
simplified version of SONICS’s FM is presented in Figure 2. Here, the configuration space of
SoNICS (modeled with the sonics option) is split in four categories: formulation states which
discretization of the computation to use (e.g., either computes the values in the cells of the
mesh, or on its vertices); spacial_dimension states how many dimensions to consider (2 and 3
dimensions are currently supported); motion states if the computation is stationary or not; and
model presents the options to configure the equations to consider in the computation. Below
the tree hierarchy are two additional constraints restricting how the options can be selected:
transition_closure = k1 Vkw means that if the user wants a transition closure, then only the
turbent model k1 or kw can be selected; and | zdes = spalart means that the Zonal Detached
Eddy Simulation can only be performed in SONICS with the spalart turbulence closure.

formulation | |spacial_dimension | |motion
physical_model ‘viscosity‘ ‘ Ihermal_conductivity‘ ‘ multi_species

+

turbulence_closure ‘ transilioﬁ_closure‘ zdes ‘wanderwaals‘ ‘ robinson ‘ ‘mbinson_sv
7 Legend:
; [ Feature
® Mandatory
transition_closure = kI v kw' © Optional
zdes = spalart Alternative Group

Figure 2. A simplified version of SONICS’s feature model.

The effect of most of these options is to select which variant of every operators implemented
in SoNICS will be used in the simulation, and to generate some additional information that will
be discussed later. This selection, performed by the Variant Selection in Figure 1, is implemented
by a combination of Delta-Oriented Programming [36,37] which carries the options selection to
the operators, and either brute force implementation of an operator (one implementation per
variant), or code generation technics based on C++ templates or sympy [38,39].
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2.4. Task graph

While the SPL mechanism manages the selection of the operators’ variants, the operator graph
captures which operators are necessary for a given computation. This graph structures the
computation into two kinds of nodes, operator nodes and data nodes, and where the edges
connect operators to their output data and data to the operators using them in input.

The Graph Generation task in SoNICS’s workflow automatically produces this graph, and
works by: first producing a local operator graph describing only the computation of the direct
data; and then applying the different algorithms that will be discussed in Section 2.5 to complete
the graph with derivative computation, memory allocations, etc. In this section, we present how
the initial local operator graph is generated.

The first step of the Graph Generation is based on two important characteristics of many HPC
computations: (i) the computation calculates well identified values (e.g., in SONICS, these values
are the flow update and other values explicitly requested by the user); (ii) the steps that perform
this computation are mostly side-effect-free, i.e., they have well identified inputs and outputs and
do not have complex interaction patterns using shared objects or global data. Using these two
characteristics, the local operator graph is generated, using the operators stored in the Operator
Variants registry with the following pseudo-algorithm:

1 todo
> done = @

3 while todo #¢@:

| v = remove a value from todo

set of all values to be computed

5 f = find an operator that computes v
done U {v}
todo U (inputs(f) \ domne)

6 done
7 todo

This algorithm starts with the values that need to be computed (i.e., flow update and the user’s
data of interests) and iteratively adds operators to compute these values, these operators having
themselves inputs that need to be computed. Hence, it is essential for this algorithm to have a
clear description of the inputs and outputs of every available operators: this description is one
of the additional information generated during the Variant Selection and is expressed using the
DSL also used by the user to specify their data of interest. Moreover, an important property of
a CFD simulation is that its computation depends on the mesh structure: this is captured in
SoNICS with operators having a generic number of inputs, that are instantiated with the mesh
topology. Figure 3 introduces our running example, which consists of the generation of a very
simple operator graph, considering a euler computation of order 1, including a source term, on a
mesh with one zone with two border conditions, one of type Inj and one of type wallslip.

The generation starts with the value modeling the flow update, called Rhs, on the only zone
of the mesh. One iteration of the loop finds the operator Rhs which computes Rhs and has the
value Balance as input. After five other iterations, the operators FluxBalance, SourceTerml,
FluxDensity, ConvectiveFlux and Primitive were found and inserted in the graph. The next
iteration adds the operator ConvectiveF1luxBC to compute Fg.: as discussed before, the inputs
of this operator depend on the structure of the mesh, and since the mesh’s zone has two boundary
conditions, this operator has two inputs, one per condition. The rest of the graph generation is
straightforward: the two Conservative values on the boundary conditions are computed by
their respective operators, both depending on the main Conservative data. The only value left
without an operator computingitis Conservative, which is the input of the global computation.

To illustrate how option selection can affect the computation, Figure 4 presents the graph for
the same computation, except that its order has been changed to 2. In order 2, the operator
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Figure 3. Simple operator graph generation.

| FluxBalance }—)| Rhs |

Rhs

ConvectiveFlux additionally needs the value grad (Primitive) in input. While the rest of the
generated graph is identical to the one in Figure 3, the graph generation process includes this
new dependency and finds the operator Gradient to compute it from the data Primitive.

One of the main challenges in creating this automatic graph generation mechanism is to
design the DSL in which to express the inputs and outputs of the operators. Since the operators
have various properties (e.g., some have a generic number of inputs; others like Gradient can
produce the gradient of any value), that language must be flexible enough to capture these
properties, while still allowing to easily find an operator computing a given value (line 5 of
the graph generation algorithm). The details of the language we use in SONICS are discussed

in [40,41].
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Figure 4. Simple operator graph with order 2.

2.5. Graph transformation

These different algorithms are implemented and managed in a similar manner as passes during
a compilation process: they analyze the operator graph, extract relevant information from it, and
modify it w.r.t. this information. The advantage of this architecture is its modularity: (i) every pass
has one specific purpose and so like for operators, they are simpler to understand and implement
than a complete transformation process, which improves their capability to be checked, tested
and maintained; (ii) every pass is independent, and so it is easy to enable, disable or implement
new passes depending on the needs. In SoNICS, we have four main passes.

2.5.1. Distributed computation

This pass manages the distributed nature of the computation by ensuring that all distant data
are computed and adding data transfer and communication operations to the graph. Indeed,
stencil operations use as input data computed on neighbouring zones: we thus need to ensure
that this data is computed, and perform the transfer to make it available for the stencil operations.
This pass thus analyses the graph to identify the stencil operators in the graph and the distant
data they need, ensure that these data are computed and add the corresponding data transfer
operators.

Let us illustrate this pass on the operator graph in Figure 3. The starting point of the pass is
the operator graph with some stencil information. This stencil information is provided either by
the developer (for hand-written operators) or can be automatically extracted from sympy code.
Figure 5 presents the stencil information for the operators Primitive, ConvectiveFlux and
Rhs. That information gives for every operator the rank, i.e., the number of layer of halo cells,
required for each of its inputs, and the rank provided for each of its outputs. For instance, Figure 5
states that the Primitive operator, having the same rank for its input and output data, does not
have a stencil and can be applied on data with a halo of arbitrary size. ConvectiveFlux is a
stencil operator, since that even if it can be applied on data with a halo of arbitrary size, the halo
produced in output is one less than the halo required in input. Finally, Rhs, like Primitive is not
a stencil operation.
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Figure 5. Stencil information of the operators Primitive, ConvectiveFlux and Rhs.
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Figure 6. Distributed computation: analysis and transformation of the operator graph.

Using this information, the pass computes the required and provided rank for every data in the
operator graph. This computation set the ranks of the inputs and outputs of the graph (i.e., Rhs
and Conservative) and propagate the constraints given by the stencil information in order to
minimize the number of data where the provided rank is strictly less than the required rank, i.e.,
data that would require a communication. Figure 6(a) shows the computed rank for our example
graph (if the required and provided rank are the same, only one value is given). Here, almost
all data have the same provided and required rank, except Conservative which is provided
with a rank 0 and required with a rank 1, due to ConvectiveFlux being a stencil operation.
Considering that the zone is distributed on two computation nodes, this rank discrepancy
triggers: (i) ensuring that the other node does provide the Conservative data; and (ii) add to
the graph the necessary communication operators to ensure that the needed rank is available
before the requiring operator is executed. The resulting graph is shown in Figure 6(b): a send
operation is added to provide the required Conservative halo to the other node, and a recv
operation is added before Primitive so it can perform its task on a Conservative data with a
halo of size 1.
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2.5.2. Legacy optimization

This pass implements a general mechanism to enable a memory and computation optimiza-
tion that were implemented in elsA and is still part of the hand-written operators in SONICS. This
optimization relies on the fact that some operators perform a simple arithmetic operation on
their inputs, e.g., in Figure 3, the Rhs and FluxDensity operators simply sum their inputs into
their output data. To illustrate the optimization, let us focus on the FluxDensity operator: here,
instead of computing Fy - and F¢ independently, storing them into different arrays and then sum-
ming them, maybe it is possible to use one unique array initialized to 0 and having directly the
ConvectiveFluxBC and ConvectiveFlux increment this array in sequence. This is only possi-
ble if these two operators have the possibility to perform these increments. This pass thus im-
plements an analysis to check if this optimization is possible, and then transform the graph in

consequence.
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(a) Arithmetic operation information (b) Group analysis
Figure 7. Legacy optimization: analysing the operator graph.

Let us illustrate this pass on the operator graph in Figure 3. The starting point of the pass is the
operator graph with some information stating which operator is performing a simple arithmetic
operation, and which operator can integrate this operation into an assignment. Like for the
previous pass, this information is provided either by the developer or directly inferred from
the operator’s implementation when possible. Figure 7(a) presents the information for all the
operators in the graph. Here, we can see that the operators FluxDensity and Rhs only perform
a sum operation, and the operators ConvectiveFluxBC, ConvectiveFlux, FluxBalance and
SourceTerml can integrate the sum operation into an assignment. The pass then identifies the
groups of operators that could be transformed into a sequence using only one array. Figure 7(b)
shows that in our graph, two groups are identified: one containing the operators FluxDensity,
ConvectiveFluxBC and ConvectiveFlux; and one containing the operators Rhs, FluxBalance
and SourceTerml. Finally, Figure 8 illustrates how these groups are transformed by the pass.
First, Figure 8(a) presents how the group 1 is transformed. First, a new data zero (F]gc) is added,
initialized to zero by the operator Init [+]. This array is added as input to the F1uxBC operator
which adds F§; to it (the fact that the array is modified inplace is modeled with the override
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edge between the data). Then, this array is given as input to ConvectiveFlux, which adds F, to
it: after this sequence, the data contained in this array is equal to 0+ F§,+ F, i.e., to FluxDensity.
Consequently, the operator FluxDensity is removed from the graph, and our array is directly
given as input to FluxBalance. In Figure 8(b), the group 2 is transformed in a similar way as the
group 1, with a new array zero (S!) initialize to 0, first updated by the operator SourceTerm1,
then updated again by the operator FluxBalance, resulting in the sum 0+ S! + FluxBalance,
i.e., the Rhs data.
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L

‘ zero (Fgg) |—>| ConvectiveFluxBC |

]
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Fic zero (§7)
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v 4
| FluxBalance H st |
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(b) Group 2 transformation
Figure 8. Legacy optimization: transforming the operator graph.

2.5.3. Graph differentiation

This pass manages the differentiation of the graph, and since the graph does not contain any
complex control flow, it is based on the method developed for the automatic source transforma-
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tion [12,13] to differentiate the graph, both in forward and backward modes. This method, ap-
plied to a graph and considering that the user wants to produce the derivative dD;/0D-, can be
summed up as the three following steps.

(1) Operator Identification: this step identifies every operators used to compute D; from D,
with their inputs and outputs involved in this computation.

(2) Operator Differentiation: for all of the identified operators, this step automatically gen-
erates (using automatic source transformation [12,13]) a new operator producing the de-
rivative of the identified outputs w.r.t. the identified inputs.

(3) Assembly: this step combines these new operators together witht the ones already
present in the operator graph to obtain a complete computation of the desired deriva-
tive.

Between the forward and backward mode, only the Operator Differentiation step changes.

Let us illustrate this pass on the operator graph in Figure 8(b)! by requesting the forward
derivative 0Rhs/dConservative. The Operator Identification step thus collects all operators
between Rhs and Conservative, i.e., all operators of the graph, with all their inputs and outputs.
Then, the Operator Differentiation step produces a derivative for every operator in the graph. We
distinguish between the forward and the backward mode.

Forward mode. In forward mode, the derivative of an operator can be generated from a set of four
rules. If we consider O, an operator and Oy, its forward derivative, with d, being any derived
output and d; any deriving input, the rules can be formulated as follows:

(1) the forward derivative of d, (resp. d;) must be an output (resp. an input) of Ofyg;

(2) if d; is used in a non-linear manner in defining d,, then d; must be an input of Otwas

(3) if d, is stored in the same array as d;, then the forward derivative of d, is stored in the
same array as the forward derivative of d;.

Figure 9 illustrates these rules by presenting how the derivative of Primitive and FluxBalance
are produced. First, Primitive is an operator taking Conservative in input and pro-
ducing Primitive in output, without any additional properties. So its derivative, named
fwd (Primitive) produces in output the derivative of Primitive (called fwd (Primitive)) and
takes in parameter both the original inputs of Primitive (i.e., Conservative) and the deriva-
tive of these inputs (i.e., fwd (Conservative)). The FluxBalance operator takes FluxDensity
and S! in input, and produces Rhs in output, with the additional property that Rhs is stored in
the same array as S', and that the computation of Rhs is linear w.r.t. both of the operator’s inputs
(noted £ (FluxDensity), &£ (S1)). Since the usage of the operator’s inputs is linear, its derivative
fwd (FluxBalance) does not need the direct values in input, and only uses fwd (FluxDensity)
and fwd (S') to produce fwd (Rhs). Moreover, the memory usage pattern is the same between
the direct operator and its derivative: fwd (FluxBalance) uses the array storing fwd (S!) to put
its fwd (Rhs) output.

Finally, the Assembly step produces a complete operator graph computing the requested
derivative, which is presented in Figure 10. To improve readability, the differentiated operators
have a pink color, and edges connecting derivative data are also pink. We can notice that some
direct operators present in Figure 8(b) are not present anymore in this graph: this is due to the
fact that some operators are linear and so do not need the direct data in input, which thus does
not need to be computed.

ISince the derivation process is order-sensitive, it must be applied after the pass Legacy Optimization which
reorders the operators.
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Figure 9. Graph differentiation: example of operator derivative for forward mode.
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Figure 10. Graph differentiation: computing 0Rhs/dConservative in forward mode.

Backward mode. In backward mode, the set of rules to produce the derivatives are more complex
than in the forward mode and lead to a bigger operator graph. This complexity is due to the fact
that the information flow in the backward derivative is reversed w.r.t. the direct graph. Hence, if
some data is used by several operators in the direct graph, the backward derivative of this data is
constructed by the sum of the contributions of all these operators’ backward derivative. To deal
with the fact that a direct data can have multiple contributors in backward mode, we tag these
backward data with the name of the contributing operator. If we consider O, an operator and
Opuwa its backward derivative, with d, being any derived output and d; any deriving input, the
rules can be formulated as follows:

(1) the backward derivative of d,, (resp. d;) must be an input (resp. an output) of Opq;

(2) if d; is used in a non-linear manner in defining d,, then d; must be an input of Oy;4;

(3) if d, is stored in the same array as d;, then the backward derivative of d; is stored in the
same array as the backward derivative of d,;

(4) if d; is not overridden by any output of Oy, then its backward derivative supports
incrementation (see Section 2.5.2).

Figure 11 illustrates these rules by presenting how the derivative of ConvectiveFluxBC,
ConvectiveFlux and Primitive are produced. First, ConvectiveFlux is an operator tak-
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ing F, and Primitive in parameter and returning FluxDensity in output, with the addi-
tional properties that FluxDensity is stored in the same array as Fj, and is linear w.r.t. the
same value. Note that the output FluxDensity is used only by the operator FluxBalance
(which is thus the only contributor to the backward derivative of FluxBalance). Consequently,
the backward derivative of ConvectiveFlux, called bwd (ConvectiveFlux), takes in parame-
ter the backward derivative of FluxDensity, called bwd (FluxDensity) and tagged only with
FluxBalance, and also Primitive since FluxDensity is not linear w.r.t. this data. In out-
put, bwd(ConvectiveFlux) produces the backward derivative of Fgc and Primitive, both
tagged with ConvectiveFlux. Moreover, since FluxDensity is stored in the same array as Fg,
bwd (F§,) is stored in the same array as bwd (FluxDensity); and since Primitive is not over-
ridden by any output of ConvectiveFlux, bwd (Primitive) supports incrementation. The con-
struction of the backward derivative of ConvectiveFluxBC is similar, except that since it has
more inputs and no linear or overriding properties, the resulting operator has more inputs and
outputs, and all its outputs supports incrementation. The construction of the backward de-
rivative of Primitive concludes our presentation. The primitive operator has a simple struc-
ture, with only one input and one output, with no linear or overriding properties, but its out-
put Primitive is used by three different operators that will all become contributors to the back-
ward derivative of the Primitive data. Hence the operator bwd (Primtive) has only one output,
bwd (Conservative) which supports incrementation, and two inputs: Conservative (since
Primitive has no linear properties), and the main one that collects in a sum all the contribu-
tions made to bwd (Primitive).

Finally, the Assembly step produces a complete operator graph computing the requested de-
rivative, which is presented in Figure 12 where direct operators have been removed for readabil-

ity.

2.5.4. Memory management

This pass completes the graph with memory allocation and array copy operators. Indeed, all
the data computed in the graph must be stored on some array which must be allocated. Some
of these array must be allocated only once (for data whose size do not change over time), some
other must be reallocated regularly, e.g., for iso-surfaces. Moreover, as illustrated in the Legacy
Optimization pass, some operator may override the content of an array with its own output,
possibly creating issues if that content is used by another operator. To avoid such data-race,
in most case it is enough to force the execution of the overriding operator after the other ones
using the data. But in rare cases, the input data must be copied. This pass thus analyses the
data manipulated by the graph, its size, and computes an allocation scheme suited for it, i.e., it
associates a memory space in an array for every data while ensuring that data is overwritten only
when it is not used anymore. Then it adds to the graph the corresponding memory allocation
operators.

Figure 13 presents the result of the pass on the graph in Figure 8(b). Since every overwritten
data is used by only one operator, no ordering between operators nor copies were added to the
graph. However, five allocation operators were added to the graph: (i) the Primitive data
is created by the Primitive operator (which needs an array to store it) and so that array is
allocated by the operator Alloc [Primitive] before the Primitive operator is executed; (ii) and
(iii) similarly for the Inj and Wallslip operators, the array where they store their output is
allocated before they execute; (iv) since the data zero (Fgc), Fgc and FluxDensity all share the
same array, only one allocation operator is added to create the array that will be filled with 0 by
the Init [+] operator on the left of the graph; and (v) similarly with the data zero(S!), S! and
Rhs, only one allocation operator is added to create the array that will be filled with 0 by the
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Figure 11. Graph differentiation: example of operator derivative for backward mode.

Init [+] operator on the right of the graph. Note that since the Conservative data is an input
of the graph, it does not need to be allocated.

3. Results

SoNICS and its architecture have been gradually tested and validated from simple cases like
NACAO12 airfoil on inviscid flow [42,43] to more complex academical case like the ONERA M6
Wing [44] and specific open usecases to validate turbulence models [45], up to industrial cases.
Currently, SONICS supports: Conducted Reynolds-Averaged Navier-Stokes (RANS) simulations
with Spalart-Allmaras [46] and k-w [47] turbulence models; Incorporated transition modeling
through transport equations, specifically employing the Menter-Langtry transition model [48];
and Multi-species simulations to account for combustion phenomena. Moreover, unsteady
computation with Runge—Kutta [49] or BDF2 [50] approaches and advanced version of the Zonal
Detached Eddy Simulation (ZDES) based on Spalart-Allmaras model proposed by Deck [51] have
also been implemented, tested and validated. Furthermore, to effectively manage computations
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Figure 13. Memory management: adding the allocation operators.

on meshes with high anisotropy ratios, SONICS includes a vertex-centered solver. This approach
is widely recognized for its robustness when dealing with highly anisotropic meshes, ensuring
accurate and stable numerical solutions even in challenging geometric configurations.
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The rest of the section presents two cases of interest to highlight the different architecture
choices of SONICS: (i) the NASA Rotor 37 [52] demonstrates the capabilities of turbomachinery
simulations and compares the results of SONICS to those of elsA; (ii) a generic rocket after
body [53,54] compares the cell-centered solver and the vertex-centered approach with mesh
adaptation.

3.1. NASA Rotor 37

The NASA Rotor 37, presented in Figure 14, is a widely recognized and extensively studied test
case in the CFD field for turbomachinery applications. This transonic axial compressor rotor
was designed in the 1970s and was tested at NASA’s Lewis Research Center (now Glenn Research
Center) [55]. As an isolated rotor, the NASA Rotor 37 continues to be relevant in modern CFD
research, serving as a platform for testing new numerical methods, turbulence models, and
optimization techniques. Its well-documented geometry and experimental data make it an ideal
candidate for validating CFD solvers and exploring advanced concepts in turbomachinery flow
physics.
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(a) NASA Rotor 37 blade (b) Computation with SONICS

Figure 14. NASA Rotor 37.

To validate SoNICS, a comparative study is conducted using the NASA Rotor 37. The same
calculation is performed using both elsA and SoNICS in a nearly identical numerical configura-
tion using a Roe scheme on an unstructured hexahedral mesh consisting of 1,480,704 cells. The
turbulence is modeled using the Spalart-Allmaras (SA) model, a widely adopted one-equation
Reynolds-Averaged Navier-Stokes (RANS) turbulence model. Our comparison focuses on sev-
eral key parameters of interest, including the isentropic Mach number. Moreover, to showcase
the flexibility of SONICS’s architecture, the comparison is carried out on two different scenarios:
(i) first-order accuracy; and (ii) second-order accuracy without slope limiters.

Figure 15 shows respectively a slice of the isentropic Mach number at mid span blade
(h/H =50%), the distribution of the stagnation pressure and temperature ratio among the ra-
dius at station 4 (cf. Figure 14(b)). We can see here that the results between elsA and SoNICS are
similar: the tiny differences are caused by the fact that turbulence model are not strictly the same
(the model in SoNICS slightly improves over the one in elsA by taking into account compressibil-
ity phenomena).
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Figure 15. elsA and SoNICS comparison of isentropic Mach number (a) at order 1 and
(b) order 2; stagnation pressure ratio (c) at order 1 and (d) order 2; stagnation temperature

ratio (e) at order 1 and (f) order 2.

3.2. Simplified launcher afterbody

This case consists of two concentric cylinders with the inner cylinder modeling the nozzle as
shown in Figure 16. The primary cylinder has a diameter of D = 0.1 m and a length of L = 1.2D.



1280 Michael Lienhardt and Bertrand Michel

Experimental investigations were conducted in ONERA's S3Ch transonic wind tunnel [53] and
advanced turbulence modelisation like Zonal Detached Eddy Simulation (ZDES) approach have
been studied at ONERA on this case [54]. The experiment was conducted at a Mach number of
M = 0.7 with a Reynolds number based on the cylinder diameter of Rep = 1.2 x 10% and such
that the boundary layer thickness at the axisymmetric step is § = 0.2D. The Reynolds number
is sufficiently high to justify the use of Reynolds-Averaged Navier—Stokes (RANS) modeling for
turbulence. In this particular case, the Spalart-Allmaras model is employed as the turbulence

closure scheme.
Two computations have been done on this geometry:

(1) asimulation performed with the cell-center solver on a fine hand-made hexa mesh;

(2) a simulation performed with the vertex-center solver on tetra meshes; the simulation
is initiated on an extremely coarse tetrahedral mesh that was refined using a local Mach
number criterion; this adaptive mesh refinement procedure was iteratively repeated until

a predefined convergence criterion was satisfied.

(a) Overview extracted from [54]

Figure 16. Generic rocket aft body S3Ch.
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Figure 17. The geometry part of the operator graph.
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Figure 17 shows the flexibility of SONICS’s architecture by presenting the part of the operator
graph dedicated to the computation of the geometry for both computations: while these graphs
are very different, they were automatically produced and executed by SoNICS’s architecture
alone, with one option changed it input. Figure 18 shows the remarkable superposition between
the isolines obtained from the cell-centered solver simulation and the contours resulting from the
vertex-centered solver simulation after 15 adaptive refinement iterations. And finally, Figure 19
presents a comparative analysis of the pressure coefficient distributions obtained from two
sources: (i) the cell-centered solver simulation; and (ii) the vertex-centered solver simulation
after 15 adaptive refinement iterations. This validates the precision and reliability of the vertex-
center solver w.r.t. the cell-center solver inherited from elsA, and moreover, not shown in this
figure is the high degree of consistency between both numerical methods in this test case.

Isolines : SONICS cell_center
Contours : SoNICS vertex_center

Mach: 0.05 0.2 0.35 0.5 0.65

Figure 18. Isolines from the cell-centered solver simulation, superposed with the contours
from the vertex-centered solver simulation after 15 adaptive refinement iterations: they are
identical.

0T T T
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0.1

Figure 19. Pressure coefficient distributions from the cell-centered solver, and the vertex-
centered solver after 15 adaptive refinement iterations.

4. Related work

Many CFD solvers have been developed over the years. However, while plenty of bibliography
exists on the models supported by these tools, their simulations and performances, very little
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can be found on their workflow, even for open source solvers. In the following, we present five of
the most well-known solvers.

AVBP. This software [57,58] is developed at CERFACS and is specifically designed for simulating
unsteady turbulent compressible and reactive flows and especially Large Eddy Simulation (LES).
It is capable of massive parallel processing, supporting both CPU and GPU computations, and is
implemented in Fortran.

No documentation on its workflow is directly available, but the available presentations of the
tool indicate that it does not separate the control flow from its computation, which can add a
large runtime overhead to the computation, as discussed in this article. Its user interface consists
of a graphical interface named C3S to facilitate workflow management, and a component called
HIP to handle preprocessing. Finally, since AVBP is dedicated to unsteady computation, gradient
optimization does not fall within its primary area of interest, and so it does not support automatic
code differentiation.

YALES2. This software [59] is developed at CORIA for simulating unsteady, turbulent, incom-
pressible, compressible and reactive flows featuring feature-based mesh adaptation. It is com-
posed by several solvers, each dedicated to a specific family of simulation. All of its solvers are
implemented in Fortran 2008, have distributed hardware support, and some have been ported to
NVIDIA and AMD GPUs.

No documentation on its workflow is directly available, but it is clear from its design that
the part of the control flow dedicated to choosing the simulation model is separated from the
computation, since every supported model is implemented by a dedicated solver. Moreover,
the control flow dedicated to the management of the hardware and mesh topologies is most
probably implemented in a similar fashion as elsA, using a factory identifying what to compute
before actually starting the simulation. Its user interface consists of a python API that utilizes the
f90wrap library to facilitate the various Fortran data types wrapping. Finally, YALES2 is dedicated
to unsteady computation and does not support automatic code differentiation.

CODA. This software [60] (previously called Flucs) is a collaboration between ONERA, DLR and
Airbus and is implemented in C++, using templates for performance optimization. Like elsA and
SoNICS, it supports a wide range of physical models including (but not limited to): steady-state
Reynolds-Averaged Navier-Stokes equations (RANS) with various turbulence models, Large Eddy
Simulation (LES), Hybrid RANS/LES models for complex flow scenarios, Multi-species and reac-
tive flows. One noticeable particularity is that CODA implements a second-order finite-volume
method and higher-order Discontinuous Galerkin (DG) methods tailored on unstructured grids.
Moreover, it supports distributed hardware (based on the MPI [61], GASPI [62] and OpenMP [63]
libraries), and while it does not completely support GPUs, its implicit phase is based on the Spliss
library [64] which has full GPU support.

The control flow of CODA is split in two parts: the model and schema are managed during
compilation, producing one solver for a dedicated family of simulations; and before performing
the simulation, a factory identifies what to compute from the hardware and mesh topologies. As
user interface, it provides a python API. Automatic Differentiation is implemented in CODA with
ADOL-C [65] which performs a dynamic analysis during the simulation, with a possible memory
overhead as discussed in [20].

OpenFOAM. This software [66] is a free, open-source solver suite with a modular architecture
similar to YALES2 and CODA. It supports a wide range of physical models implemented by
around 100 different solvers, and can be executed on distributed hardware, including GPUs [67].
One noticeable particularity is that OpenFOAM’s architecture allows for easy coupling between
its different solvers.
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The control flow of OpenFOAM is split in two parts: the model and schema are managed dur-
ing compilation, producing one solver for a dedicated family of simulations; and before perform-
ing the simulation, a factory identifies what to compute from the hardware and mesh topolo-
gies. Its user interface is structured as multiple configuration files that the user need to fill using
a dedicated syntax. Finally, a specialized and partial version of OpenFOAM, called DAFoam [68],
uses dynamic analysis to achieve Automatic Differentiation based on CoDiPack [16] and MeDi-
Pack [69].

SU2. This software [70] is a free, open-source solver suite implemented in C++ dedicated to
diverse fluid dynamics problems, including steady and unsteady simulations, compressible and
incompressible flows, turbulence modeling and multi-physics problems. All of its solvers can be
run on distributed hardware, but support for GPUs is still partial. SU2’s code base was designed
for easy customization and integration of new features.

The control flow of SU2 is split in two parts, like the one of OpenFOAM. A python-based
graphical interface, called SU2GUI [71] is provided to the user to configure and manage SU2.
Finally, Automatic Differentiation is implemented in SU2 with dynamic analysis using CoDiPack.

Although many articles around these different solvers emphasize numerical methods or dif-
ferent physical modeling, information that directly addresses the architectural details of these
solvers is difficult to find. However, as discussed for each solver individually, it seems that like
elsA, they all offer an architecture where user choices are directly transformed into a static list
of functions to be executed at runtime. The particularity of SONICS’s architecture is its capabil-
ity to first generate a graph of operators from the user choices prior to the code execution. This
graph can be analyzed and transformed to optimize the runtime execution, similarly to a com-
piler analysing and optimizing the code in input to produce an efficient executable. Moreover,
thanks to SONICS’s code generation capabilities, the implementation of every variant of each op-
erator can be also generated on the fly.

It is important to emphasize that SONICS’s operator graph, its manipulation and distribu-
tion are largely inspired by Artificial Intelligence (AI) frameworks like TensorFlow [72] and Py-
Torch [73]. This alignment is a deliberate choice driven by shared constraints and objectives, like
efficiency and portablity. Moreover, modern Al frameworks include Automatic Differentiation
capabilities, typically implemented through sophisticated source code transformation tools like
Enzyme [13].

5. Conclusion

In this article, we presented the design choices and the structure of the new SoNICS CFD solver.
All of these choices were carefully made to satisfy the different expectations a user could have.
We illustrated our design with several examples to show how a user configuration is translated,
step by step, into an operator graph containing all the information necessary to perform a com-
putation answering the user’s request, with a focus on memory and time efficiency. Moreover, we
applied the complete tool on two important usecases, the Rotor 37 and the Simplified launcher
afterbody, validating its capability to seamlessly manage complex configurations and different
hardwares to perform both a direct simulation and a mesh refinement task.

In future work, we intend to improve and add several elements of the workflow. For in-
stance, the Graph Differentiation pass (in Section 2.5.3) is still in development; the Memory
Management pass (in Section 2.5.4) could be improved so more arrays could be reused, thus im-
proving the memory footprint of SONICS; the Builder task (in Section 2.2) can be refactored; and
the Distribution task (in Section 2.2) could be changed to compute a better load-balancing, us-
ing for instance algorithms of the HEFT family [74-76]. Moreover, more memory and time opti-
mizations can be added to the SONICS’s workflow: for instance, operators looping on the same
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data could be merged if they execute on CPU, so they would share the same loop, thus reducing
the latency due to cache misses. Finally, we also intend to perform more simulations using SON-
ICS, including coupling it with other solvers, to check if its current API is satisfactory or should be
improved to satisfy every user’s needs.
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1. Introduction

The design of high-speed vehicles heavily relies on Computational Fluid Dynamics (CFD), pri-
marily through steady Navier-Stokes (NS) or Reynolds-Averaged Navier-Stokes (RANS) simula-
tions. These simulations provide access to key performance indicators such as integrated data
(e.g., lift to drag ratio, thrust, aerodynamic stability, etc.) or local quantities (heat fluxes, pressure
load, etc.) that are then used to evaluate and refine the designs. Even with recent advances in
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terms of tools and solvers, setting up a CFD simulation from a CAD drawing of a system is still
a time-intensive task that must be performed by a skilled engineer. While the use of unstruc-
tured meshes has significantly reduced the human time required to build medium to high qual-
ity meshes, meshing remains one of the main blocking points towards the use of CFD in auto-
mated toolchains. As the aerospace industry continues to push for more efficient design, the ne-
cessity for automated CAD to post-process workflows becomes increasingly evident. The manual
CAD to mesh process, which is prone to human error and time-consuming iterations, obstructs
the overall productivity of engineering teams. An integrated, automated meshing solution would
significantly streamline the CFD pipeline, enabling faster design evaluation and optimization.

A possible solution for automatic CAD to post from the literature is the use of Immersed
Boundary Method (IBM) [1]. The main advantage of this technique is that it does not require a
body fitted mesh, and thus can use automatically generated Cartesian or octree meshes coupled
with automatic masking of the area inside the solid. This method has been widely used for lattice-
Boltzmann and steady or unsteady Navier—Stokes simulations, such as wall-modelled LES [2].
However, it usually suffers from multiple drawbacks. First, due to the absence of body fitted
meshes, IBM simulations often rely on wall models, which have the common issue of lacking grid
convergence [3] and exhibiting spurious behavior in separated regions [4]. This last drawback
may be problematic for high-speed vehicle evaluation, particularly for cruise vehicles, where
the air intake uses multiple shock-boundary layer interactions to slow down the flow and often
reaches a fully separated state. Getting precise laminar baseflow using wall-model can also be
challenging. Then, the use of body forces inherently leads to a non-conservative solution, which
can again be a major problem for internal aerodynamics, as the mass imbalance may cause a
wrong evaluation of the engine performance.

Another very promising solution to alleviate the manual meshing problems without the draw-
backs of IBM is anisotropic mesh adaptation. It provides good convergence of the solution even
with no physical intuition nor knowledge in the starting mesh, and do not suffer from conser-
vativity or spurious behavior in separated regions, given that it remains resolved and body fit-
ted. Anisotropic mesh adaptation is known for its high efficacy in the automatic generation of
optimal computational meshes, first within the context of inviscid flow simulations [5-8] and
more recently for RANS simulations [9,10]. At its heart, mesh adaptation [11-15] involves an it-
erative process: utilising data from a preceding simulation to automatically dictate the neces-
sary mesh adjustments required to enhance either the global solution accuracy or a particular
quantity of interest. This is achieved via solution-based sensors that analyse the current results
and subsequently define modifications to the mesh. The goal of these prescribed modifications
is to balance and optimise the element distribution — and, consequently, the computational re-
sources — throughout the domain [16-18]. Regions characterised by significant gradients in the
solution, or those deemed important for the computation of a specific output, are selectively and
automatically refined to increase the local accuracy of the discretization. The validity and opti-
mality of this methodology are underpinned by a formal mathematical analysis of the associated
numerical error [19].

However, most toolchains relying on mesh adaptation are still not automated CAD-to-post
workflows, as the tool often requires manually created surface and initial mesh of the model as
well as the tagging of the boundary conditions. They are also often relatively inefficient, even
if the mesh adaptation by itself allows for more efficient simulation due to the lower amount
of points needed to converge a solution, as they chain tools through Input/Output (I/0O, here
used to refer to the writing and reading of the solution on a physical disk space) and different
executables. Most of the tools are also not built to work in a parallel or distributed manner, which
strongly limits performance and, worse, the maximal number of points that can be computed, as
one may reach the memory limit of the computing nodes.
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In this context, this paper presents a fully automated, parallel distributed CAD-to-post toolset
for NS and RANS simulation based on anisotropic mesh adaptation, with a particular focus on
the demonstration of its ability to capture the flow around high-speed vehicles.

While the tool has already been extensively validated during development using non-
regression tests from the elsA solver, as well as open literature databases such as the NASA Turbu-
lence Modeling Resource, conducting simulations of high-speed vehicles introduces new com-
plexities that are specific to hypersonics and may not be covered by the usual CFD code valida-
tion. The tool must be able to handle highly compressible flow, including strong shocks, shock-
shock, and shock-boundary layer interactions. This may also be challenging in terms of mesh
adaptation, given that metric based adaptation will tend to refine regions with the strongest
gradients (i.e. shocks) while overlooking other physically important regions of the flow, such as
boundary and mixing layers.

To assess the ability of the tool to capture the flow around high-speed vehicles, it is tested
on open cases representative of the complexity of the flow encountered in real-life applications,
namely: a canonical reentry vehicle, a complex 3D forebody, and a supersonic internal air intake.
Finally, a demonstration on a mock-up full cruise vehicle is conducted.

The article is organised as follows. First, the Navier-Stokes solver, the re-mesher, and the way
they are linked together are presented. The manner in which the initial geometry, first mesh
generation, and boundary condition tagging are handled is also highlighted, given that they are of
great importance for the automation process. A new treatment of the metric used for adaptation
and CAD handling is also presented. The tool is then validated on different open cases from the
literature, representative of the complexity of real life applications.

The first case of interest is a canonical reentry vehicle that has been widely studied both nu-
merically and experimentally [20,21]. It consists of an axisymmetric cone-cylinder-flare geom-
etry, which offers numerous advantages. First, it allows for the comparison of the results and
performances of the toolset on a bi-dimensional case against well established solvers from the
literature. Even if geometrically simple, this case includes most of the complexity of the flows
encountered around reentry vehicles.

The second and third cases of interest relate to airbreathing cruise vehicles. First, an external
aerodynamic case is needed to validate that the tool can handle hypersonic forebodies, poten-
tially with complex flow features such as curved shocks, the linked vortices, and high-Reynolds
number laminar boundary layer. One main point of interest here will be the ability of the tool
to capture accurate wall heat fluxes, which is both a challenging quantity to obtain numerically
and one that is of paramount importance for the design of vehicles, as it will constrain the thermal
protection system. Here, the BOLT case is chosen as a reference given that it provides geometrical
and physical complexity close to that of real vehicles while being open and widely studied in the
literature, with experimental (both ground [22,23] and flight [24,25]) and numerical results [26].
Specifically, a very challenging numerical reproduction of the highest laminar flight Reynolds
number of the BOLT II campaign is conducted and compared to numerical results from [26].

The last validation case of interest relates to internal aerodynamics linked with ramjet propul-
sion. To get a properly functioning ramjet, one needs to slow down and compress the incoming
supersonic flow to reach a subsonic state inside the engine. This can be done using both exter-
nal and internal compression apparatus. Using a series of shock-waves, the flow is slowed down
to feed the combustion chamber. To properly design the engine, one needs to have precise data
about the flow that will enter the combustion chamber. Being able to easily and accurately com-
pute such flows is thus mandatory to correctly predict vehicle trajectories and validate designs.
For this case, the objective is to demonstrate that the tool can reliably reproduce the key internal
flow features, such as corner vortices, shock boundary layer interaction (SBLI) and shock-train
evolution. Even if some canonical cases of shock trains are available in the literature [27,28], they
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are too far from applicative needs to be used in the scope of this paper. As such, a new validation
case was built from scratch to reproduce all the flow features of interest. To establish a reference,
a DNS of the benchmark configuration is performed, providing high-fidelity data against which
results from the tool is compared. Given that the tool relies on turbulence modelling to capture
such flow, a “legacy” RANS simulation (conducted with the elsA [29] well established solver) was
conducted with the same models in order to discriminate discrepancies between the DNS and
the RANS simulations caused by the turbulence modelling from those that may be caused by an
ill behaviour of the toolset. Finally, once the ability of the tool to capture both complex internal
and external flow has been proven, a demonstration on a full mock-up vehicle (with a modelled
scramjet engine) is presented as a demonstration of the possible use of the tool.

2. Toolset description

The toolchain (presented in Figure 1) is built based on two main tools, namely the vertex-
centered Navier-Stokes solver SONICS from ONERA-Safran [30] briefly described hereafter and
an anisotropic mesh adaptation toolbox adapted from the open-source toolbox REFINE devel-
oped by NASA [31]. Every step that will be described in the following is linked through memory
APIs. This means that once the CAD file have be read by process, no I/O has to be conducted
(except for post-treatment needs). Also, all following steps are executed in a parallel context, but
parallel management is completely transparent to the user.

2.1. CFED Solver

SoNICS is a CFD software that solves Euler, Navier Stokes or RANS equations using either cell-
centered or vertex-centered second-order finite volume schemes. It can perform multi-species
reactive flows simulations. It has been designed with four major requirements: it must be easy
to configure and must be able to take advantage of powerful hardware (CPU and GPU), which
are all complex, distributed and heterogeneous [32]; it should handle a large variability in terms
of Riemann solvers [33-35], flux limiters [36-38], fluid models (equations of state, viscosity laws,
mixing laws...), turbulence modelling (RANS, LES, DES); it should be fully differentiable in order
to allow modern optimization algorithms [39], input-output analysis [40-45], multi-disciplinary
optimization [46,47], data assimilation [48-51], end-to-end machine learning [52]; and finally,
it should provide APIs to help couple the tool with other solvers. A full description of the
architecture in use for the SoNICS solver can be found in the companion paper by Lienhardt
and Michel [53].

As mentioned above, the vertex-centered solver of SONICS is used. The spatial discretiza-
tion is based on the one proposed by A. Dervieux and C. Debiez [54] on simplex mesh (trian-
gle/tetrahedron). The convective terms are solved by the finite volume method on the dual
mesh composed of median cells. Fluxes are determined through the use of the AUPM approx-
imate Riemann solver proposed by Chen et al. [34]. Second order space accuracy is achieved
through MUSCL type reconstruction method [55]. The MUSCL procedure is applied as proposed
in A. Dervieux and C. Debiez [54] or Alauzet and Frazza [56] to recover the so-called V4-scheme.
A shock capturing similar to the one of [57] is also implemented. Viscous fluxes are computed
with the conventional expression described as Cell Based Viscous scheme in Liu et al. [58].

Boundary conditions are weakly imposed by evaluating the flux at each facet at the boundaries
of the domain. As in Alauzet and Frazza [56], each Dirichlet boundary (such as the velocities on a
no-slip wall) are strongly enforced at each iteration, i.e. the DOF concerned by the boundary are
removed from the whole CFD problem.
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In order to reach the steady state, we consider an implicit backward Euler scheme with local
time stepping, approximately solved by an efficient LU-SGS solver similar to the one proposed
in [59]. For RANS simulation, the Spalart-Allmaras (SA) [60] model with the compressibility
correction of [61] and the Quadratic Constitutive Relation (QCR) [62] are used.

2.2. Anisotropic mesh adaptation on full tetrahedron meshes workflow

-
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Figure 1. Diagram of the toolchain used for the automated computations.

The automated toolchain for mesh adaptation is presented in Figure 1. The input of the
process is a CAD description of a closed shell representing the fluid volume to simulate. The first
step is then to prove the existence of the mesh. For this purpose, REFINE provides an EGADS [63]
wrapper to generate a surface mesh of the CAD shell. One can note that for the applications
presented here, the CAD model is provided as a STEP file, which allows interaction with any CAD
modeling software; however, a direct link with ESP [64] could also be utilized to take advantage
of its differentiation. From the STEP input, EGADS tessellates the CAD edges and surfaces to
build a closed surface mesh. Tesselation provides meshes whose elements have poor quality for
a volume mesher, especially given that each CAD patch is meshed independently. As such, the
tesselation process results in an overall low-quality surface mesh. In order to improve its quality
before providing it to the tetrahedral mesher, REFINE performs surface mesh adaptation driven
by a curvature-based metric that is evaluated thanks to the CAD parametrisation at each mesh
node. Several passes can be performed with various parameters (minimal and maximal cell size,
mesh complexity, size gradation) in order to obtain a decent surface mesh before volume mesh
generation. Once done, a tetrahedral mesh generator (here tetgen [65] or netgen [66]) is used to
mesh the interior of the fluid volume. This first mesh generation is illustrated in Figure 2.

The mesh structure — including coordinates, connectivity, and CAD information — is con-
verted into a Python/CGNS structure [67] (CGNS tree), which serves as the entry point for the
SoNICS solver. The CGNS tree data is natively distributed over MPI processes following Maia’s
parallel rules for CGNS trees (see [68,69]). It will remain distributed for the rest of the workflow.

In industrial configurations, the number of ridge and surface patches can be exceedingly
large, which implies some extra work for the user to retrieve link between CAD patches and
the CFD boundary conditions (BCs). In order to relieve the user of this step, if CAD patches are
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Figure 2. Automated first mesh generation process illustrated by: (a) CAD model; (b) the
EGADS tesselation of the CAD model; (c) the surface mesh after remeshing by REFINE;
(d) volume mesh created by tetgen.

tagged with names using the advanced face option of STEP format, the toolchain preserves these
names during the mesh generation process, so boundaries can easily be retrieved for the solver
boundary condition tagging. Patches from the same families can also be concatenated together
in a single CGNS node to ease I/0O and tree handling.

The Python/CGNS tree is then prepared by adding a family of boundary conditions (BCs)
(automatically, thanks to the preservation of patch names), the reference state, and the solver
options. Steady compressible Navier-Stokes or RANS simulations are then conducted using
the vertex-centered solver of SONICS described here-before. Once a solution is found, the
computation of the mesh adaptation metric is performed directly in the CFD solver and is fed
to the remesher. In this work, the metric is computed as the absolute value of the Hessian of the
Mach number (albeit the user can decide to use any field). A pre-processing is applied by REFINE
to compute the error estimate for the desired p-norm and complexity. Then an anisotropic size
gradation algorithm is used to smooth the metric. REFINE then performs a parallel remeshing of
the surface and volume meshes. The geometric description of the fluid domain is preserved with
high fidelity using EGADS’s CAD projection when inserting or moving boundary mesh vertices.
The current flow solution is finally interpolated on the new adapted mesh using the open-source
ParaDiGM library [70] (see also [71]), which is available through the Python/CGNS API of Maia.
The interpolated solution is used as an initial state and the simulation is run again. The process is
looped, potentially with an increase in complexity depending on the steps, until a proper solution
is converged. Convergence indicators are case-dependent and are to be included in the Python
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script directly by the person skilled in the art. The same goes for complexity jumps, gradation,
and most of the CFD solver parameters which are also application-dependent.

The whole procedure that is described above is performed by a single Python script that takes
as inputs the STEP file and the run conditions. All pre/co/post-processing, partitioning and
distribution are performed using the open-source Maia library.

2.3. Convergence

Given that the first generated mesh is very rough and does not include any physical intuition,
the first NS or RANS computation at the beginning of the loop can be numerically challenging.
The usual way to start the mesh convergence process is to run the solver computation over
a few pseudo-time iterations to avoid solver crashes. The number of iterations can then be
slowly increased over remeshing passes to gradually converge the proper solution. A trick
allows to accelerate this solution convergence process: the Mach Hessian used as a metric for
feature-based remeshing is a good criterion for mesh convergence of Navier-Stokes equations
resolution [72]. However, if used as is, it can lead to slow mesh convergence because it is not very
efficient at quickly capturing the boundary layer. Especially for flows including shocks, in the
first steps where meshes have poor discretization, the chosen metric highlights the very strong
gradients in compression regions compared to viscous regions. Frazza [9] proposed to boost
the Hessian near viscous walls in order to add more points into the boundary layer, which will
help the process converge quickly to a steady flow solution. For this purpose, metric diagonal is
boosted by a factor in the wall normal direction.

3. Reentry vehicles aerodynamics

As stated in the introduction, the first type of high-speed vehicles of interest are the reentry
vehicles. To assess the ability of the solver to treat those cases, the axisymmetric cone-cylinder-
flare CCF12 geometry, which was designed as a canonical and open case to study the flow
features found in atmospheric reentry vehicles is chosen as a benchmark. It includes a simple
developing hypersonic laminar boundary layer followed by more complex features such as
boundary layer interaction with expansion fans, and most importantly, separation induced by
the shock-boundary layer interaction. The numerical results of Caillaud et al. [20] (see Table 1)
are used as a reference given that they provide high-order solutions cross-validated between two
well established solvers from ONERA [73] and NASA [74]. For this case, the axisymmetric solver
of SoNICS is used alongside the 2D remesher of REFINE, in this case the mesh is only composed
of triangles.

In that specific 2D axisymmetric case, the CAD file is generated from the analytical description
of the body using GMSH and exported as a STEP file. An example of an adapted mesh on that
case, alongside a Mach number contour, is presented in Figure 3.

Taking the low Reynolds case as an example, the toolset is run for 121 seconds on 4 cores of
an Intel Cascade Lake CPU, allowing us to conduct 6 mesh adaptations and steady computations

Table 1. Flow conditions from [20] used in this study.

Re,, x108 (m™) R, (mm) 1 (M/S) poo (kg/m?®) T (K) To (K)  Tyan (K) Py (kPa)
2.229 0.1 907.92 0.00920  56.977 467.21 300 237.50
4.614 0.1 990.41 0.02128  67.800 555.96 300 653.90
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Figure 3. Adapted mesh and Mach number contour for the low Reynolds number case
of [20].
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Figure 4. Evolution of the wall pressure distribution on the CCF12 at low Reynolds number
at each iteration showing the convergence path.

until complete convergence is reached, the evolution of the wall pressure distribution for each
step is presented in Figure 4.

The wall pressure distribution for two different Reynolds numbers is presented in Figure 5
alongside results from two high-order solvers. Given the sensitivity of the strongly separated
shock boundary layer interaction to both the resolution of the boundary layer gradients and
the associated separation and reattachment shock, obtaining the correct pressure signature
guarantees that these features are accurately captured in the solution. This result validates the
good behaviour of the toolset for hypersonic axisymmetric configurations.

4. Cruise vehicles aerodynamics

The second type of vehicle of interest is air-breathing cruise vehicles, which, in addition to
external aerodynamics, involve complex internal flow. This validation is split into two parts: first,
a 3D forebody case is studied; then, a canonical internal aerodynamic reference case is built and
used as a reference to validate the toolset.
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Figure 5. Wall pressure distribution for the two different Reynolds number alongside refer-
ence data from [20].

4.1. Forebody

The first subcase of interest for cruise vehicles concerns forebodies, which are often complex 3D
geometries on which the main points of interest will be drag, lift and heat-flux prediction. The
BOLT case is chosen as it provides plenty of open data (including flight) and its 3D geometry is
representative of the complexity of real designs. It also displays an intricate baseflow structure
with multiple vortices, which is challenging to capture and is thus a good benchmark. The chosen
condition for the computation is a challenging high Reynolds case with both CFD and sparse
flight data coming from [26]. This case is at a flight altitude where laminar-turbulent transition
starts to appear, which means that it is the highest Reynolds number for which the flow remains
laminar; the full flow conditions are presented in Table 2. Given the high Mach number and the
relatively low altitude, this case is fully representative of a scale one hypersonic cruise vehicle
forebody in flight. This case would also serve future validation of transition prediction tools
integrated to the solver.

The case is run on a quarter of the full scale flight BOLT II model using symmetry planes.
The computation is conducted on 2400 Intel Cascade Lake cores for a single job of 15 hours,
allowing for 8 adaptation/computation steps and achieving a final mesh of 61 million nodes in
order to reach proper convergence of the wall heat fluxes. This can be compared to the 110M cells
used in the study of [26], keeping in mind that the solution on the structured grid is computed
using a sixth order central finite difference scheme, while the mesh adapted solution uses a
second order method. This gives insight on the ability of mesh adaptation to strongly reduce the
required number of DOF to achieve the same convergence. This could be even more drastic when
using goal-orientated adaptation (on the parietal heat-flux) [75], given that the convergence of

Table 2. Flow conditions from [26] used for the BOLT forebody reference, data coming from
the BOLI-II flight.

Time (s) Reg x108 (m™!) Altitude (m) Uy (M/S)  poo (kg/m3) Too (K)  Mach Ty (K)
401.9 6.0914 23908 1768.5 0.048302  213.15 6.0424 390
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wall heat-fluxes requires a lot of degrees of freedom, especially with meshes composed only of
tetrahedron and using metric based adaptation.

An illustration of the geometry, alongside the wall heat-flux distribution and a Mach number
field at the outlet of the domain, is presented in Figure 6. It highlights the complex nature of the
flowfield with multiple vortical structures appearing, especially in the center region. Quantitative
comparisons of heat-fluxes at two different longitudinal positions with the CFD solution of [26]
are presented in Figure 7. Overall, excellent agreement is found between the two simulations.
Results from the mesh adaptation display a relatively good smoothness given that they come
from anisotropic tetrahedron only meshes. Some discrepancies are still visible in the peaks linked
with local vortices, mostly in terms of amplitude of the fluctuation. Figure 7(a) presents the most
upstream slice, from left to right, the relatively low heat-flux region is linked with the upwash of
the centerline vortices (caused by the 3D nature of the geometry and thus of the bow shock which
leads to the creation of vorticity), those vortices are clearly visible in Figure 6. This region is then
followed by a first peak linked with the downwash of those vortices and then a long plateau of
relatively high heat flux linked with the thin boundary layer in the outboard region. In all those
regions, the two computations are in almost perfect agreement.

The origin of these discrepancies is still unknown; they may be linked to differences in the
mesh resolution; some vortices may be under-resolved in either simulation. Another possible
origin could be the growth of vortices linked to numerical errors from the time integrators, as the
baseflow is extremely unstable; small numerical errors could lead to the growth of structures that
are not part of the baseflow. Future work on that case will require additional simulations from
other meshes and/or solvers to assess the origin of these discrepancies. Again, a Newton method
could be used once the Jacobian operator is available to compute a fixed point of the equations.

Overall, the tool appears to be fully capable of computing a very complex baseflow such as
the one encountered on the BOLT forebody. The key point to highlight here is that the user
time needed to set up such a computation is minimal (of the order of minutes) with no effort
whatsoever put into meshing, which strongly contrasts with other studies on that case.

— 100000

— 0.0e+00

Figure 6. BOLT geometry and simulation results (wall heat flux and Mach number field at
the outlet of the simulation domain) for the descent case of [26].
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Figure 7. Spanwise heat-fluxes distribution at two longitudinal sections of the BOLT fore-
body alongside data from the US3D [76] computation of [26].

4.2. Internal aerodynamics case

As explained in the introduction, given the lack of open cases representative of applied vehicle
technologies, a reference case is built to validate the toolset on hypersonic internal aerodynam-
ics. The motivation for the geometry and flow conditions choices as well as the setup for the ref-
erence simulation is presented in this section, followed by comparison between reference, legacy
RANS and automatic toolset results.

4.2.1. Geometry and flow conditions

The geometry under study is designed to be representative of the complexity of the internal
flow of a ramjet powered vehicle. As such, it should include an internal compression region,
followed by a throat, and then a slowly diverging section in which a shock train will appear. A back
pressure at the outlet of the diverging section is necessary to simulate the engine. To facilitate the
sharing and accurate reproduction by other researchers, the geometry must be canonical and
analytically describable. This led to the geometry described in Appendix A. The dimensions of
the geometry, while arbitrary, are chosen such that reproductions in conventional supersonic
wind tunnels are facilitated. The flow conditions are chosen to match a reasonable value for
most supersonic wind tunnels to allow for further cross comparison.

The Reynolds number is chosen as high as possible, while still allowing for a highly resolved
computation within the given computing allocation. The inlet Mach number is set to 3, the
stagnation temperature is low (300 K) to facilitate experimental reproduction, and the static
pressure of the inlet is chosen to adjust the Reynolds number and thus the computational cost.
The complete conditions, as well as the reference values used for the computations, are presented
in Table 3.

Table 3. Reference conditions for the computations.

My, P T; a ,6 Twall Rer, L
3 4000 Pa 300K 0° 0° 300K 4.029x10° 0.4m

The boundary conditions are supersonic inlet and outlet, and isothermal viscous wall at 300 K.
The turbulence generation technique is described in Appendix C. The chosen conditions lead
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to the approximate Reynolds number presented in Table 4, 6 and §; being the boundary layer
momentum and displacement thickness, respectively.

Table 4. Approximate boundary layer thickness and boundary layer based Reynolds num-
ber in the central plane z = 0.

Reg 01
Before first ramp (x = 0) 1500 0.00077 m
At bottom wall separation point (see Figure 9) 6875 0.00169 m

4.2.2. Reference numerical simulation setup

In order to conduct the DNS and the legacy RANS simulations, a structured mesh is created.
The characteristic sizes of the meshes are presented in Table 5, the wall units sizing are computed
from an initial SA QCR RANS computation, and the maxima are given compared to the local wall
unit of the closest wall, ensuring good resolution in the entire domain. Stream-wise cell sizes are
adapted using linear laws, whereas wall-normal ones are using a collection of geometrical laws.
The final DNS mesh contains more than 3.5 billion points without ghost cells. The RANS mesh
uses the same construction, but with much less resolution.

Table 5. Mesh characteristics.

Ny ny nz ot Ax;lax Ay, Zr*r—lax Ay, thfall
DNS 9807 605 605 3.59x10° <12 <10 <14
RANS 442 195 195 16.8x10% <300 <100 <l4

The DNS (see Figure 8) is performed using the open-source HPC oriented FAST compressible
Navier-Stokes solver from ONERA [77]. The solver uses a finite volume approach on multi-
block structured mesh using hybrid MPI/OpenMP parallel programming, cache blocking, and
vectorization to improve performance. Inviscid fluxes are solved using an extended version of
the scheme described in [78], details about the spatial scheme are given in Appendix B. The
viscous fluxes are computed using a second-order accurate centered scheme. Time integration
is performed via an explicit low-storage third-order 3-step Runge-Kutta scheme; the time step
is set to At = 3x 1079 s to ensure a CFL number lower than 0.5 in the whole domain. The
molecular viscosity is computed using Sutherland’s law. The computation was run using a
hybrid MPI/OpenMP parallelism on 64 computing nodes (3072 cores), using 1024 MPI processes
and 3 OpenMP threads per process. The mean flow is averaged over 2 x 10° iterations, which
corresponds to a physical time of 6 ms.

The legacy RANS simulations are performed using the elsA software (Safran-ONERA prop-
erty [29]) on the structured mesh presented before (see Table 5). The inviscid fluxes are com-
puted using the AUSM+up of Liou [79] and an unlimited third-order MUSCL reconstruction. The
viscous fluxes are solved using a centered scheme on five points, and the time integration to find
the steady solution is done implicitly with a local time-stepping approach. In order to obtain the
correct solution, the simulation is initialized with a subsonic region in a subpart of the diverging
section and free-stream values elsewhere, the same initialisation strategy is used for the mesh
adapted simulation.
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Figure 8. Illustration of the simulation thanks to instantaneous numerical pseudo-
schlieren in a constant z-plane (z = 0.01) of the configuration and instantaneous stagna-
tion pressure contour in various x-plane.
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Figure 9. Mach number distribution in the central z-plane. The DNS results correspond to
time-averaged flow.

4.2.3. Results

For this case, given the slow time convergence of internal flow, the tool is run for 33 adaptation
steps with a varying number of time iterations, to reach a final mesh of 4 million nodes (to be
compared to the 17 million cells of the legacy setup). The time-averaged Mach number fields
(in the central plane) for the DNS and both RANS simulations are presented in Figure 9. The
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Figure 11.
first shock wave as it reaches the compression ramp, followed by an expansion at the entrance

flow displays all the main expected features: first, a boundary layer develops, then encounters a
of the diffuser. The flow ends up separating via a SBLI and is slowed down by a shock train to
finally reach a purely subsonic state. Both RANS simulations display results that are surprisingly
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close to the DNS reference, given the complexity of the flow (one can note here that the use of
the QCR strongly improves the quality of the RANS solution, as described in Appendix C). From
an engineering standpoint, both methods are acceptable for vehicle design. This validates the
good behavior of the toolset for turbulent internal aerodynamics. Upon closer examination of
the solutions, it is evident that the elsA results show a shock train located closer to the top wall
than in the mesh-adapted simulation. Consequently, the latter is in better agreement with the
DNS reference. This may be due to the traditional meshing procedure used for the standard
simulation, where the mesh is highly refined near the walls to properly capture the boundary
layer, leading to a mesh-induced displacement of the shock train. As the refinement of the mesh-
adapted simulation is fully feature-driven, no such best practice is used (see the initial mesh
presented in Figure 10), which leads to a better resolution of the mesh further away from the
wall. The difference between both final meshes in the central plane for the shock train region
is displayed in Figure 11. The adapted mesh clearly displays a refined region further away from
the wall in addition to the near-wall refinement for the boundary layer, which may allow a better
capture of the physics of the flow.

5. Demonstration on a full vehicle

Figure 12. Skin-friction, Mach number slice in the central plane and temperature slice at
the outlet illustrating the external aerodynamics of the full vehicle.

Now that the ability of the toolset to capture both complex internal and external high speed
aerodynamic flowfield has been documented, a demonstration on a full mock-up vehicle can
be conducted. The case consists of a high Mach number cruise of a scramjet powered vehicle.
The combustion chamber is not computed but replaced by a 0D model extending from the air
intake throat to the nozzle entrance. This simulation only serves as a demonstration of how
we can leverage the ability of the toolset to handle complex geometry at no additional cost.
Setup time for such a simulation requires only few minutes of human work. The toolset is then
run on 600 Intel Cascade Lake cores for a single job of 15 hours, which allowed conducting
12 adaptation/simulation steps to reach convergence of the aero-propulsive balance, the final
mesh has 35 million nodes. Samples of results are presented in Figures 12 and 13. Although
quantitative data cannot be presented here, the objective is to demonstrate the tool’s ability to
manage complex geometries (e.g., control surfaces and bleed systems). A key advantage is that
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L.

Figure 13. Skin pressure distribution and Mach number slice in the central plane illustrat-
ing the internal aerodynamics of the full vehicle.

geometric variability is fully transparent to the user, for example, the same simulation can be
performed with different or additional control surfaces simply by modifying the input CAD file.

6. Conclusion

This study presents the development and validation of a fully automated, CAD-to-post toolset
designed for Navier-Stokes and Reynolds-Averaged Navier—Stokes (RANS) simulations of com-
plex hypersonic vehicles. The toolset integrates a 2D, 2D-axi and 3D vertex-centered finite vol-
ume Navier-Stokes solver, SONICS, with an anisotropic mesh adaptation framework based on
the REFINE toolbox. By leveraging automated CAD handling, surface and volume meshing, and
metric-based remeshing, the toolset eliminates the need for manual intervention in the meshing
process, significantly reducing setup time and human error. The workflow is entirely parallelized
and managed through a Python/CGNS interface, ensuring scalability and efficiency on modern
high-performance computing architectures. The toolset was rigorously validated using a series
of open benchmark cases representative of the complex flow physics encountered in hypersonic
applications. First, the axisymmetric cone-cylinder-flare geometry, a canonical reentry vehicle
configuration, demonstrated the toolset’s ability to accurately capture shock-boundary layer in-
teractions and flow separation, with results closely matching high-order reference solutions. Sec-
ond, the BOLT forebody case, characterized by its three-dimensional geometry and intricate vor-
tical structures, highlighted the toolset’s robustness in predicting wall heat fluxes and complex
laminar boundary layers at high Reynolds numbers. The comparison with experimental and nu-
merical data from the literature confirmed the toolset’s reliability in resolving challenging exter-
nal aerodynamic features. For internal aerodynamics, a novel validation case was designed to
replicate the flow conditions within a ramjet-powered vehicle’s air intake. This case included a
compression ramp, diffuser, and shock-train formation, all of which are critical for engine per-
formance evaluation. The toolset’s results were benchmarked against a Direct Numerical Simu-
lation (DNS) and a legacy RANS simulation using the elsA solver. The comparison revealed that
the mesh-adapted RANS simulations, particularly when using the Quadratic Constitutive Rela-
tion (QCR) turbulence model, provided results remarkably close to the DNS reference. This un-
derscores the toolset’s capability to capture key flow features such as shock-boundary layer inter-
actions, corner vortices, and shock-train evolution, even in highly turbulent and separated flow
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regimes. Finally, a demonstration on a full mock-up of a scramjet-powered cruise vehicle illus-
trated the toolset’s scalability and adaptability to complex geometries. The simulation, which in-
cluded both external and internal aerodynamics, was set up with minimal human effort and ef-
ficiently converged on high-performance computing resources. This showcases the toolset’s po-
tential for industrial applications, where rapid design iterations and high-fidelity simulations are
essential. The results presented in this study validate the toolset’s ability to handle the full spec-
trum of hypersonic flow complexities, from external aerodynamics to internal propulsion sys-
tems. The automated workflow, combined with anisotropic mesh adaptation, ensures both accu-
racy and computational efficiency, making it a valuable asset for future hypersonic vehicle design
and optimization. Future work will focus on extending the toolset’s capabilities to include moving
bodies (through CAD manipulation), hybrid meshes, multi-species flows, advanced turbulence
modeling, and GPU-accelerated remeshing to further enhance its performance and applicability.
Additionally, the integration of adjoint-based optimization and data assimilation techniques will
enable more sophisticated design and analysis workflows, paving the way for next-generation
hypersonic vehicle development.
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Appendix A. Geometry description for the internal aerodynamics case

This appendix describes the geometry that was designed to build the internal aerodynamics
reference case.

The cross plane is top/bottom symmetrical (see Figure 14) consisting of first a 10 cm long
flat plate to allow for the formation of a proper turbulent boundary layer (the method used to
ensure a turbulent inflow is presented in Appendix C). Then, the internal compression is caused
by a 7 cm long, 5° compression ramp. This ramp is followed by a long —2° diverging section
that spans over 25 cm. This section is representative of the diffuser in a ramjet air intake, and its
angle was selected to prevent boundary layer thickening from further restricting the inviscid flow
area. Finally, the flow enters a fast-diverging section with a —5° angle, extending over 5 cm. To
ensure a well-posed boundary condition, back pressure is generated by incorporating a choked
converging-diverging nozzle downstream of the diverging section. This configuration enables the
use of a supersonic outflow boundary condition. The nozzle shape is defined using a Hermitian
spline. An analytical (or discretized) description is available upon request. The throat closure has
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Figure 14. 3D representation of the geometry under study.

been chosen so that the isolator behaviour is close to critical for the flow conditions under study
(terminal compression near the start of the diffuser). However, being too close to the critical point
could have led to the unstart of the air intake either during DNS transient or when using some
turbulence models. To alleviate this problem, the final condition under study is what could be
considered an off-design condition, where the air intake does not provide the maximal efficiency.
The total height of the inlet plane in 4 cm. The 3D geometry is then created by extruding that
plane over 4 cm, creating a square shape at the inlet of the domain.

Appendix B. Numerical method for the DNS

The approximate Riemann solver is the simplified AUSM(P):
qr—qr
2

1 +
F?= Ul% — ®Ugs +P (1

U; and Uyjs being the interface fluid velocity and the dissipation velocity similar to the original
formulation of the scheme [78], q is the conservative state variable vector and the subscript -1,
(resp. -gr) corresponds to left (resp. right) state computed thanks to a MUSCL reconstruction, ® is
the dissipation sensor which is discussed hereafter.

In order to limit the dissipation, Mary [78] has proposed to identify regions where cell-to-
cell oscillations vanish in order to fine tune a 2nd order low dissipation scheme. The proposed
oscillations sensor reads:

AR =

1

{—1 i), ~9N@] 9L <0 @

1 otherwise,

with </)f the k-th component of the state vector of primitive variables at point i. Then the
dissipation sensor is defined as:

; 1 ifyitiak<o,
(D’zml?x{ Zisi & 3)

0 otherwise.

If the solution is fully monotonous in the stencil, the scheme behaves as a fully centered scheme.
If the solution is nonmonotonous, the dissipation is fully activated.



Mathieu Lugrin et al. 1469

In this work, we proposed to extend the methodology to fifth-order MUSCL reconstruction.
Due to the extent of the stencil the upwinding function of the scheme must be reworked. The
smoothness of the solution is still evaluated by the number of slope changes in the stencil. If
there are one, two, or more, the effective dissipation is set to an increased amount of the standard
upwind scheme:

: i+2 k
1ifyrs 1A <0,

. ar ifYit? —0,
o =max{ ° Zf+; 1 4)

k |ap lle A7 =2,

ao 1fZ;+f (AT =4,

with 0 < a; <1 and ag < a; < ay. This approach strongly limits the dissipation of the scheme in
regions where the solution is smooth, while preserving the stability of the scheme in non-smooth
regions.

For supersonic and hypersonic flows, in order to ensure the robustness of the simulation while
preserving the high resolvability properties of the scheme in the smooth flow regions, the shock
capturing based on the work of [57] is used. The discontinuity sensor reads:

§ (V-u)? | Pix1=2pit pia
(V-w?+|Vxul+e |pia1+2pi+pial

®)

Ki=—

6x,'
1-tanh(2.5+10—V-u
c

with 6x; the size of the cell in the direction of interest, ¢ the speed of sound, p; the pressure at
the point i and u the velocity vector. The sensor is used to switch from fifth to first order MUSCL
state reconstruction, as following:

qrz=(1- K)qRL+KqRL (6)

In strong shocks, the reconstruction tends towards first order, while elsewhere it stays at fifth
order, ensuring a proper stability of the numerical method in discontinuities. As the sensor
is directional, a different coefficient is applied to the reconstruction in each direction. An
instantaneous map of k for the i-direction in a constant z-plane (z = 0.01) of the DNS is presented
in Figure 15, showing that the first order reconstruction use is confined to shock-wave and does
not reduce the order of the scheme in turbulence nor boundary layers.

For instance, the numerical scheme depicted above with tuning parameters @ = 0.05, a; =
0.4, @y = 0.6 has been successfully used in [80].

0.04 - AR ] 06
Y 0.02 > : -
i
0.00 - - 0.4
0.0 01 02 03 04

-0.2

Figure 15. Instantaneous map of x in the i-direction in a constant z-plane (z = 0.01) of the
configuration.
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Appendix C. Turbulent inflow generation for the DNS

One important aspect for such DNS is the need to inject turbulence at the inlet of the domain.
In the present case it was decided not to use a standard turbulence generation method (such
as Synthetic Eddy Method of Digital Inflow Filtering, which may both introduce nonphysical
acoustic fluctuations which might be detrimental in a confined environment), instead a method
inspired from recent advances in natural transition simulation [81,82] is used. To create a quick,
and low noise transition, streaks are first generated by alternating viscous and non-viscous wall
boundary conditions patches at the inlet of the domain. The wavenumber of the created streaks
is chosen to be as small as possible, the lower limit being linked to the resolution of the scheme.
The patches are 4 cells wide and are repeated every 12 cells. The length of the patches is set to
40 cells. The created streaks represent a very efficient support for transitional instabilities while
being small enough to not contaminate the turbulent flow with large coherent structures. Then,
to trigger the transition, a random perturbation on the density (o’ = p(1+0.002 * A(i, j, k)), with
A a Gaussian filtered white noise, and p the density field, see [82]) is injected into the boundary
layer, the support of the noise injection is 130 cells in the streamwise direction and 15 cells in the
wall normal direction, starting from the inlet and the wall respectively. As such, it is confined to
the viscous region near the wall. This noise seeds all the instabilities of the streaks, which then
quickly break down to turbulence. Thanks to that method, turbulent state is reached after around
~ 3761, with §; taken at the beginning of the convergent section, of flat plate with minimal noise
emission. The flow then has ~ 900, to regularize before the start of the actual geometry under
study. This process is qualitatively illustrated in Figure 16, showing an instantaneous snapshot
of the creation of the streaks and their breakdown. Figure 17 presents the boundary layer profile
and the streamwise velocity fluctuations statistics in the central z = 0 plane just before the first
ramp (x = 0), both display a behavior typical of low-Reynolds number wall turbulence, with no
spurious fluctuations coming from the turbulence generation method. The DNS profile is very
close to the SA-QCR profile, except in the buffer region, where the model is known to behave
poorly.

40
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X

Figure 16. Streamwise velocity in the first cell in the wall normal direction, from an instan-
taneous snapshot of the DNS, illustrating the turbulence generation method, with first the
inviscid patches to create the streaks, and then the quick breakdown to turbulence.
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Figure 17. Time-averaged streamwise velocity profile (top) and streamwise velocity fluctu-
ation root-mean-square value (bottom) showing the good behavior of the turbulence gen-
eration. The profile is extracted from the time-averaged flow just before the compression
ramp (x = 0) in the central z = 0 plane. DNS data are sampled one point over four.

Appendix D. Impact of the turbulence model on the results

While outside the scope of the study, different turbulence models have been benchmarked before
choosing the SA-QCR one. The benchmarked RANS turbulence models are the following: the
Spalart-Allmaras [60] model with the compressibility correction of [61] (labeled SA) and the
SST model of Menter [83] (labeled as k-w SST). For both models, the impact of the Quadratic
Constitutive Relation (labeled QCR) [62] is also tested. This non-linear addition is known to
drastically improve the accuracy of linear eddy viscosity turbulence models for corner flows [84].
Figure 18 presents the Mach number in the central z-plane for each cases (the DNS correspond
to time-averaged data). On the impact of the turbulence modeling strategy, one can notice that
the non-QCR simulations predict a completely different separated region topology compared to
the QCR ones and the DNS. The first separation point is located much more upstream, and it is
caused by a weak, poorly defined shock-wave, which may be a sign that the separation comes
from strong 3D effects at the corners of the geometry. The k-w simulation quickly displays a
larger separated region than the SA one. The use of QCR strongly improves the behavior of the
turbulence models and leads to results in the central plane that are much closer to the DNS
reference, with a separation point just upstream of x = 0.15 and a separation shock that is a
well-defined oblique shock. The main differences between all the QCR simulations and the DNS
is that the shock-train is a bit more confined to the top part of the diffuser and the low-speed
region in the lower downstream part of the diffuser is larger. However, the results of the QCR
RANS simulations are surprisingly close to the reference, demonstrating once again the accuracy
improvement provided by the QCR on RANS simulations in the presence of corner flow.
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Figure 18. Mach number distribution in the central z-plane. The DNS results correspond
to time-averaged flow.
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Abstract. Data mapping between geometric domains with non-matching discretizations is an essential step
in multi-component numerical simulation workflows. This paper presents a novel point location algorithm,
designed for transferring data from unstructured meshes to point clouds, in a massively parallel distributed
environment. Special emphasis is placed on load balancing, which is paramount for making the most of
computing resources and achieve optimal performance. In general, the geometric entities of interest are
unevenly distributed in the input frame provided by the calling codes. The algorithm therefore aims to
rapidly prune the search space using a series of parallel preconditioning techniques, while redistributing data
equitably across all processes at each step. Exact point-in-cell location is then computed in an embarrassingly
parallel, well-balanced frame. All data movements performed throughout the point location algorithm
are transparent to the calling codes, as the resulting geometric and parallel mappings are returned in the
same frame as the input data. These mappings enable data transfer via spatial interpolation and optimized
process-to-process communications. A weak scaling study is carried out in three scenarios representative
of the variety of real-life applications. Comparison with a state-of-the-art algorithm shows that the new
algorithm performs better overall, with speed-ups of up to a factor of 10 on 4,800 CPU cores.
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1. Introduction

In many scientific and engineering applications, numerical simulations require transferring data
between arbitrarily discretized domains. Such applications include code coupling for multi-
physics simulations [1,2], solution transfer following adaptive remeshing [3], and Lagrangian
particle tracking [4]. Depending on the different numerical methods, these spatial discretizations
usually consist of meshes or point clouds.

Data transfer from a source (donor) domain to a target (receiver) domain breaks down to two
main steps. First, a mapping between the source and target degrees-of-freedom (DoFs) must
be computed. When treating the target DoFs as points, the task consists in identifying which
cell of the source mesh contains each of these points. Such points typically correspond to mesh
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nodes or quadrature points in the Finite Element and Discontinuous Galerkin methods, or cell
centers in the Finite Volume method. Second, the source-to-target mapping is used to interpolate
and transfer data. The location step is the most computationally intense, but only needs to
be performed once at initialization if both source and target geometries remain static during
the simulation. However, data transfer between domains with dynamic discretizations requires
repeated location computations, making the performance of this operation crucial. Ideally, the
time needed for data mapping should be within the same order of magnitude as the time required
for a single iteration of a computational code. Naively testing all possible pairs of cells and points
results in quadratic complexity, which is prohibitively expensive in practical applications. It is
therefore essential to devise efficient preconditioning techniques that eliminate all the irrelevant
pairs.

The growing demand for high-fidelity simulations requires an ever-increasing number of
degrees-of-freedom, and simulations exceeding a billion DoFs are becoming more prevalent [5].
Such simulations require so much memory and computing power that they can only be achieved
on massively parallel distributed-memory systems, using parallel programming models such as
the Message Passing Interface (MPI) [6]. In this context, the domains between which data is to be
transferred are decomposed into partitions distributed across multiple processes.

This parallel context poses an additional challenge. The domain decompositions are tailored
for the specific needs of each computational code and are therefore not optimal for the location
problem. Since the source and target partitions are unlikely to align, extra communication is
necessary to compute point location and exchange interpolated data. To prevent communication
latency from becoming a bottleneck, the preconditioning stage must also minimize unnecessary
communications. Besides, the geometric entities of interest may be poorly distributed in the
decompositions provided as input to the location algorithm. For instance, when transferring data
through the common surface between two adjacent volume domains, only a fraction of processes
hold a portion of this surface in their partition. If no action is taken to redistribute the workload,
this imbalance can severely degrade performance.

The distribution and amount of input data can vary significantly across different data map-
ping applications. Ensuring good performance regardless of this variability is challenging and
developing a single algorithm that runs efficiently in all situations remains an open problem.

The rest of this paper is structured as follows. Section 2 gives a brief overview of existing work
on data transfer for massively parallel simulations. A novel parallel point location algorithm
tailored for data transfer between distributed meshes and point clouds is then described in
Section 3. Finally, a performance study of this algorithm in several test cases representative of
the variety of real applications is reported in Section 4, along with comparisons with another
high-performance algorithm.

2. Related work

The precise Code Interaction Coupling Environment (preCICE) library (7] is a state-of-the-art
open-source coupling library which features multiple data transfer methods. The underlying
location algorithm, recently improved by Totounferoush et al. [8], can be broken down into two
major steps. The first step consists in comparing the axis-aligned bounding boxes (AABBs) of
the mesh partitions owned by each process, in order to establish the pairs of processes from
the two coupled codes that will need to communicate. The AABBs are initially collected by a
master process for each coupled code. They are then transmitted to the other master process
and subsequently broadcast to all the remaining processes involved in the computation. In the
second step, source mesh partitions are exchanged to the corresponding target processes using
a process-to-process communication pattern. Each process then locates its own target points
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within the received source mesh partitions. This is performed efficiently using an R-Tree data
structure. While showing great improvement over their previous algorithm, some limitations still
remain. Most of the total execution time is spent exchanging and comparing the AABBs in the
first step and communicating source mesh partitions to the target processes. The load imbalance
issue is also not addressed. In fact, the performance studies shown assume meshes uniformly
distributed on all processes, which is unlikely in real-life surface coupling applications.

The Finite Volume Mesh (FVM) library (9] features location and exchange capabilities, leaving
the interpolation step to the calling codes for better genericity. The location algorithm follows
essentially the same two steps as preCICE, albeit with noticeable strategic differences. First, the
partition AABBs are exchanged via collective communications, thus avoiding the bottleneck in-
herent to the master-slave approach implemented in preCICE. Second, the location computation
is performed on the source side, meaning each process sends its target points to its correspond-
ing source processes. This approach reduces the amount of communication, since smaller mes-
sages are needed to exchange points instead of mesh partitions. In order to keep the memory re-
quirements low, blocking send/receive communications are used and the received point clouds
are located one at a time. The location step is then accelerated by storing the received points in
alocal octree. Fournier [10] notes that this strategy can lead to excessive serialization in worst-
case scenarios. To solve this problem, a technique for ordering communicating processes by re-
cursive subdivision is implemented in the Parallel Location and Exchange (PLE) library, which
is derived from FVM. Fournier also points out that the first coarse-grained filter based on a sin-
gle AABB per process can lead to the communication of a large number of potentially irrelevant
points, due to numerous false positive detections. Assuming a uniformly distributed point cloud,
the number of points received by each process is correlated to the volume of its AABB. Yet this
volume highly depends on the shape of the partitions and can vary considerably from one pro-
cess to another, resulting in significant load imbalance. Possible optimizations are proposed to
address this issue, including the use of a distributed box-tree data structure, enabling finer filter-
ing. Once calculated by the calling code, the interpolated data is finally exchanged following the
same communication pattern as in the first stage of the location algorithm. All pairs of processes
which partition AABBs intersect thus communicate, even if no points from one process have ef-
fectively been located in the mesh partition held by the other. Load imbalance and serialization
can therefore compromise this step as well.

The Data Transfer Kit (DTK) library [11] addresses the load imbalance issue by creating a
secondary rendezvous decomposition [12], well balanced for the location problem. Points and
cells outside the domain bounded by the intersection of the global source and target AABBs
are first discarded. Recursive coordinate bisection is then performed on the combined source
and target geometries. The MPI communicator is also recursively split along the way, leaving in
the end one partition per process, each containing geometrically close source cells and target
points. The splitting procedure aims to balance the combined number of source cells and target
points. Some rendezvous partitions can thus end up containing virtually only source cells and
no target points, or vice versa. This worst-case scenario can occur if the level of refinement of
both source and target discretizations differ significantly. Geometric location in the rendezvous
decomposition is accelerated using geometric binning or a local kd-tree. The authors also
propose to perform the interpolation step in a well-balanced fashion in the same rendezvous
decomposition, at the expense of additional communications required to transfer the source field
data from the initial decomposition to the rendezvous decomposition.

The algorithm presented in the next section aims to remedy the shortcomings mentioned
above, by developing a more refined preconditioning strategy and ensuring good load balance
at each critical step.
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3. Point location algorithm
3.1. Key concepts

Before presenting this algorithm, the following paragraphs define the terms used in this paper
and outline the key concepts at the core of our point location algorithm.

3.1.1. Point location problem

We focus on data transfer between unstructured meshes and point clouds, with interpolation
schemes using stencils restricted to the source cell containing each target point. Other types of
interpolation with wider stencils (e.g. k nearest neighbors, radial basis functions, etc.) would
require a different preconditioning strategy, which will be studied in future work.

Given a set S of source cells and a set T of target points, point location consists in finding for
each point in T the host cell from S in which it lies, if any.

The two sets S and T are initially distributed on P processes that form an arbitrary MPI
communicator. All subsequent communications will occur within this communicator, which is
provided as an input.

3.1.2. Frames

Dynamic load balancing is essential to achieve high performance on distributed-memory
systems, and involves redistributing data across processes throughout the algorithm. In this
paper, the different data distributions are called frames. If E designates a set of entities, the part
of E held by process p in frame & will be denoted by Epg . The size of this part is denoted by IEpg l.
The input frame will be denoted by .#. In order to remain as generic as possible, no particular
assumption is made on this frame. Some parts may contain more entities than others, some may
even be empty. Some entities may also be held by multiple processes, as in the case of ghost cells
or mesh vertices located on boundaries between adjacent partitions.

3.1.3. Global identifiers

To keep track of an entity (a source cell, its bounding box or a target point) moving across
different frames, our algorithm relies on global identifiers (IDs). Contrary to the local IDs used
within each partition, global IDs are frame-independent and unique, meaning that if two entities
on different processes share the same global ID they are in fact two instances of the same entity.
This is essential for achieving reproducible results that do not depend on how data is distributed
in the input frame. Such global numbering can either be provided as an input, or generated from
any ordered data set.

3.1.4. Dynamic load balancing framework

Dynamic load balancing is traditionally achieved using graph-based partitioning methods
since they generally yield simply connected partitions with minimal edge cut. While these
properties are essential for most computational codes, they are of little interest for solving the
point location problem in parallel. When partition connectedness is not an issue, parallel sorting
algorithms provide a more cost-effective solution for redistributing the workload. Global IDs are
also used extensively for this purpose in our algorithm. Entities are re-partitioned by assigning
each process an equal-sized block of entities with contiguous global IDs. This is achieved by
sorting entities globally in ascending order of IDs using parallel bucket sort. If entities have
associated weights, a parallel bucket sampling algorithm' is used in order to devise blocks of
equal weight prior to sorting.

1 An implementation on the GPU of this algorithm is presented in [13].
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3.1.5. Subsets

Some input data might not be relevant to the location problem, e.g. cells that are guaranteed
to contain no points. Our algorithm aims to isolate the subsets of interest by quickly pruning
these irrelevant entities. Building new global numberings restricted to such subsets provides
better conditioning for the sorting algorithms used for dynamic load balancing. Communication
graphs are associated to each subset in order to enable data movement between the different
frames. To make this possible, an explicit link between the subset and parent global numberings
are maintained throughout the different steps of our algorithm. Table 1 illustrates this concept.

Table 1. Illustration of a subset (second row) and its parent set (first row) distributed on three processes (each
process is represented by a color). The subset is described in two different frames: & which is balanced
with respect to the parent set, and %, which is balanced with respect to the subset. Frame % is obtained by
redistributing the subset entities in ascending order of parent global IDs. This order is preserved in the global
numbering proper to the subset.

Frame % Frame %,
GlobalID in parentset | 37 1 9 4 6
Global ID in subset - 3 - |- - | - 1 2

3.2. Algorithm outline

The point location algorithm presented in this paper is structured in the following five main steps.
A first coarse-grained filter is followed by a second, finer preconditioning step based on fast
point-in-box tests. This search for candidate cell-point pairs is accelerated using a distributed
tree structure, which allows to redistribute evenly the location workload. The third step consists
in computing exact point-in-cell location for all candidate pairs. Potential conflicts are then
resolved in a fourth step, in order to retain at most one host cell per point. Last, the source-
to-target process-to-process communication channels are established for subsequent exchanges
of interpolated data.

These five steps are detailed in the next sections and illustrated with a basic, two-dimensional
example.

3.3. Coarse filtering

The first step in our point location algorithm consists in a coarse filtering similar to the one
proposed by Plimpton et al. [12]. The aim is to quickly eliminate cells and points that are clearly
irrelevant to the location problem. Each process computes the AABB of the source cells in its
partition. A collective reduction operation is then performed to obtain the global AABB of §,
denoted by S (shown in solid gray line in Figure 1(b)). Let T’ denote the subset of target points
located inside S. These are the only points that can possibly be located inside a source cell. The
global AABB T of T’ is then computed in a similar way (shown in dashed black line in Figure 1(b)).
Let ' denote the subset of cells whose AABB intersects T’. These are the only cells that can
possibly contain target points. Cells (resp. points) notin S’ (resp. T') will no longer be considered
in the remainder of the algorithm. This step proves useful when the source and target geometries
overlap only partially (such as in the example of Figure 1), yet induces very little overhead if they
overlap completely, as will be highlighted in Section 4.

At this stage, each process holds a (possibly unequal) part of each subset S’ and T”, respectively
denoted by S;,] and T,’;” . In the example shown in Figure 1, S’ is distributed over almost only two
processes.
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(a) Whole partitions. (b) Subsets S’ and T’ in the same frame. The solid gray

and dashed black rectangles depict the global AABBs of S
and T', respectively.

Figure 1. Source mesh and target point cloud partitions in the input frame .# (each color represents a process).

3.4. Search for candidate pairs

The search for candidate cell-point pairs relies on inexpensive point-in-box tests. However,
the naive strategy that consists in checking all possible pairs local to each process becomes
prohibitively expensive for large numbers of cells and points. Besides, at this stage, subsets S’
and T’ are arbitrarily distributed in the input frame, and their respective parts generally do not
align.

Therefore, each process must identify to which other processes each of its points or boxes
should be sent. This filtering is also based on AABB comparisons. To address the issues raised
in Section 2, our algorithm relies on multiple boxes per process. This more refined filter helps
reducing the amount of data exchanged in this step.

Sundar et al. [14] present a method for constructing distributed linear octrees that naturally
yields such boxes. This octree structure can also be leveraged to speed up the second stage of the
candidate search, local to each process.

In principle, the distributed box-tree proposed by Fournier [10] is quite similar to this struc-
ture. Both are constructed following a bottom-up approach, ensuring a good load balance us-
ing re-partitioning based on the Morton space-filling curve [15]. However, whereas the box-tree
requires fine-tuning of four parameters with complex combined effects, the octree proposed by
Sundar is governed by just two parameters: the maximum depth of the tree and the maximum
number of points contained in each of its leaf nodes.

3.4.1. Octree construction

The algorithm for constructing the distributed octree [14] consists in the following main steps.
Target points are first sorted globally in ascending Morton order and redistributed evenly to
obtain a new frame @. In this frame, all partitions {T;,@} contain an equal amount of points. This
first step is further detailed in Section 3.4.3. The points are then sorted locally and converted
into octree leaves at maximum depth. Then, a minimal linear octree is constructed in parallel by
filling in the gaps between successive leaves by empty octants. Finally, the octree is coarsened
so as to partition the point cloud into as few coarse blocks as possible while maintaining good
load balance. From each of these coarse blocks stems a finer sub-tree local only to the process
owning that block. This algorithm ensures that the number of blocks per process is between 1
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(a) Distributed quadtree and the associated target parti- (b) AABBs of the source cells in the Morton SFC-based
tions in frame @. Coarse blocks (solid black rectangles) balanced frame 2.

and their effective AABBs (dashed rectangles) are shown,

along with the sub-trees local to each process.

Figure 2. SFC-based frames for target and source entities.

and 8. These sub-trees share a common ancestry, thus forming a complete, distributed octree.
Such an octree (in fact a two-dimensional quadtree) is represented in Figure 2(a).

3.4.2. Octree query

Once octree construction is complete, our algorithm proceeds as follows. The coarse blocks
are gathered on all processes so that each process can determine to which other processes it
should send the source AABBs it owns. A given source AABB is sent to a process if it intersects
at least one of the coarse blocks owned by this process. In order to further reduce the amount of
false positive detections, each block is reduced to the AABB of the points it contains. Such AABBs
are shown as dashed rectangles in Figure 2(a).

As the number of processes increases, the memory and CPU cost of storing and querying these
blocks can become problematic. CPU overhead can be amortized by storing the blocks in a tree
structure, thus enabling queries in O(IS’pllog(P)) time. This operation is trivial, since the blocks
are natively obtained from a coarse octree. The shared coarse tree associated to the example in
Figure 2(a) is represented in Figure 3. Besides, a single instance of this coarse tree can be stored
on each compute node, taking advantage of shared memory. On typical supercomputers with
tens of cores per compute node, the memory footprint of the coarse tree can thus be reduced by
at least an order of magnitude.

Querying the coarse tree thus provides a connection between each source AABB and its
processes of interest. This connection is used to exchange the boxes through collective MPI
communications. As a result, each process receives a partition S;?@ of source AABBs in the octree
frame 0. The part of the octree local to this process is then inspected in order to find candidate
points for each of these boxes.

Despite the acceleration provided by the tree structure, querying the coarse blocks can be-
come a critical step if the partitions S’p] are unbalanced. This is typically the case in the example
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Figure 3. Schematic view of the shared coarse tree. Each leaf corresponds to a coarse block, colored by its owner
process.

shown in Figure 1(b). Moreover, an arbitrary distribution of boxes can result in a highly dense
communication graph, significantly increasing the latency of collective communications.

To address these issues, the source AABBs are redistributed before querying the shared coarse
tree. A good heuristic is to apply the same sorting and redistribution as performed on the points
in the first step of octree construction. The new, balanced frame thus obtained is denoted by 3.
As shown in Figure 2(b), the source partitions {S;;@} are mostly aligned with the target partitions
{Tl’,@}. The next paragraph briefly describes how this re-partitioning is achieved.

3.4.3. SFC-based re-partitioning

Given an arbitrarily distributed set of geometric entities (i.e. points or boxes), the goal is to
find a new, well-balanced distribution that maximizes data locality. Space filling curves (SFC)
have been used extensively for this purpose [16,17].

SFCs map continuously points in three-dimensional space to one-dimensional space. These
curves have inherent multi-resolution properties due to their iterative construction, making
them attractive for constructing linear tree structures. Setting a maximum resolution reduces
space to a finite number of voxels. The cartesian coordinates of a point can then be encoded
as a nonnegative integer, corresponding to its voxel index, dictated by the traversal order of the
SEC. The Morton SFC (or “Z-order curve”) [15] provides a straightforward encoding that can be
very efficiently computed using bit shifts. The Morton ordering is equivalent to that obtained by
traversing an octree depth first.

Subsets S’ and T’ are re-partitioned independently, but in the same way. The strategy
described in Section 3.1.4 is followed, except that Morton codes are used instead of arbitrary
global IDs. These Morton codes are computed by encoding either the target point coordinates or
the coordinates of the source AABB centers. The subset global IDs thus obtained correspond to
the order in the globally sorted array of Morton codes.

The re-partitioning induces a new balanced frame for each subset S’ and T’, to which data
must be communicated from the input frame. The coordinates of the target points are commu-
nicated, along with only the AABBs of the source cells. The search for candidate pairs indeed re-
quires no additional information such as mesh connectivity or vertex coordinates. To obtain the
final source-to-target mapping in the input frame, as discussed in Section 3.7, it is essential to
maintain an explicit link between subset entities and their corresponding parent sets. The global
IDs of entities in the parent sets S and T are therefore communicated to the new frames as well.

Since S’ and T are re-partitioned independently from each other, the exchange of point data
can be overlapped by computations for finding the balanced distribution of source cells, using
non-blocking collective communications. Moreover, the exchange of cell data can be overlapped
by the construction of the distributed octree.
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3.5. Exact point-in-cell location

Once the octree query is complete, a connection is obtained between the source cells and their
candidate points. This connection is represented in the form of a graph that is distributed in the
octree frame G.

The next step consists in computing the exact location of these candidate points for each cell.
Weights for subsequent interpolation of source data at target points must also be calculated. Ap-
plications based on the Finite Element method usually rely on shape function interpolation. To
this end, the isoparametric coordinates of each candidate point are determined using Newton—
Raphson iteration. When dealing with ill-conditioned shape functions (e.g. highly curved high-
order elements), this iteration may fail to converge. In this case a second, more robust technique
is used, which consists in recursively subdividing the cell after a first decomposition into sim-
plices. When dealing with meshes composed of arbitrary polygonal or polyhedral cells, a first in-
clusion test determines whether each candidate point lies inside or outside the cells. In the first
case, mean value coordinates [18,19] are calculated to serve as interpolation weights. In the sec-
ond case, the nearest projection onto the cell’s faces is computed, along with the distance from
this projection.

These exact location computations could be carried out in the frame &. However, this frame
is not guaranteed to be well balanced. Some processes may indeed hold more cells than others,
or cells with more candidate points. Load balance in this stage is critical since computing exact
location is expensive. In addition, these computations require a full description of the source
cells, i.e. mesh connectivity along with vertex coordinates, whereas only AABBs are available at
this point in frame &. This additional information is only available in the input frame .#.

The choice is thus made to create a new, better balanced rendezvous frame in which exact
location will be computed. In order to keep data movements to a minimum, the rendezvous
frame is created such that each cell is owned by a single process. Points may in turn be duplicated
on multiple processes. The number of candidate points in the AABB of each cell gives a simple
yet effective estimation of the workload associated to that cell. This way, cells with no candidate
points can simply be discarded. The different cell types could also be taken in consideration to
further refine this estimate.

This rendezvous frame is obtained using the approach described in Section 3.1.4 by sorting
cells in ascending order of the subset global IDs derived from the SFC-based re-partitioning. The
data locality provided by this global numbering reduces duplication of mesh entities (e.g. faces,
vertices) since adjacent cells are likely to be owned by the same process in the rendezvous frame,
as indicated in Figure 4(a).

3.6. Conflicts resolution

Each target point may be contained in the AABB of multiple source cells. Besides, these cells
may reside on different processes in the rendezvous frame, and therefore so do the target points.
In the end, each point must be mapped to at most one host cell. Possible conflicts are resolved
by filtering the location data computed in the previous step in order for each point to keep only
the best match among its associated candidate cells. This filtering is performed in two stages.
First, the candidates local to each process are sorted in ascending order of signed distance.’ The
nearest candidate in that process is then kept, while the others are discarded. The second stage
is similar, except that this time the sorting is carried out on the best candidates identified by all
the processes in the previous stage. If a point is located exactly between two cells, the conflict is
resolved by selecting the cell with lower global ID. This way, the location algorithm is guaranteed

2A negative distance indicates that the point is contained inside the cell.
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(a) Partitions of candidate cells and points in the ren- (b) Location conflict for a point with multiple candidate
dezvous frame 2. Points duplicated on multiple processes cells (colored by owning process in frame %).
and are shown in multiple colors.

Figure 4. Exact point-in-cell location steps.

to yield reproducible results, that do not depend on the number of processes. In order to balance
the workload, this second stage is performed in a new frame %.

The approach described in Section 3.1.4 is used once again to devise such a balanced frame.
Distance values of the cells that pass the first filter are exchanged from the rendezvous frame %
to the conflict-resolution frame %¥. The result of the second filter is then sent back to frame % so
that each cell can discard candidate points for which it is not the best match.

In the situation depicted in Figure 4(b), a target point ¢ is associated to four candidate cells,
distributed on three processes in frame % (indicated by colors). On the blue process, the first
filter retains the nearest cell, namely s3. Distances from si, s, and s3 are then communicated to
the process holding ¢ in frame ¥. The second filter finally retains s;.

3.7. Return to the input frame

At this stage, all false positive detections have been eliminated. The remaining cell-point pairs
form the actual mapping used for transferring data between the source and target domains.
However, this data is usually distributed in the same frame as the input source and target
partitions, namely frame .#. This data could be first communicated from frame .# to the
rendezvous frame £, in which interpolation would be performed, as suggested by Plimpton
et al. [12]. Nevertheless, frame 2 may no longer be well balanced since the connection between
cells and points has just been pruned. Besides, additional application-specific information may
be required for spatial interpolation, and would need to be communicated to frame 2 as well.
Experience shows that the interpolation step is about two orders of magnitude less expensive
than the location step. Possible load imbalance due to poor distribution in the input frame
therefore does not compromise performance. Sticking to frame .# for interpolation is thus a
sensible choice. The source-to-target mapping is thus transferred from the rendezvous frame
to the input frame.
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A process-to-process communication pattern is finally established between the source and
target partitions in this input frame, to enable subsequent exchanges of interpolated data.

4. Performance results

The point location algorithm presented in this paper has been implemented in the open-source
CWIPI coupling library [20,21], along with high-level wrappings to MPI primitives to carry out
the transfer of interpolated data using non-blocking send/receive communications, based on the
previously described communication pattern. CWIPI formerly relied on the FVM library for data
mapping, using the algorithm mentioned in Section 2. The tests presented in this section were
carried out in version 1.1.0 of CWIPI [21] which incorporates both algorithms, thereby enabling a
direct comparison.

4.1. Test cases description

The following setup is considered to study and compare the performance of the two point loca-
tion algorithms. Starting from a cartesian grid, an unstructured source mesh is obtained by de-
composing the hexahedral cells into tetrahedra. To break the alignment with the cartesian axes,
the geometry is deformed and a slight random perturbation is applied to the vertex coordinates,
as shown in Figure 5.

(a) Volume source mesh used in the full and partial vol- (b) Surface mesh extraction used in the surface overlap
ume overlap scenarios. scenario.

Figure 5. Meshes used in the tests (colors indicate the different partitions).

A second mesh is generated using the same procedure, and its cell centers are employed
as the target point cloud. Grids with slightly different numbers of points are used so that
the two meshes do not match exactly. The source and target meshes are partitioned using
the PT-Scotch library [22] on two separate MPI communicators, each with the same number
of processes. The communicators are then merged by CWIPI into a single COMM_WORLD
communicator. Since the partitioning method used is not deterministic, the sensitivity of both
algorithms to input distributions is examined by executing each test case multiple times. A weak
scaling study is carried out, with roughly 2.5 - 10° cells (resp. points) in each source (resp. target)
partition. First, a source-to-target mapping is constructed using the point location algorithms.
Then, a field evaluated on the source mesh is interpolated and transferred to the target points
using either the communication scheme proposed by FVM or the one described in the end of
Section 3.7. Interpolation here consists simply in assigning each target point the field value of
its host cell, as the study focuses primarily on the performance of the parallel algorithm (the
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use of a more refined scheme such as shape-function interpolation would have no impact on
overall performance, since the interpolation weights are calculated regardless). The code for
reproducing the test cases (as well as the input meshes, which are automatically generated at
runtime) is available online (see Section 5 for the details).

Different scenarios representative of the wide range of real-life applications are realized by
offsetting the meshes relative to each other in the x-direction, as represented in Figure 6. For
each of the three configurations considered, execution times for the location and interpolation
steps are reported for both algorithms. Minimum, mean and maximum times over the multiple
executions of each test are reported. Finally, a detailed breakdown of the location time is
presented for the new algorithm.

(a) Full volume overlap. (b) Partial volume overlap. (c) Surface overlap.

Figure 6. Schematic view of the three scenarios. The partitioned source and target domains are shown in blue
and orange, respectively.

4.2. Hardware description

All the tests presented in this paper were carried out on the same supercomputer. Each of its
compute nodes is composed of two 2.4 GHz Intel Xeon 6240R (Cascade Lake) processors, each
one containing 24 cores, totalling 48 cores per node. The nodes are interconnected by an Intel
OmniPath 100 GB/s low-latency network. All experiments were run using one MPI rank per core.

4.3. Performance analysis

4.3.1. Fullvolume overlap

In the first test case, the source and target geometries overlap completely. This scenario arises
in situations such as solution transfer before restarting a simulation on a different mesh. In this
case, the coarse filtering step described in Section 3.3 reveals useless, since the global source and
target AABBs are essentially identical. However, it induces very little overhead since it accounts
forless than 1 % of the total execution time. This step is therefore omitted in the breakdown given
in Figure 8.

Although the source mesh is evenly distributed, the volume of the partition AABBs can
vary considerably between processes. In the worst case, a volume ratio of 300 is observed
between the largest and smallest AABBs. The number of points to be located by each process
in the FVM algorithm is equally unbalanced, as anticipated in Section 2. Furthermore, Figure 7
shows that the execution time of the FVM algorithm varies significantly between different runs,
indicating a high sensitivity to the input partitioning. In contrast, the new algorithm delivers
the same execution time regardless of the partitioning, and exhibits greater parallel efficiency.
This improvement is explained by the finer preconditioning (Section 3.4) and the redistribution
of the location workload (Section 3.5). A maximum load imbalance of 10 % is observed in the
rendezvous frame.
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Figure 7(b) demonstrates the benefits of optimizing the communication graph used to ex-
change the interpolated data. The strategy described in Section 3.7 proves reasonable, consider-
ing the small proportion of execution time devoted to the “return to input frame” step, as shown
in Figure 8. Figure 7(c) also confirms that the interpolation step is significantly cheaper than
point location (by about two orders of magnitude).

180 0.4 600
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= 1201 = T
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(a) Point location. (b) Interpolation and exchange. (c) Ratio point location / interpolation

and exchange.

Figure 7. Execution times for the FVM and CWIPI algorithms (full volume overlap). Average times over all runs
are represented by solid lines, while shaded areas illustrate the range of elapsed times across all runs.
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Figure 8. Breakdown of average execution time for the new point location algorithm (full volume overlap).

In applications with dynamic geometries, point location must be performed frequently.
Higher frequency generally translates into greater fidelity and numerical robustness. The CPU
cost of data mapping should ideally be comparable to that of one iteration of a computational
code, which is on the order of 1us per cell for state-of-the art computational fluid dynamics
solvers. In comparison, the CPU cost of the new point location algorithm ranges from 20 s
to 50 us per target point in this test. Dynamic simulations with large meshes thus remain chal-
lenging, and optimizations are necessary to overcome the data mapping bottleneck. As indicated
in Figure 8, these optimizations should focus primarily on the preconditioning stage.
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4.3.2. Partial volume overlap

In the second test case, the target point cloud is shifted so that it overlaps only a thin layer
of the source mesh (a few cells thick). This scenario mimics applications such as the multi-
component simulation presented in [23], in which data mapping is used to integrate the different
moving parts of a full aircraft engine into a single unsteady large-eddy simulation.

Full source and target geometries are provided to the location algorithms, letting them filter
out irrelevant points and cells. Figure 9 shows that variations in the input partitioning have a
strong impact on the performance of the FVM algorithm, as in the first test case. Besides, most
processes are idle during the location step, since the AABB of their source mesh partition intersect
no target partition AABB. This load imbalance results in suboptimal parallel efficiency.
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Figure 9. Execution times for the FVM and CWIPI algorithms (partial volume overlap). Average times over all
runs are represented by solid lines, while shaded areas illustrate the range of elapsed times across all runs.
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Figure 10. Breakdown of average execution time for the new point location algorithm (partial volume overlap).

The new algorithm effectively eliminates up to 95 % of the source cells and target points in the
first coarse filtering step, once again with minimal extra cost. Dynamic load balancing proves
less effective than in the first test case, since the average workload per process is considerably
reduced. In fact, the SFC-based re-partitioning step accounts for about 70 % of the total execu-
tion time, as reported in Figure 10. A more detailed analysis reveals that the bucket sampling
algorithm is responsible for 60 % of the cost of this step. This algorithm relies on parameters
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tuned using heuristics, which could be further optimized for our application. The communica-
tion graph used by the FVM algorithm to transfer the interpolated data is much sparser than in
the first case. Consequently, both algorithms yield comparable execution times for this step. Still,
the new point location algorithm performs better on average and remains much less sensitive to
the input data distribution. In this second test, the location step takes around 10 s per target

point® with the new algorithm, which is still quite expensive compared to an iteration of fluid
simulation.

4.3.3. Surface overlap

In the third test case, the target point cloud is shifted so that it overlaps only one boundary face
of the source domain. This scenario is representative of surface couplings such as simulation
of fluid-structure interaction [1]. In such applications, data transfer is typically used to apply
specific boundary conditions. Only the surface geometric entities and their associated DoFs are
therefore considered.

As in the other two test cases, volume meshes are first generated and partitioned. The
surface of interest is then extracted without subsequent redistribution, as shown in Figure 5(b).
Consequently, the source cells and target points are unevenly distributed in this input frame,
since the surface is contained in only a fraction of the volume partitions. This fraction diminishes
as the number of processes increases. Nevertheless, the deterioration in load imbalance is
tempered by a decrease in the average number of cells and points per partition, which scales as
O(P~'/3). In this situation, communication latency becomes predominant. The new algorithm
carries out numerous data movements and is therefore penalized.
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Figure 11. Execution times for the old and new algorithms (surface overlap). Average times over all runs are
represented by solid lines, while shaded areas illustrate the range of elapsed times across all runs.

A solution to improve parallel efficiency consists in using fewer processes so that the increased
average workload compensates for the communication overhead. This strategy is tested by split-
ting the initial MPI communicator (here COMM_WORLD), to obtain the sub-communicator
COMM_SURFACE restricted to processes holding a non-empty share of the surface in the in-
put frame. Figures 11 and 12 demonstrate the effectiveness of this strategy. In multi-component
simulations such as in [23], multiple simultaneous data transfers need to be carried out, in rela-
tively small, distinct geometric regions. Assigning one sub-communicator to each data transfer
task would allow for a more effective utilization of computational resources. Yet, this approach
could be refined by determining an optimal communicator size based on an assessment of the
total workload. Splitting the working communicator after the coarse filtering step could enable
even further improvement. However, if data transfer is considered as part of a multi-component

3 All the target points are considered, including the ones not contained in any cell.
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Figure 12. Breakdown of average execution time for the new point location algorithm (surface overlap), using
either COMM_WORLD or COMM_SURFACE as the input MPI communicator.

simulation, performance remains acceptable (on the order of 1 us per target point)* and the pro-
posed optimizations become less significant.

5. Conclusion

In this paper a novel point location algorithm has been presented, designed for data mapping
between distributed meshes and point clouds in a massively parallel environment. Compar-
isons with a state-of-the-art algorithm are favorable, with a speed-up of up to a factor of 10.
This achievement is made possible by a more refined preconditioning strategy combined with
dynamic load balancing.

Good scaling is observed for up to 1.2 billion cells and points on 4,800 CPU cores, proving that
our algorithm can be integrated in a wide range of real-life, large-scale data transfer applications.
In order to prepare for the exascale era, the performance analysis still needs to be carried out on
larger supercomputers. For instance, the first and last step of the algorithm (see Section 3.4.3
and 3.7 respectively) rely heavily on collective (all-to-all) MPI communications which could
become a bottleneck with a higher number of MPI ranks.

Work is also underway to harness the full potential of heterogeneous architectures and accel-
erate the preconditioning stage through CPU-GPGPU hybridization [13]. The expected speed-up
should help overcome the current bottleneck experienced in dynamic simulations. Finally, the
possible optimizations proposed in this paper to mitigate the communication overhead will also
be explored in future work.

Acknowledgments

The manuscript was written through contributions of all authors.

4The whole volume mesh is considered.



Bastien Andrieu, Bruno Maugars and Eric Quémerais 69

Underlying data

The tests presented in Section 4 can be reproduced by running the Python script
python_perfo_location_octree.py available in the tests/ directory after cloning
CWIPT’s GitHub repository: https://github.com/onera/cwipi/blob/master/tests/python_perfo_
location_octree.py.
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